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DETERM INE 
MOLECULAR 
WEIGHT SIZE  

AND SHAPE OF 
MACROMOLECULES 

IN SOLUTION 
WITH THE AMINCO 
LIGHT-SCATTERING  

PHOTOMETER

. .  closest to the 
ideal of an absolute 

light-scattering 
instrument, in which a 

simple analysis. .  . leads 
to the evaluation 

of R90” *

Rayleigh’s Ratio, Rgo(Re), is the basic 
light-scattering measurement from 
which molecular weights are derived. 
Ultimately, Rayleigh's Ratio must be 
obtained from two measurements: (1) 
the illuminance of the beam incident 
on a cell containing solution, and (2) 
the scatter intensity of the solute. In 
the Aminco system, the illuminance 
(Figure 1) is measured directly by 
focusing the entire incident beam on 
the photomultiplier tube and dividing 
by its area. The scatter intensity 
(Figure 2) is measured by the simple 
scheme firs t proposed by Hermans and 
Levinson, in which the only geometrical 
factors are the areas of the two aper
tures, the distance between them, and 
the beam width. In practice, of course, 
all factors are grouped into a simple 
constant which constitutes the calibra
tion of the apparatus. The advantages 
of the method are:
1. One does not have to rely on the cali
bration of standard diffusers.
2. Calibration does not depend on size 
or position of the cuvette.
3. Volume corrections are not required.
4. The refractive index correction does 
not involve geometry and is simply pro
portional to N2.
5. All quantities on which the calibra
tion depends may be verified bythe user. 
Request Bulletin 2329 PC6
♦"Calibration of Light-Scattering Instruments: A Criti
cal Survey" Kratohvil, Dezelic, Kerker, Matejevic, 
J. Pol. Sci., 27, 69 (1962). (Refers to the devices of 
Kushner [N.B.S.] and Kremen and Shapiro.)

FIG. 1. INCIDENT ILLUMINANCE MEASUREMENT

CROSS
section

OF6£A«I

FIG. 2. SCATTER INTENSITY MEASUREMENT

A compact and easy to use absolute instrument 
which measures Rayleighs Ratio, Normalized 
Angular Scatter, Dissymmetryand Depolarization.

A M E R IC A N  IN S T R U M E N T  C O .. IN C
8030 Georgia Avenue. Silver Spring, Maryland

A P E R TJR E

/
i p  i

Ji / I
/  I

APERTURE 1y

Do you know how to protect 
your idea or invention , . .

or how to avoid the pitfalls that have lost rights and fortunes 
for many inventors in the past? Are you familiar with the require
ments for patentability? Do you know what steps to take if your 
idea involves a new use for an old product, is related to prior art, 
or deals with homologs, isomers, or other analogs?

PATENTS FOR CHEMICAL INVENTIONS discusses these and 
many other pertinent questions. It will help you in your con
tacts with your employer and your patent attorney and will help 
you understand patent literature.

Though it contains legal abbreviations and terminology, this 
117-page book is not a treatise on patent law. It is written for the 
technically trained man—the research chemist and director— 
whose very profession provides more than the usual opportuni
ties for conceiving patentable ideas. It presents the broad 
range of problems concerned with the nature of invention, owner
ship, inventorship, priority interpretations, documents, signatory 
formalities during prosecution, etc. Shop rights, employer 
assignment agreements, the status of the chemist hired to in
vent, and many other important aspects are discussed.

You will want to have PATENTS FOR CHEMICAL INVENTIONS 
for your own personal reference. It is Number 46 in the Advances 
in Chemistry Series, 117 pages, cloth bound, $4. Order your copy 
today.

Special Issues Sales/American Chemical Society 
1155 Sixteenth St., N. W., Washington, D. C. 20036
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Surface Viscosity of Monomolecular Films of Long-Chain Aliphatic 

Amides, Amines, Alcohols, and Carboxylic Acids

by N. L. Jarvis

U. S. Naval Research Laboratory, Washington, D. C. 20390 (Received February 11, 1965)

The surface viscosities of monomolecular films of 14-, 16-, and 18-carbon chain aliphatic 
alcohols, amines, acids, and amides were determined using a canal viscometer, the vis
cosities being determined from the rate of flow of the film material through a narrow and 
relatively deep canal. The surface viscosities were measured as functions of film pressure, 
substrate pH, and the rate of flow of the film. The surface viscosity data for alcohols and 
acids were in good agreement with those previously reported viscosity values that were also 
determined by the canal technique. These surface viscosities determined with a canal 
viscometer are often an order of magnitude less than the values obtained with other types of 
viscometers. There are no corresponding data available in the literature with which to 
compare the surface viscosities of the amide and amine monolayers. Experiments were 
also carried out to determine which of these monolayers behaved as two-dimensional 
Newtonian films.

The orientation and packing of long-chain normal 
aliphatic compounds at water-air interfaces are known 
to vary with the nature of the polar groups that are 
present, as well as with hydrocarbon chain length, film 
pressure, temperature, and substrate composition. The 
effects of these parameters on the molecular arrange
ment in adsorbed films have been investigated by 
several surface chemical techniques,1’2 including film 
balance studies, surface potential determinations, and 
to a lesser extent by surface viscosity measurements. 
In connection with a current project at the Naval Re
search Laboratory it became necessary to determine 
the surface properties, and in particular the surface vis
cosities, of a variety of surface-active materials that oc
cur naturally at the surface of the ocean. Due to the

unsaturation of many of these compounds it was ex
pected that their surface viscosities would be quite low. 
A survey of the literature indicated that of the surface 
viscometers described, those based on the rate of flow 
of films through a narrow canal were the most sensitive 
in the range of 10-8 surface poise or less, and were the 
only viscometers giving absolute viscosity values. It 
was also noted that there was considerable variation 
among the surface viscosity values reported. The pres
ent study was therefore undertaken to give us a re
liable method for determining surface viscosity and to

(1) J. A. Spink and J. V. Sanders, Trans. Faraday Soc., 51, 1154 
(1955).
(2) G. C. Nutting and W. D. Harkins, J. Am. Chem. Soc., 61, 1180 
(1939).
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help establish the true surface viscosity values of a 
series of long-chain aliphatic compounds. Surface 
viscosities of the 14-, 16-, and 18-carbon chain alcohols, 
acids, amines, and amides were measured as functions of 
film pressure, substrate pH, and the rate of shear of the 
surface film.

The various experimental methods that have been 
used for determining surface viscosity might arbitrarily 
be grouped into three classifications: (1) those based 
upon the rate of damping of successive oscillations of a 
bob or disk suspended in the interface8-7; (2) those 
methods depending upon the rate of flow of surface 
film through a canal or slit6’6’8-11; and (3) those tech
niques where either the substrate liquid, or a ring or 
disk suspended in the interface, is rotated at a constant 
rate,12-15 the surface viscosity being determined from 
the drag the moving interface exerts upon a concentric 
surface. Of the three types of measurements only the 
second is capable of giving the absolute or true surface 
viscosity16-18 of a film. The other techniques cer
tainly give useful information, but they will also give 
surface viscosities that can be more than an order of 
magnitude higher3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 than those given by the canal 
method. By varying the width of the canal, this vis
cometer can also be used to study the effect of rate of 
shear of the surface film on its surface viscosity. Of the 
various types of slit or canal viscometers investigated 
by Harkins and Nutting11 they suggested that one em
ploying a narrow, deep canal would give the most ac
curate surface viscosity measurements. Therefore, a 
canal viscometer of this type was constructed for use 
in the present investigation.

Experimental

The Viscometer. The canal used in this viscometer 
was formed from two glass microscope slides 7.5 cm. 
long, 0.1 cm. thick, and 1.6 cm. wide, with the edges 
ground flat. The slides were placed in the film balance 
trough so that the upper edges were exactly level with 
the free water surface to prevent the formation of a 
meniscus. Only the upper edges of the slides were 
paraffined, the portions of the slides remaining in con
tact with the water were left hydrophilic to prevent slip
page between the substrate water and the sides of the 
canal. The depth of the canal was limited to 1.6 cm. 
by the depth of the film balance tray. Each microscope 
slide was held in position at the interface by a chrome- 
plated brass plate to which it was attached with paraffin. 
Each brass plate was 7.5 cm. long, 0.5 cm. wide, and
3.5 cm. high, 2.0 cm. of which extended above the level 
of the free water surface. All portions of the brass plates 
in contact with the water were lightly coated with paraf
fin. The upper portions of the brass plates were cou

pled together much as the two jaws of a vise, with two 
micrometers, one near each end of the canal, used to 
control the width and alignment of the canal. The 
width of the canal could easily be varied from 0 to 0.5 
cm. with an accuracy of ±0.0005 cm. The alignment 
of the canal was checked at several widths with a cath- 
etometer and was found to vary no more than ±0.0005 
cm. from one end of the canal to the other.

The variable-width canal was mounted in a Cenco 
hydrophil balance about midway between the ends of 
the trough and adjacent to one side. A Cenco torsion 
head was also mounted at the center of the film tray, 
adjacent to the canal. One end of the mica float of the 
torsion head was attached to the inner brass plate of the 
canal assembly and the other end to the opposite side 
of the film tray, as shown schematically in Figure 1. 
This arrangement is much like that used by Joly.6 In 
this figure, A is the canal and B is the float of the Cenco 
torsion head. D and D ' are movable barriers for ex
panding and compressing the film and C is the plati
num plate of a Wilhelmy-type tensiometer used to moni
tor the film pressure in compartment II of the viscom
eter. The surface of the platinum plate was rough
ened to assure wettability and was connected by a 
lever arm to a calibrated torsion wire. It had a sensi
tivity of ±0.05 dyne/cm., about the same sensitivity 
as the Cenco torsion head. Those surfaces of the brass 
hydrophil balance that came in contact with the sub
strate were made hydrophobic by coating with a thin 
layer of paraffin.

Materials. The long-chain fatty acids used in this

(3) R. E. Wilson and E. D. Ries, “ Colloid Symposium Monograph,” 
Vol. 1, American Chemical Society, Washington, D. C., 1923, p. 145.
(4) I. Langmuir, Science, 84, 379 (1936).
(5) W. D. Harkins and R. J. Meyers, Nature, 140, 465 (1937).
(6) M. Joly, Kolloid-Z., 89, 26 (1939).
(7) A. A. Trapeznikov, Acta Physicochim. URSS, 10, 5 (1939).
(8) D. G. Dervichian and M. Joly, Compt. rend., 204, 1320 (1937).
(9) M. Joly, J. Phys. Radium, 8, 471 (1937).
(10) W. D. Harkins and J. G. Kirkwood, J. CKem. Phys., 6, 53, 298
(1938) .
(11) G. C. Nutting and W. D. Harkins, J. Am. Chem. Soc,, 62, 3155 
(1940).
(12) J. R. Van Wazer, J. Colloid Sci., 2, 223 (1947).
(13) R. Chaminade, D. G. Dervichian, and M. Joly, J. chim. phys., 
47, 883 (1950).
(14) A. G. Brown, W. C. Thuman, and J. W. McBain, J. Colloid Sci., 
8, 491 (1953).
(15) S. C. Ellis, A. F. Lanham, and K. G. A. Pankhurst, J. Sci. 
Instr., 32, 70 (1955).
(16) W. E. Ewers and R. A. Sack, Australian J. Chem., 7, 40 (1954).
(17) W. D. Harkins and J. G. Kirkwood, J. Chem. Phys., 141, 38
(1939) .
(18) J. T. Davies and G. R. A. Mayers, Trans. Faraday Soc., 56, 691 
(1960).
(19) G. E. Boyd and F. Vaslow, J. Colloid Sci., 13, 275 (1958).
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A  -  V iscom e te r Cona l 

8  -  M ica  F loa t

C  -  P la t in u m  P la te  o f  
S u r fo c e  T ens io m ete r

D f lD 1-  M ovab le  B a r r ie r s

Figure 1. Schematic diagram of surface viscometer.

study (tetradecanoic acid, hexadecanoic acid, and octa- 
decanoic acid) were obtained from Lachat Chemicals
Inc. and had melting points of 58, 64, and 69-70°, re
spectively. The alcohols and amines were also pre
pared by Lachat. Tetradecanol, hexadecanol, and 
octadecanol had melting points of 37-38, 49-50, and 
59°, respectively, whereas tetradecylamine, hexadecyl- 
amine, and octadecylamine had melting points of 37, 
46-47, and 53-54°, respectively. Octadecanamide,
m.p. 108-109°, and tetradecanamide, m.p. 103°, were 
obtained from the Eastman Chemical Co., and hexa- 
decanamide, m.p. 105-106°, was purchased from K  and 
K  Laboratories, Inc.

Spreading solutions of these compounds were pre
pared by dissolving known amounts of the material in 
suitable organic solvents. The alcohols, acids, and 
amines were dissolved in petroleum ether (b.p. 41-55°), 
the concentration of each solution being of the order of 
5 X  10-4 g./ml. Owing to the low solubility of the 
amides in hexane and petroleum ether, benzene was 
used as their spreading solvent. Each of the solvents,
C.p. petroleum ether and C,p. benzene, was percolated 
through adsorption columns of activated Florisil and 
alumina prior to use in order to remove any polar im
purities. The spreading solutions were delivered to 
the water surface from Misco micropipets. Each of the 
compounds was studied on both acid and basic sub
strates; the acid substrate was 0.01 N H2SO4 and the 
basic substrate was pH 9.0-9.5 KOH. The substrate 
solutions were prepared from triply distilled water, the 
final two distillations from an all-quartz apparatus.

Experimental Procedure. In order to determine sur
face viscosity by the canal method it is necessary to 
measure the amount of film passing through the canal 
in unit time, with a given pressure differential across 
the ends of the canal. At the beginning of each meas
urement the water surfaces in I and II were swept clean 
with the movable barriers, and the torsion wires for the 
tensiometers were adjusted to zero film pressure. Film 
material was then added to both compartments, al

lowed to equilibrate for 10 min., and was then com
pressed. The film in compartment I was compressed 
until the torsion head at B registered a film pressure 
Ei. The film in compartment II was compressed until 
the Wilhelmy plate tensiometer recorded a film pressure 
E2, a value somewhat less than Fi. The torsion head 
B then measured the difference in pressure across the 
ends of the canal, AF =  Fi — E2. When a gate made 
of thin polyethylene film was removed from in front of 
the canal, the film began to flow from compartment I to 
compartment II under the pressure differential AF. 
As the film material moved through the canal, bar
riers D and D ' were moved at a sufficient rate to main
tain the proper film pressures in compartments I and II. 
The rate of flow of the monolayer through the canal 
was determined from the distance that barrier D in 
compartment I had traversed in a given period of time.

Harkins and Kirkwood10 proposed that for a deep and 
very narrow canal, the rate of flow of film through the 
canal is related to the absolute viscosity of the mono- 
layer by the equation

(Ft — Eg) a3 _  otjo 
12 IQ 7r (1)

in which Ei and E2 are the film pressures at each end of 
the canal in dynes per centimeter, a is the width of 
the canal in centimeters, Q is the area in square centi
meters of film flowing through in 1 sec., I is the length of 
the canal in centimeters, and vo is the bulk viscosity of 
the aqueous substrate. It is assumed in deriving this 
expression that the viscosity of the film is constant 
while passing through the canal. In order to satisfy 
this condition the film pressure drop across the canal 
was kept as small as possible. It was found that a 
pressure difference of 2-4 dynes/cm. gave satisfactory 
results and was convenient to work with. At the lower 
film pressures, a AE of 2 dynes/cm. was maintained 
across the canal.

A  further condition that must be satisfied is that the 
ratio of canal depth to canal width must be large. To 
satisfy this condition, many of the data were taken with 
canal widths of 0.10 cm. or less, in which case the canal 
depth was at least 16 times the width. It was also of 
interest, however, to determine the surface viscosity of 
each monomolecular film as a function of canal width. 
By changing the canal width one changes the rate of 
flow of the film through the canal and thus its rate of 
shear. Using this technique it was possible to deter
mine which of the compounds formed Newtonian and 
which formed non-Newtonian two-dimensional films. 
With Newtonian films it was found that surface vis
cosity was independent of rate of flow, at least with 
flow rates of from 0.02 to 0.25 cm.2/sec. Reliable accu-
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rate measurements were obtained in the surface viscosity- 
range of 1 X 10-4 to about 1 X  10-1 surface poise. 
At the higher values of surface viscosity it was very 
difficult to obtain reproducible measurements, due to 
the fact that many of the films become non-Newtonian 
plastic or solid films and had high yield values. All sur
face viscosity measurements were carried out in a con
stant temperature room, the temperature being held at 
20 ±  0.2° and the relative humidity at 50 ±  5%. The 
surface viscometer was protected from dust and air
borne contamination by enclosing it in a Lucite cover. 
The surface viscosity measurements reported for any 
given monomolecular film were the average of at least 
ten measurements and could normally be reproduced 
to within ±  10% at all viscosities under these experi
mental conditions.

Film pressure (F) vs. area per molecule (A ) isotherms 
were determined on both the acid and the basic aque
ous substrate for each compound studied. The film 
balance used to measure the F vs. A curves has been pre
viously described in detail.20 It consisted of a shallow, 
Pyrex glass trough with the rim lightly coated with 
paraffin, a paraffined mica float connected to the sides 
of the trough with end loops of thin polyethylene rib
bon, and a Cenco duNuoy torsion head sensitive to 
changes in film pressure of 0.05 dyne/cm. The meas
urements were also carried out in a constant tempera
ture room at 20 ±  0.2° and a relative humidity of 50 ±  
5%.

Results

Carboxylic Acids. The surface viscosities of n-tetra- 
decanoic, w-hexadecanoic, and n-octadecanoic acids on
0.01 N  H2SO4 were determined as functions of film 
pressure and canal width. The surface viscosity values 
for each film were first plotted against the rate of flow, 
as shown for 71-hexadecanoic acid in Figure 2. This 
plot of the logarithm of surface viscosity (log t)) vs. 
film flow rate (Q) for each film pressure for hexade- 
canoic acid gave a series of straight lines, showing that 
up to film pressures of 18 dynes/cm. its surface vis
cosity was independent of the rate of shear. It fol
lows therefore that monolayers of hexadecanoic acid 
on acid substrates act as two-dimensional Newtonian 
liquids. Similarly, monolayers of n-octadecanoic and 
n-tetradecanoic acids on 0.01 N  H2SO4 were also found 
to be two-dimensional Newtonian liquids. Isotherms 
of the logarithm of surface viscosity (log 17) vs. film 
pressure (F) were prepared for each of these acids by 
plotting film pressure against the surface viscosities 
corresponding to flow rates of 0.25 cm.2/sec. The log
r] vs. F curves given in Figure 3 show that the isotherms 
for octadecanoic acid and hexadecanoic acid increase

£  0.001

2  dynes/cm  
4  dynes/cm  
8  dynes/cm 
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16 dynes/cm 
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Figure 2. Effect of film flow rate on the surface viscosity 
of n-hexadecanoic acid on 0.01 N  H2SO4 substrate.

Figure 3. Surface viscosity vs. film pressure isotherms 
for long-chain carboxylic acids on 0.01 N  H2SO4 
substrate (film flow rate, 0.25 cm.2/see.).

linearly with pressure. The surface viscosity of tetra- 
decanoic acid increased slightly, going from 2 to 4 dynes/  
cm., and then appeared to be constant at higher film 
pressures. This difference in behavior may be ex-

(20) M. K. Bernett and W. A. Zisman, .7. Phys. Chem., 67, 1534 
(1963).
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Figure 4. Film pressure vs. area per molecule isotherms for 
long-chain carboxylic acids on 0.01 N  H2SO4 substrate.

plained by the differences in the states of their mono- 
layers, as shown in the film pressure (F) vs. area per 
molecule (A) curves given in Figure 4. The linear 
portions of the log r\ vs. F curves for the C16 and Ci8 
acids correspond to the liquid condensed or linear por
tions of their F vs. A curves. No surface viscosity values 
are reported for these acids at film pressures greater 
than 20 dynes/cm., for the monomolecular films ap
peared to become solid and so fragile that reproducible 
results were difficult to obtain. The low viscosity of 
the tetradecanoic acid monolayer is apparently due to 
the expanded state of the film.

Harkins and Nutting11 determined with their canal 
viscometer that the best value for the surface viscosity 
of octadecanoic acid on acid water was 0.9 X  10~4 sur
face poise at 3 dynes/cm., which is 2.3 X  10 _4 surface 
poise less than the value reported here. Joly,21’22 who 
also measured the surface viscosities of these fatty acids 
as a function of film pressure, reported surface viscos
ities for the Cie and Ci8 acids that were within ±  1 X 
10 ~4 surface poise of the values reported here. Joly’s 
values for tetradecanoic acid however do not agree with 
those given here. He reported the surface viscosity of 
the C14 acid decreased with film pressure, decreasing 
from 1.79 X 10-4 surface poise at 1 dyne/cm. to 1.0 X 
10~4 surface poise at 9 dynes/cm. The present data 
for the O14 acid at film pressures above 6 dynes/cm. 
show a constant surface viscosity value of 2.4 X  10~4 
surface poise and appear to be more reasonable, 
for one would not expect a significant decrease in the 
cohesive forces between adjacent molecules as they be
come more closely packed.

The surface viscosities of several fatty acids have 
also been determined by the method of damped os

cillations. Boyd and Harkins23 24 gave a plot of the 
logarithm of surface viscosity (log 57) vs. film pressure 
(F) for octadecanoic and hexadecanoic acids. Their 
plots also show that each of the isotherms increase line
arly with film pressure up to about 20 dynes/cm., but 
their values are close to an order of magnitude greater 
than those determined with a canal viscometer.

An attempt was made to measure the surface vis
cosity of the fatty acid films on pH 9.0-9.5 KOH solu
tion. On this substrate the monolayers of the fatty 
acids become extremely rigid, their viscosities exceeding 
the capabilities of the canal viscometer. The rigidity 
of the fatty acid films may have been due to the pres
ence of trace amounts of multivalent cations in the sub
strate that formed soaps with the fatty acids.

Aliphatic Alcohols. Surface viscosities of n-tetra- 
decanol, n-hexadecanol, and w-octadecanol were deter
mined on both 0.01 N  H2S04, and pH 9.0-9.5 KOH sol
ution. The viscosities were also measured as func
tions of film pressure and canal width. The viscosity 
values of the alcohol monolayers were also initially 
plotted as log 77 vs. Q, to determine whether they, too, 
formed Newtonian films. These isotherms are given 
in Figures 5a-c. They show that at low values of'¿F 
each of the alcohol films were Newtonian, but as the 
average film pressure was increased above 6 dynes/cm. 
the viscosities of tetradecanol and hexadecanol showed 
a marked dependence upon the rate of shear. This 
agrees with the previous study of Fourt and Harkins,21 
which also showed that films of these alcohols became

to)________________ (b) ________to).
-  n-H exodecano l 
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Figure 5. Effect of film flow rate on the surface viscosity of 
long-chain alcohol monolayers on 0.01 N  H2SO4 substrate: 
(a) ra-tetradecanol, (b) w-hexadeeanol, (c) n-octadecanol.

(21) M. Joly, J. chim. phys., 44, 206 (1947).
(22) M. Joly, J. Colloid Sci., 11, 519 (1956).
(23) E. Boyd and W. D. Harkins, J. Am. Chem. Soc., 61, 1188 (1939).
(24) L. Fourt and W. D. Harkins, J. Phys. Chem., 42, 897 (1938).
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Figure 6. Surface viscosity vs. film pressure isotherms for 
long-chain alcohols on 0.01 N  H2SO4 substrate 
(film flow rate, 0.02 cm.2/sec.).

non-Newtonian at about the same film pressures. 
Within the limits of experimental error, octadecanol 
appeared to be Newtonian at film pressures up to 20 
dynes/cm., at least at the film flow rates studied.

Surface viscosity vs. film pressure isotherms were pre
pared for each of these alcohols by plotting film pressure 
against the surface viscosity values corresponding to a 
flow rate of 0.02 cm.2/sec. The log 77 vs. F curves are 
given in Figure 6. Fourt and Harkins24 using the os
cillating disk reported log 77 vs. F curves for these al
cohols which are similar in shape to those shown in 
Figure 6. However, their values of 77 at high film pres
sure are at least ten times greater than those reported 
here. Harkins and Nutting11 reported values of sur
face viscosity for Cm and Cm alcohols at low film pres
sures using a canal viscometer. Their best values re
ported at a mean film pressure of 3 dynes/cm. were 7 
X 10“ 4 and 17 X 10~4 surface poise for hexadecanol 
and octadecanol, respectively. Their value for hexa
decanol agrees well with that presented here but their 
value for the Cm alcohol is considerably less than that 
reported here.

Other investigators21-24'25 have determined surface 
viscosity values for these fatty alcohols on acid sub
strates, but there is little agreement between their re
ported results and the difficulty may be due in part to 
differences in the viscometers used. It is also possible 
that small amounts of surface contamination were re
sponsible for some of the variation in reported data.

Figure 7. Film pressure vs. area per molecule isotherms 
for long-chain alcohols on 0.01 N  H2SO4 substrate.

In the present study it was found that samples of tetra- 
decanol and octadecanol purchased from different sup
pliers gave somewhat different viscosity values, par
ticularly at low average film pressures. As an ex
ample, tetradecanol from Eastman Chemical Co. gave a 
value of 1.5 X  10_4 surface poise at an average film 
pressure of 2 dynes/cm. as compared to a value of 4 X 
10“ 4 surface poise reported here for a sample of tetra
decanol obtained from Lachat Chemicals Inc.

The F vs. A curves for these alcohols on 0.01 N  H2SO4 
(see Figure 7) show that each of the alcohol monolayers 
are truly condensed only above film pressures of 6 to 7 
dynes/cm. for the Cu alcohol and 10-12 dynes/cm. 
for the higher homologs. The displacement for the F vs. 
A curve for the Cm alcohol to a lower area per molecule 
than the Cm and Cm alcohols may be attributed to the 
slow collapse (or solubility) of the Cm alcohol film as it 
is compressed. It is only when the films of tetrade
canol and hexadecanol approach the condensed state 
that they show non-Newtonian behavior.

The surface viscosities of the alcohols on pH 9.0-9.5 
KOH were in good agreement with the values obtained 
on acid substrate, the greatest difference between the 
two sets of data being less than 20%. The differences 
in viscosity of alcohols spread on acid and basic sub
strates may be due to minute traces of acid impurities 
present in the alcohols. The shapes of the log 77 vs. F 
curves were identical with each substrate, and the 
monolayers began to show non-Newtonian behavior 
at the same average film pressure. The F vs. A curves 
determined on pH 9.0-9.5 KOH were indistinguishable 
from those given in Figure 7 for the alcohols on acid 
substrate.

(25) M. Joly, Kolloid-Z,, 126, 35 (1951).
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Figure 8. Effect of film flow rate on the surface viscosity of 
long-chain amide monolayers on 0.01 N  H2SO4 substrate:
(a) n-hexadecanamide, (b) n-octadecanamide.

Aliphatic Amides. The surface viscosities of mono- 
layers of octadecanamide and hexadeeanamide were 
studied on the acid as well as the basic substrate. Re
producible measurements could not be made with tetra- 
decanamide as it showed appreciable solubility in these 
aqueous substrates and therefore did not form stable 
monomolecular films. The surface viscosities of the 
Cie and Cis amides on 0.01 N H2SO4 (Figures 8a and b) 
were plotted as functions of film flow rate and film pres
sure. The surface viscosity of hexadeeanamide ap
peared to be independent of film pressure in the range 
studied, from 2 to 20 dynes/cm. It did show non- 
Newtonian behavior, though not to the same extent as 
the corresponding alcohol. Its surface viscosity only 
increased from 0.019 to 0.023 surface poise as the flow 
rate decreased from 0.20 to 0.02 cm.2/sec. Only at an 
average film pressure of 4 dynes/cm. did octadecan
amide show a slight dependence upon film flow rate. 
Otherwise the Cis amide seemed to behave as a New
tonian film.

The surface viscosity behavior of monolayers of hexa- 
decanamide at all film pressures is somewhat analogous 
to that of hexadecanol films at film pressures above 12 
dynes/cm. At a film flow rate of 0.05 cm.2/sec. the 
surface viscosity of each compound is the same, 0.022 
surface poise. The surface viscosity of the Ci6 al
cohol, however, shows a greater dependence upon the 
rate of flow of the film through this canal, or the rate of 
shear. The F vs. A curve of the Ci6 alcohol in Figure 
7 shows that above 12 dynes/cm. hexadecanol mono- 
layers have the same molecular packing and compressi
bility as hexadeeanamide (Figure 9).

The F vs. A curve in Figure 9 for octadecanamide 
is identical with the F vs. A curve of octadecanol above a

film pressure of 12 dynes/cm. Unlike the Ci6 deriva
tives, however, the surface viscosities of the C « com
pounds do not show much similarity. Monolayers of 
the Cis alcohol and amide do appear to be Newtonian 
films for the most part ; however, the octadecanamide 
films were considerably less viscous than the alcohol 
films. Also, the viscosity of the Cis amide appears to 
be at a maximum at a film pressure of 4 dynes/cm. and 
then to decrease with increasing film pressure, up to a 
film pressure of 14 dynes/cm. At 4 dynes/cm., the 
surface viscosity of octadecanamide is about one-half 
of that of the Ci8 alcohol, 0.0080 surface poise as com
pared with 0.017 surface poise. The lower values of ?? 
for the Cis amide may result from either the presence 
of trace impurities in the compound, or the different 
polar groups may make distinctly different contribu
tion to surface viscosity.

The surface viscosity of both hexadeeanamide and 
octadecanamide were found to be independent of sub
strate pH. Their surface viscosities on pH 9.0-9.5 
KOH agreed, within the limits of experimental error, 
with the measurements given in Figure 9 with 0.01 N 
H2SO4 as substrate. The F vs. A curves for these com
pounds were also the same as both acid and basic sub
strates.

Figure 9. Film pressure vs. area per molecule isotherms 
for long-chain amides on 0.01 N  H2SO4 substrate.

Aliphatic Amines. The surface viscosities of the 
amine monolayers were observed to be sensitive to the 
pH of the substrate. They gave very low viscosity 
Newtonian films on the acid substrate, while on basic 
substrates their viscosities were greater than 0.1 sur
face poise, exceeding the usable range of the present 
viscometer. The viscosities of octadecylamine and 
hexadecylamine on 0.01 N H2S04 are given in Figure
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10. On the acid substrate the amines formed the 
RNH3+ ion, the resulting electrostatic repulsions be
tween the ionized molecules giving very expanded mono- 
molecular films as shown in Figure 11. The relatively 
large distances between the amine molecules on 0.01 N 
H2SO4 is responsible for the low surface viscosities. 
The amines appeared to be somewhat soluble in the 
acid substrate, perhaps due to the ionization. The 
C14 amine was so soluble that reliable measurements of 
its surface viscosity could not be made. It is also of 
interest to note that the surface viscosity values on
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Figure 10. Surface viscosity vs. film pressure isotherms 
for long-chain amines on 0.01 N  H2SO4 substrate.

Figure 11. Film pressure vs. area per molecule isotherms for 
long-chain amines on 0.01 N  H2SO4 and 
pH 9.0-9.5 KOH substrates.

0.01 N H2SO4 are independent of film pressure. In the 
film pressure range studied the amine monolayers did 
not approach close packing.

The monomolecular films of the Cu and Ci8 amines 
were much more condensed on the pH 9.0-9.5 KOH 
solution than they were on the acidic substrate. The 
viscosity of the closely packed hexadecylamine mono- 
layer was considerably above 0.1 surface poise, even 
at an average film pressure of 2 dynes/cm. Initial 
experiments suggested that these highly viscous films 
were non-Newtonian, but sufficient reliable data could 
not be gathered to determine the extent of their devia
tion from ideal behavior.

Conclusion

The canal viscometer, utilizing a narrow, deep canal, 
was found to be capable of detecting non-Newtonian 
behavior in a monomolecular film. The very viscous 
non-Newtonian films required relatively wide canals, 
and with viscosities greater than about 0.1 surface poise 
this can lead to situations where the ratio of canal depth 
to width is no longer large enough to satisfy the require
ments of the Harkins and Kirkwood10 equation. Using 
this equation, and restricting the determinations to a 
narrow, deep canal, the measured values should be very 
close to the absolute surface viscosities.

The data presented in this report show that the sur
face viscosities of monomolecular films will vary with 
the nature of the polar group that is present in the ad
sorbed molecules and with the degree of interaction 
between the polar group and the aqueous substrate. 
The viscosity values are dependent upon the orienta
tion and closeness of packing of the molecules in the 
monomolecular film and thus are related to the length 
of the hydrocarbon chain, the film pressure, and sub
strate pH. The surface viscosities of each type of 
monomolecular film—alcohol, acid, amine, and amide—  
showed different responses to changes in these param
eters.

In each case where the monomolecular film was 
Newtonian, the surface viscosity increased with in
creasing hydrocarbon chain length. With the 16- and 
18-carbon chain fatty acids on 0.01 N H2SO4 and the 
alcohols at low film pressures, the logarithm of the vis
cosity appeared to increase linearly with film pressure. 
For the very expanded Newtonian films of tetradecanoic 
acid and the Cie and Cj8 amines on 0.01 N H2S04, the 
surface viscosity values were independent of film pres
sure, within the limits of sensitivity of the experimental 
procedure. For non-Newtonian films the surface vis
cosity behavior was not so regular. Non-Newtonian 
monolayers of the amides and the alcohols at higher
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film pressures not only had higher surface viscosities than 
the Newtonian films, but the values for the lower molec
ular weight homologs were higher than those of longer 
chain compounds. An explanation for this behavior 
is not immediately obvious, although the behavior of 
tetradecanol may give a clue. The tetradecanol mono- 
layer tends to collapse slowly at film pressures greater 
than about 6 dynes/cm. At the higher film pressure 
the collapsing tetradecanol molecules may form multi- 
layers of the material at the interface, thus giving rise 
to nonideal behavior of the surface viscosity. The 
monolayers of the fatty acids and amines on pH 9.0-9.5 
KOH, which apparently are non-Newtonian, had sur
face viscosities so large they exceeded the capabilities 
of the present surface viscometer.

The surface viscosities of two classes of compounds, 
the amines and the acids, exhibited a marked depend
ence upon substrate pH. The amines formed ionized

monolayers on the 0.01 N  H2S04 substrate, the mutual 
repulsion between the ionized polar groups giving rise 
to the expanded monolayers of low viscosity. On the 
basic substrate the un-ionized amines gave very high 
surface viscosities, indicating a high degree of cohesion 
between the closely packed molecules. On 0.01 N 
H2S04 the monolayers of the carboxylic acids gave very 
low surface viscosities. On the basic substrate, however 
the acids apparently formed soaps with trace amounts 
of multivalent cations present in the water, and gave 
highly condensed, solid monolayers of very high surface 
viscosity. The alcohol and amide monolayers were 
relatively insensitive to changes in substrate pH.

The surface viscosities presented in this paper for 
monolayers of fatty acids and alcohols are in good agree
ment with much of the previously reported data, par
ticularly those values obtained with a canal viscom
eter.
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Application of Surface Thermodynamics to Gibbs Elasticity

by M . van den Tempel, J. Lucassen, and E. H . Lucassen-Reynders

Unilever Research Laboratory, Vlaardingen, The Netherlands {Received April IS, 1964)

Rupture of a thin liquid film drawn from a surfactant solution can be opposed by the sur
face tension gradient arising from local extension of the film surfaces. A measure for this 
effect, which is thought to be responsible for the large influence of certain minor impurities 
on foam stability, is the Gibbs elasticity, relating the excess surface tension in the extended 
region to the relative increment of the surface area. For a quantitative evaluation of the 
Gibbs elasticity of a film, the relation between the surface tension and the composition of 
the film liquid must be known. Rigorous surface thermodynamics have been developed 
to derive this relation. Simplified versions of the general equations are used to calculate 
the Gibbs elasticity, especially for films of mixed surfactant solutions. Compounds of 
suitable surface activity, even if present in minor amounts, appear to have large effects 
on the Gibbs elasticity. Their influence is already considerable at rather large film thick
nesses, assuming the most simple, ideal behavior of both the surface and the bulk liquid 
in the film. The effect of deviations from ideality is discussed.

Introduction
One of the mechanisms that are generally accepted 

to contribute to the stability of thin films obtained from 
surfactant solutions is the Plateau-Marangoni-Gibbs 
effect.1 Rupture of the film is supposed to be intro
duced by local thinning, during which the surface area 
in part of the film is enlarged. The amount of sur
factant in the extended region of the film is insufficient 
to maintain the original values of both the adsorption 
and the bulk concentration; in general, the surface ten
sion in the extended region is, therefore, higher than in 
the neighboring parts of the film. The Plateau-Maran
goni-Gibbs effect accounts for this surface tension 
gradient and for the resulting elasticity of the surface, 
which tries to restore the original shape of the film.

Equilibrium between the enlarged surface and the 
underlying film liquid is re-established immediately (or 
at least much more rapidly than the equilibrium be
tween neighboring parts of the film) in film elements of 
dimensions comparable with the film thickness; for 
such elements the elasticity is called Gibbs elasticity. 
It is defined2 as the ratio of the increase in the film 
tension (2do-) resulting from an infinitesimal increase in 
area and the relative increment of the area (d In A)

Evaluation of the Gibbs elasticity as influenced by the 
composition of the surfactant solution would be useful 
for understanding the behavior of the thin films pro
duced therefrom. Such a calculation of E requires the 
variations in the surface tension a and in the surface 
area A to be expressed in measurable parameters of the 
film: its thickness h, the concentrations c{ of the sur
factants contained in it and their properties. In the 
following, the influence of properties and amounts of 
surfactants will be considered.

Gibbs Elasticity. The variation of a in an extending 
film element is related to the surfactant adsorptions 
P4 and the concentrations of the surfactants (i =  2, 3 
. . .  w) by Gibbs adsorption law

n
— do- =  RT XI Pj d  In y f i i  (2)

t =  2

where y t represents the activity coefficient of i.
The variation in A of the element can be related to 

the surface and bulk concentrations by considering the 
volume of the element and the total amount of each in
dependent component in it to be constant

(1) B. V. Derjaguin and A. S. Titijevskaya, Proc. Intern. Congr. 
Surface Activity, 2nd, London, I, 211 (1957); L. E. Scriven and C. V. 
Stemling, Nature, 187, 186 (1960).
(2) J. W. Gibbs, “ Collected Works,”  Vol. I, Dover Publishing Co., 
Inc., New York, N. Y., 1961, p. 301.
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—d In A =  d In h
hdc{ +  2dF4

2G
(i — 1,2 . . .  n)

0 )
Consequently, the general relation for the Gibbs elas
ticity reads

1 H--------- —
„  G 2 d l n c 4E  =  4 R T jf  —

• ~ c{ h +  2 dr,
dc4

(4)

giving the influence of film thickness and surfactant 
concentrations. The values of G and dG /dc, occur
ring moreover in eq. 4 follow from the surface equation 
of state for the system considered. It should be noted 
that the latter quantity is not equal to the partial dif
ferential quotient or to the slope of the adsorption iso
therm of i, since during extension the concentrations of 
the other components also vary

dG  òG  j ÒG ^  dCj
dc; dcj 0Cj dei

(5)

where the variations in c} with respect to ct follow from 
the conservation of matter, as expressed in eq. 3. Fur
ther quantitative treatment requires the surface equa
tion of state to be given, the thermodynamics of which 
will be presented in the following section.

Even qualitatively, however, eq. 4 shows two remark
able properties of the Gibbs elasticity. First, the 
Gibbs elasticity of films made from approximately ideal 
dilute solutions of one surfactant has a maximum value 
at an intermediate surfactant concentration. At very 
low concentrations E  increases since the adsorption 
in this region is proportional to the concentration, 
whereas at higher concentrations the adsorption no 
longer varies measurably with concentration, causing 
E  to decrease asymptotically to zero. Secondly, eq. 4 
shows that the value of E is very sensitive to the pres
ence of components with high adsorption values at very 
low concentrations. Knowledge of the surface equa
tion of state for mixed surfactant solutions will permit a 
quantitative evaluation of these effects.

Surface Thermodynamics. Thermodynamics of the 
equilibrium distribution of matter between parts of a 
system— e.g., between surface and bulk solution—has to 
start from the uniformity of the thermodynamic poten
tial for each component throughout the system. 
The relation between Mi and the concentration or mole 
fraction of i in any part of the system, then, gives the 
desired relation between the concentrations of i in 
these different parts of the system. The relation be
tween Mi and the concentration ct of that component

can, however, only be given in terms of an activity coef
ficient, 7 This coefficient is defined by this very 
relationship, e.g., in the case of the bulk solution a

Mi“ =  Ua +  RT In 7 i“Ci (6)

I f  being a constant characterizing the standard state 
of i. (In the following, the symbol f  will be considered 
to denote infinite dilution as a standard state; i.e., the 
value of £, is adjusted so as to make y t -► 1 for ct -*■ 
0.)

Consequently, a general surface equation of state 
contains two activity coefficients of each component, 
one for the solution, y f ,  and one for the surface, 7 /.  
As is discussed in detail elsewhere,3 * * the relation between 
the thermodynamic potential of i in the surface and the 
surface concentration of i, can be written as

+  RT l n ( 7i8 X p ) - ^ ;  (7)

Here f {a is a constant characterizing the standard 
state of i in the surface. For solutions containing one 
surfactant, P° is the saturation adsorption, defined as 
the surfactant adsorption corresponding with the 
limiting slope of the surface tension-log surfactant ac
tivity plot at high surfactant activities. The deriva
tion of eq. 7, which gives all information about the sur
face equation of state, can only briefly be indicated here. 
It was obtained by considering the surface phase, s, 
to be a geometrical dividing surface according to Gibbs 
between the two bulk phases. The position of this sur
face, however, was not fixed as suggested by Gibbs,
i.e., not so as to make the adsorption of the solvent 
equal to zero. For deriving a surface equation of state, 
the distribution of all components, including the sol
vent, between bulk and surface is considered; therefore 
a convention which defines the solvent to be not ad
sorbed is not suitable. A  new convention has been 
chosen which fixes the position of the dividing surface 
so as to make the sum of solvent and surfactant adsorp
tions equal to the constant amount of T" moles cm.-2 ; 
this enables the derivation of eq. 7. The ratio of G  and 
r® thus gives the mole fraction of i in the surface, in 
analogy with ct in eq. 6 measuring the mole fraction of i 
in the bulk solution. In principle this treatment, which 
considers the solvent adsorption, G, not to be equal to 
zero, would necessitate the introduction of a term for 
i =  1 into Gibbs adsorption law as given in eq. 2. For 
aqueous surfactant solutions, however, where the mole 
fraction of water is always higher than 0.999, this term

(3) E. H. Lueassen-Reynders and M. van den Tempel, paper sub
mitted for the IVth International Congress on Surface Active Sub
stances, Brussels, 1964.
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can be neglected due to the extremely small variations 
in water activity.

Equating the expressions given for p, in eq. 6 and 7, 
the surface equation of state can be obtained in three 
equivalent formulations, from which either 1% or c, or a 
has been eliminated, all the expressions containing 
three parameters: (1) the surface activity coefficients 
y f,  determining the shape of the adsorption isotherm;
(2) the saturation adsorption T", determining the mag
nitude of the adsorption, i.e., the scale of the adsorption 
isotherm in the vertical direction; (3) a constant to be 
denoted by at, determining the magnitude of the sur
factant concentration at which a given adsorption value 
is reached, i.e., the scale of the adsorption isotherm in 
the horizontal direction. This constant equals the 
ratio of surface and bulk mole fractions of the surfac
tant at infinite dilution and, therefore, depends on the 
standard state parameters f 4 and on the surface tension 
a0 at infinite dilution

RT In a, =  f /  -  f 4“ -  £  =  -A « ,“ (8)

tants. Therefore, the concentration at half saturation 
adsorption is a sensitive measure for the surface activity 
of a compound, low values of it corresponding with 
high surface activity.

These general considerations following from eq. 6 
and 7 can equally be applied to solutions of several 
surfactants. Surfactants each forming ideal surface 
solutions with water are assumed to behave ideally in 
each other’s presence; the following treatment will be 
limited to ideal surface solutions. The parameter T” 
for solutions of an arbitrary number of surfactants is 
generalized to be a total saturation adsorption corre
sponding to given ratios ktj between the surfactant ac
tivities. Its value is found from the limiting slope of 
the <r-log y fc i  plot for any of the surfactants at such 
constant ratios

RT
- lim da

d In y “Ci_ O' =  2, 3 . . .  n) (9)

kij y “Ci 
T “Cj

The parameter Ai0“ thus defined is the molar free en
thalpy of adsorption (from phase a) of i at infinite dilu
tion.4 For ideal surface solutions, with 7 /  =  1 at all 
surface compositions, at is the surfactant activity at 
which the surfactant adsorption has reached half of its 
saturation value.

It is emphasized that the general equations giving the 
surface behavior of a surfactant in terms of these three 
parameters were derived without any model for the 
surface layer; in particular, the model of a monomolec- 
ular surface layer is not involved, nor have any as
sumptions been made as to the areas occupied by the 
molecules in this layer.

As to the values of the surface activity coefficients 
7iS, it has been shown3 that from single surfactant solu
tions ideal surface solutions are often formed, in which 
the surface activity coefficients of solvent and surfac
tant equal unity at all surface compositions. The 
shape of the adsorption isotherm for such ideal surface 
behavior is given by the well-known equation of Lang
muir. This was shown to occur even in cases where the 
bulk activity coefficients of solvent and surfactant are 
by no means equal to unity, e.g., in the case of micelle
forming compounds.

The value of the second parameter, the saturation ad
sorption, is not very sensitive to variations in the na
ture of the surfactant; at the air-water interface its 
value for surfactants with one single aliphatic chain 
varies between 2.5 X  10 ~10 and 5.5 X 10~10 mole cm.-2. 
The value of the third parameter, a, however, can dif
fer by a factor as high as 106 for two different surfac

Surface tension and adsorptions as a function of sur
factant concentrations, then, are given by generalized 
Szyszkowski-Langmuir equations

a =  R T T œ In
- n cr 
£  —Li =2

V  di
X  t  ----  X  n

Y  y^Cj/d j +  1
j - 2

(10)

(11)

Occurrence of Szyszkowski-Langmuir adsorption has 
been generally supposed to be limited to adsorption from 
ideal bulk solutions of a single nonionic nonvolatile 
component; it has been considered essential that equal 
cross-sectional areas could be predicted from the geom
etry of solvent and solute. Equations 10 and 11 are 
generalized to include also nonideal solutions of an arbi
trary number of surfactants, the geometry of which is 
considered irrelevant. In principle, the value of T” 
depends on the concentration ratios of the various sur
factants present; this effect is considered negligible in 
comparison with the influence of the difference in a 
values for the surfactants.

In the following section, the Gibbs elasticity for films 
containing one or two surfactants will be evaluated by 
combining eq. 4 and 11.

Gibbs Elasticity for Ideal Surface Behavior. Usually 
the bulk activity coefficients of surfactants (not that of 
the solvent) are nearly equal to unity below the critical

(4) A. Vignes, J. chim. phys., 57, 966 (1960).
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micellar concentrations: 72“ =  73“ =  1. For such 
solutions it is convenient to express surfactant concen
trations in units a.

di

and likewise to express the total amount of surfactant 
present in unit volume of the film, gu in units at

T“ =  2.6 X 10-10 mole cm.-2 ;
«2 =  0.44 X 10~5 6mole cm.-3

The only known elasticity measurements have been 
performed in this system6; they yielded values between 
8 and 15 dynes cm.-1 at a concentration around the
c.m.e., in agreement with the calculated values just be
low the c.m.c. in Figure 1.

gt =  +
2r t
aji (13)

and, finally, to define another dimensionless parameter, 
yit measuring the amount of i present in the film liquid 
(Z{) relative to the amount adsorbed at the surfaces 
(l9t -  xt)

_  Chh______________Xt_________  n .v

Vi 2 r»  (g t -  x f ) ( l  +  E  x ÿ

In terms of these dimensionless parameters, the 
Gibbs elasticity of single surfactant solutions is found to 
be given by

E  = 2ÆÏT”
Xj_______

1 +  1/2(1 +  xa)2
=  25! TP

x2(g2 — x2) 
Ç2 +  Z22

(15)

G ib b s  e la s t ic it y

Figure 1. Gibbs elasticity of films with thickness 10 _4 
cm. containing sodium dodecyl sulfate.

At a given film thickness, eq. 15 predicts a linear in
crease of the elasticity with increasing surfactant con
centration in the Traube region {x2 < <  1). This in
crease is steeper at smaller film thicknesses and for 
higher surface activities (lower a2 values). At higher 
concentrations a maximum E value (Em) is obtained, for 
which

Em = R T T - iV ^  -  1) (17)

The elasticity has its maximum value at a concentra
tion where more than half of the saturation adsorption 
is reached; at lower film thickness both the elasticity 
and the concentration at the maximum shift to higher 
values. Above the c.m.c., the activity coefficient 72“ 
is no longer equal to unity, but decreases inversely pro
portional to the concentration: d In 72“ =  — d In C2. 
Here the complete eq. 4 must be used, predicting a sud
den decrease of E to zero at the c.m.c.

A typical example for a film (with a thickness of 1 g) 
containing one surfactant, sodium dodecyl sulfate, is 
shown in Figure 1. The experimental surface tension 
data5 for this substance closely follow eq. 10 and 11 
with

The influence of a second surfactant (component 3) 
on the Gibbs elasticity will be discussed now, again for 
ideal surface behavior, and neglecting bulk activity 
corrections for the two surfactants. Moreover, for the 
sake of simplicity the total saturation adsorption will 
be assumed not to depend on the concentration ratio 
of the two surfactants. Gibbs elasticity is then most 
conveniently expressed in the total amounts g( and the 
bulk amounts xt

E =  25! T r” - 1 4~ x2 j -  x3 
+  **2/02 +  x3*/g3 (18)

With this equation, the effect of the second surfac
tant on E  will be investigated in two ways, accounting 
either for an addition of the second surfactant at a given 
bulk amount x2 of the surfactant already present, or for 
addition of component 3 at a given total amount g2 in 
the film. The two methods give different numerical 
results, since at constant g2 the addition of 3 can con
siderably increase the bulk amount x2, component 2 
being displaced from the surface especially if 3 is very 
surface active (a3 very low).

(5) B. A. Petbica, Trans. Faraday Soc., 50, 413 (1958).
(6) K. J. Mysels, M. C. Cox, and J. D. Skewis, J. Phys. Chem., 65, 
1107 (1961).
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The following general statements can be derived from 
eq. 18 for these cases. (1) The elasticity of the mixed 
solution is always higher than the lower of the two 
elasticities found by removing either 2 or 3 from the 
film, but lower than the sum of these two single sur
factant elasticities. (2) The very first addition of com
ponent 3 can cause the elasticity to increase, to be con
stant, or to decrease, depending not only on the surface 
activities of 2 and 3 (measured by a2 and as) but also on 
the concentration of 2. High relative surface activity 
of 3 with respect to 2 (f.e., a3 < <  a2) tends to promote 
an increase in E, as was already qualitatively expected 
from the general eq. 4. However, it will be illustrated 
below that in some cases of practical interest elasticity 
is always decreased by the first additions of another sur
factant, whatever its surface activity. (3) At high 
Xz values, E always decreases, irrespective of whether 
it increases or decreases at low x% values.

A more detailed analysis will be given for the second 
statement, since this seems important for the influence 
of “ minor impurities”  on Gibbs elasticity and film sta
bility. Behavior at very low Xz values is governed by 
the limiting value (for x% -*■ 0) of the derivative of E 
with respect to x%, at constant film thickness and at a 
constant value of either x2 or g2. Calculation of this 
limiting value from eq. 18 reveals the existence of a crit
ical value of a3/a 2, i.e., of the surface activity ratio of 
the two surfactants, for which the limiting slope is equal 
to zero. If the surface activity of the added surfactant 
corresponds to this critical ratio, the elasticity of the 
film is not affected; if its surface activity is higher (a3 
lower), it increases the elasticity, whereas lower sur
face activities give a decrease in E. The value of this 
critical surface activity ratio depends on concentration 
and surface activity of the surfactant already present

03
Jc:

~af
_&2_ c:

g2{gz -  xz2)
+  1

(for addition of 3 at constant g2) (19)

gz(gz -  xz2) 1
xzKgz +  xz)

(for addition of 3 at constant x2) (20)

In both cases the critical surface activity ratio equals 
unity at the concentration of maximum single surfac
tant elasticity, in view of eq. 16. At higher concentra
tions it is lower than unity, and at lower concentrations 
higher than unity. A numerical example as calculated 
from eq. 19 is given in Figure 2, for a surfactant with 
properties near to those of sodium dodecyl sulfate, at 
film thickness of 1  ̂ (a2 =  10-7 mole cm.-3; f "  =  5 X
10-io moie cm.-2).

Figure 2. Critical az/a2 values (at constant g2) for y2 — 10-2.

Calculation from eq. 20 would give a curve intersect
ing that of Figure 2 at a critical ratio of unity, giving 
lower values at the left-hand side and higher values at 
the right-hand side of this point. Figure 2 shows two 
remarkable features. At low concentrations of 2, the 
critical values of the surface activity ratio are very 
high: at x2 =  1 it is higher than 100, which means that 
here Gibbs elasticity is nearly always increased by the 
addition of another component, even if its surface ac
tivity is a thousandfold less than that of the surfactant 
already present. At higher concentrations, however, 
the situation is reversed, the critical values being very 
low, and even negative at concentrations x2 between 11.5 
and 99. Physically, only positive a3 values are pos
sible, which means that actual a3 values are always 
higher (even if extremely low) than the critical value: 
in this region any additional surfactant gives a decrease 
in E. This behavior is further illustrated in Figures 3 
and 4, giving E as a function of x2 as calculated from 
eq. 18. Figure 3 shows the effect of component 3 for 
two surface activities, one higher and one lower than 
the critical value indicated in Figure 2.

The same highly surface active component, however, 
which increases E in Figure 3, decreases E if added at a 
higher concentration of 2 where the critical value in
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Figure 3. Effect of component 3 on Gibbs elasticity at 
constant total amount of 2 (gn =  99o2j a2 =  10-7).

Figure 2 is negative. This is shown by the lower curve 
of Figure 4.

The same figure, finally, shows in the upper curve 
that the remarkable negative critical surface activity 
ratios do not occur with eq. 20, i.e., if component 3 is 
thought to be added at constant concentration x% in
stead of at constant g2. In that case the highly surface- 
active component shows the “ normal”  behavior of in
creasing the elasticity. The increase in E upon addi
tion of 3 at constant x2 can be very considerable, es
pecially if component 2 is less surface active than given 
in Figure 4; in this figure, E is increased with a factor 
of about 2 at x3 =  100, i.e., at a concentration c3 which 
is only 0.04% of c2, but if 2 and 3 were only one-tenth 
as surface active the elasticity under these conditions 
would be increased with a factor of more than 10. At 
very high x3 values both curves in Figure 4 would pass 
through a maximum, followed by an asymptotical de
crease to zero.

Summarizing, upon addition of a second surfactant
(3), three types of curves can be obtained for E as a 
function of x3, depending on whether the surface activity 
of 3 is lower or higher than a critical value. If it is 
higher, E increases, passes through a maximum, and

Figure 4. Effect of very surface-active 
component 3 on Gibbs elasticity.

finally decreases to zero at increasing x3. If it is lower, 
E first decreases and subsequently either increases and 
reaches a maximum, if 3 is more surface active than 2, 
or continuously decreases to zero if 3 is less surface 
active than 2. At suitable surface activities and con
centrations of the two surfactants, the increase in E 
can be enormous, but only if the concentration of 2 is 
kept constant, and not its total amount in the film. 
The unexpected decrease in E that can occur upon addi
tion of even highly surface-active surfactants at con
stant total amount of the original surfactant is due to 
the large effect of the added surfactant on adsorption 
and concentration of 2.

The above considerations apply to surfactant solu
tions forming ideal surface solutions at all surface com
positions between zero and unity mole fraction of sur
factant and bulk solutions that are sufficiently dilute 
to ensure y “ =  73“ =  1. Large effects on the elas
ticity could under these conditions be calculated even 
for additions of a surfactant occupying the same specific 
area in the surface as the original surfactant (the con
dition f® = constant). The effect of deviations from 
these simple, though frequently occurring, conditions 
is briefly discussed in the following section.

Effect of Deviations from Ideality. In surfactant
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solutions of practical interest, the condition 72“ =  73“ 
=  1 is usually satisfied up to the c.m.c., even for ionic 
surfactants (here 72“ 0.9, for c2 ^  10 X 10-6 mole
cm.-3). The effect of micelle formation in a single sur
factant solution is shown in Figure 1: the E value sud
denly drops to zero. The c.m.c. value seems to be af
fected by the same factors influencing the a value3; the 
ratio of the two is between 15 and 200. This means 
that x values higher than this ratio cannot be reached; 
therefore, x values higher than 200 are not represented 
in the figures.

Micelle formation in a mixed surfactant solution may 
even give rise to negative elasticity values, in cases 
where solubilization of the second surfactant into the 
micelles causes the well-known minimum in the sur
face tension-concentration curve. In general, lower 
72“ and 73“ values give rise to lower E values.

The influence of the surface activity coefficients is op
posite to that of the bulk activity coefficients, since 
they occur as y ta/7 /  in the combination of eq. 6 and
7. The only well-studied examples of surface non
ideality are the higher fatty acids.7 It can be shown 
that they form regular surface solutions with water. 
The surface activity coefficient, e.g., of lauric acid, de
creases from unity at infinite dilution to 0.06 at satura
tion adsorption. At a given concentration, the sur
factant adsorption, and hence the calculated elasticity 
value too, is much higher than would correspond with 
ideal behavior of the surface. As yet, no experimental 
data are available to check these predictions.

Application to Foam Stability. The effect of the 
concentration of a single surfactant on the Gibbs elas
ticity, as shown in Figure 1, appears to be completely 
similar to its effect on the stability of foam or of a 
single film between two air bubbles (“ elementary 
foam” ). From as early as 1925, many investigators8 
have observed a maximum in foam stability at a con
centration where saturation adsorption is not yet 
reached for surfactants like fatty acids and their salts, 
alcohols, and sodium dodecyl sulfate. It is proposed 
that film stability and Gibbs elasticity are directly 
related in these cases.

The effect of a second surfactant on the Gibbs elas
ticity can be used to explain the well-known stabilizing 
effect of certain minor impurities of low water solubility,

such as higher alcohols or acids, present in detergent 
solutions.

It has been argued that these impurities are adsorbed 
preferentially at the surface and that they enhance 
foam stability most if the adsorbed layer contains 
more than 50% additive9 resulting in a high surface 
shear viscosity. Contradictory to this theory, the 
high foam stability in the presence of the impurity is 
now thought to be connected not to the effect of the 
impurity on the shear properties of the surface but on 
its properties on dilatation.10 The evidence in favor 
of this is similar to that presented in Figure 4, upper 
curve. The present treatment shows that highly 
surface-active impurities do give high elasticity values, 
provided their addition does not affect the concentra
tion of the main surfactant. It should be noticed 
that “ high surface activity”  is not to be connected 
here with a smaller molar area of the added com
pound,9 but with its higher adsorption free enthalpy 
or with its smaller a value. Whether impurities in 
actual foam films should be considered to affect the 
concentration or the total amount of the main surfac
tant in the film depends on the history of the film from 
the generation of the foam bubbles. Therefore, the 
relation between the original composition of a foaming 
solution and the composition of the final thin films 
should be investigated before a general correlation can 
be given between the original surfactant concentra
tions and the film stability.

The foaming behavior of surfactant solutions above 
the c.m.c. seems to give an example of the importance 
of this point. Foam films obtained from such solu
tions apparently do not have the zero or negative elas
ticities they should have if containing micelles; this 
is considered evidence for the possibility of consider
able differences between original and final concentra
tions.

(7) A. Frumkin, Z. physik. Chem., 116, 466 (1925).
(8) O. Bartsch, Kolloid Chem. Beih., 20, 1 (1925); D. Talmud and 
S. Suohowolskaya, Z. physik. Chem., A154, 277 (1931); P. A. Reh- 
binder and A. A. Trapeznikov, Acta Physicochim. URSS, 9, 257 
(1938); E. J. Burcik, J. Colloid Sci., 5, 421 (1950).
(9) W. M. Sawyer and F. M. Fowkes, J. Phys. Chem., 62, 159 
(1958).
(10) A. Prins and M. van den Tempel, paper submitted for the IVth 
International Congress on Surface Active Substances, Brussels, 1964.

The Journal of Physical Chemistry



Adsorption of Cyclohexane on Aluminas 1805

Adsorption of Cyclohexane on Aluminas Prepared by Thermal Decomposition 

of Aluminum Hydroxide in Vacuo and in Presence of Air

by R. I. Razouk, R. Sh. Mikhail, and G . R. Iskander

Chemistry Department,, Faculty of Science, Ain Shams University, Abbassia, Cairo, U.A.R. (Received May 12, 196f)

The adsorption of cyclohexane vapor was measured on the products of thermal decomposi
tion of two parent crystalline hydroxides of aluminum. The effect of temperature of 
preparation, duration of heating, and presence of air during decomposition was studied. 
In agreement with the results obtained with similar systems previously investigated, de
composition at low temperatures results in a marked increase in specific surface area, but 
sintering develops at higher temperatures. The latter is enhanced by rise of temperature, 
by increase of duration of heating, and also by presence of air during the decomposition 
process.

Introduction
Several factors are known to affect markedly the sur

face properties of active solids prepared by thermal de
composition.1 The presence of air during the heat 
treatment is of particular interest owing to the relatively 
limited work cited in the literature in this connection 
although active solids are usually prepared under this 
condition. In an earlier investigation,2 it was found 
that the presence of air during the preparation of mag
nesium oxide by thermal decomposition of the hy
droxide and carbonate invariably gives rise to products 
possessing much lower surface areas which in certain 
cases are only one-tenth of the surface of the product 
prepared in vacuo under similar conditions. Similar 
behavior was recently observed in the production of cal
cium oxide by thermal decomposition of the hy
droxide.3

The present work has been undertaken to investigate 
the dependence of the adsorptive properties on the ab
sence or presence of air during the dehydration of two 
crystalline preparations of aluminum hydroxide. 
Both the effect of temperature of dehydration and dura
tion of thermal treatment were studied. The nature 
of the solid phases was also investigated by means of 
X-ray analysis.

Experimental
Apparatus and Technique. A conventional volu

metric system was used for the adsorption measure

ments. X-Ray diffraction patterns were obtained 
with the aid of a Philips 114.23 Debye-Scherrer powder 
camera with Ni-filtered Cu radiation.

Materials. Adsorption measurements were carried 
out on the products obtained from two parent prepara
tions of aluminum hydroxide by dehydration in vacuo 
and in presence of air at 110, 200, 350, 500, 650, 800, 
and 950°. The term “ in vacuo”  means here while 
pumping off air and gaseous products, keeping the pres
sure less than 10-3 mm., and the term “  in presence of 
air”  means while the material is in contact with “ non
dry”  air containing water vapor formed by dehydration 
of the hydroxide.

Preparation G was obtained by the slow addition of 
ammonia (20.3%) to a solution of aluminum chloride 
until the supernatant liquid had pH ca. 8. The pre
cipitate was washed with dilute ammonia and then 
dried in a vacuum oven at 50°. The water content was 
34.4% as compared with 34.65 for the trihydrate. 
X-Ray diffraction patterns possessed clear and sharp 
lines which gave d and I  values characteristic of gibb- 
site.

Preparation B was obtained by adding ammonia to a

(1) See, e.g., S. J. Gregg, “ The Surface Chemistry of Solids,”  2nd 
Ed., Reinhold Publishing Corp., New York, N. Y., 1961, p. 300 el 
seq.
(2) R. I. Razouk and R. Sh. Mikhail, Actes Congr. Intern. Catalyse, 
2e, Paris, 1960, 2023 (1961).
(3) R. Sh. Mikhail, J. Phys. Chem., 67, 2050 (1963).
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boiling solution of alum. The precipitate was washed 
with ammonia and dried in a vacuum oven at 40°. 
The water content was 33.6%. X-Ray powder photo
graphs gave clear patterns, and the d and I  values cor
responded to those of bayerite.

Cyclohexane was prepared in a pure state by the 
method described earlier.4 *

Results
Adsorption Measurements. Preliminary experiments 

on the adsorption of cyclohexane on the parent hy
droxide preparations did not give concordant results, 
but the data obtained with the products of dehydration 
formed at and above 110° were well reproducible. 
The present work is therefore confined to these prod
ucts.

In all cases the adsorption is rapid, and thorough 
outgassing at room temperature removes all the ad
sorbate. The isotherms are type II of Brunauer’s 
classification.6 Desorption isotherms form with ad
sorption isotherms small hysteresis loops which join 
together at relative vapor pressures depending on the 
temperature of dehydration. The hysteresis loops are 
of type A combined with a little of type E of de Boer’s 
classification,6 and the pore spectrum of all specimens 
is very broad as might be judged from the broad region 
of relative vapor pressure over which the hysteresis 
loop extends.

A typical set of results is represented in Figure 1, 
which shows the adsorption isotherms of cyclohexane 
on the products of dehydration of preparation G formed 
at 350, 500, 650, 800, and 950° by heating in vacuo for 
5 hr. Representive desorption isotherms are also 
drawn for products formed at 350, 650, and 950°.

The isotherms are found to obey the B.E.T. equa
tion7 in the normal range of pressure. The specific 
surface areas of the various products were calculated 
from the monolayer capacity and by taking the cross- 
sectional area of the cyclohexane molecule as 39 A.2.8 
Previous work in this laboratory has shown that the 
adsorption of cyclohexane at ordinary temperature 
could be successfully used to measure the surface area 
of magnesium oxide4 and iron oxide.9 For the purpose 
of comparison, the specific surface areas of certain 
products were estimated by the standard low tempera
ture nitrogen adsorption and were found to be in 
satisfactory agreement with present values obtained 
from the adsorption of cyclohexane. Thus, the specific 
surface areas calculated from cyclohexane and nitrogen 
adsorption were 244 and 220 m.2/g . for the product ob
tained from preparation G by dehydration in vacuo at 
350°, 246 and 228 m.2/g . for the product obtained at 
650°, 143 and 134 m.2/g . for the product formed by

Figure 1. Adsorption-desorption isotherms of cyclohexane 
on the products of dehydration of preparation G formed 
in vacuo at various temperatures: O, adsorption;
•, desorption.

dehydration in presence of air at 650°, and 37 and 34
m.2/g . for the product formed at 950°.

Experiments on the effect of duration of heating 
(Figure 2) show that when dehydration is carried out 
in vacuo below 650°, the specific surface area increases 
with the duration of thermal treatment as a result of 
further decomposition although the increase is found to 
be far less than corresponds to the decrease in the water 
content. Dehydration at 800° for 0.5 hr. gives rise to 
a product of maximum surface area, but heating for 
longer periods leads to progressive diminution in the 
specific surface area even though it is accompanied with 
further slight decomposition. Thermal treatment at 
higher temperatures leads to a continuous decrease in 
surface area.

However, when dehydration is conducted in presence 
of air, prolonged heating results in decreasing the spe
cific surface area even at low temperatures although the

(4) R. I. Razouk and R. Sh. Mikhail, J. Phys. Chem., 61,886 (1957).
(6) S. Brunauer, “ Physical Adsorption of Gases and Vapors,”  Ox
ford University Press, London, 1944, pp. 149 et seq.
(6) J. H. de Boer, “ The Structure and Properties of Porous Materi
als,” D. H. Everett and F. S. Stone, Ed., Butterworths Scientific 
Publications, London, 1958, p. 68 et seq.
(7) S. Brunauer, P. H. Emmett, and H. Teller, J. Am. Chem. Soc„ 
60, 309 (1938).
(8) R. N. Smith, C. Pierce, and H. Cordes, ibid., 72, 5595 (1950).
(9) R. I. Razouk, R. Sh. Mikhail, and B. S. Girgis, Advances in 
Chemistry Series, No. 33, American Chemical Society, Washington, 
D. C„ 1961, p. 42.
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0 10 0 10
Duration of heating (hr.).

Figure 2. Effect of duration of thermal treatment on the 
specific surface area (upper curves) and the water content 
(lower curves) of the products of dehydration of preparation 
G formed in vacuo (left) and in the presence of air 
(right) at various temperatures.

percentage of decomposition might increase several-fold. 
The only exception is for an initial period not exceeding 
2 hr. at temperatures below 650° when an increase in 
area accompanies the early stages of dehydration. This 
emphasizes the onset of sintering in presence of air at a 
temperature much lower than in vacuo.

The effect of temperature of dehydration on the 
specific surface area of the products formed by heating 
preparations G and B for 5 hr. in vacuo and in presence 
of air is represented in Figure 3. It is evident that de
hydration in vacuo is accompanied by development of 
larger surface area and that the temperature at which 
maximum activity is obtained is slightly higher in 
vacuo than in presence of air. However, when com
parison is made for equal water contents rather than for 
equal durations of heating, the diminution in the 
specific surface area of products formed in presence of 
air becomes less marked in some cases.

It is to be noted, however, that the adsorption values 
near saturation vapor pressure are, by far, less depend
ent on the thermal treatment than the specific surface 
areas themselves. This implies that rise of tempera
ture leads to changes in the average pore radius while 
the pore volume remains essentially the same. This is 
in agreement with the observed general tendency of the 
relative vapor pressure at which the hysteresis loop 
closes up to be displaced toward higher values as the 
temperature of thermal treatment is raised.

Structural Changes Accompanying Dehydration. X - 
Ray diffraction patterns were obtained for both prep-

Temperature of dehydration (°C.).

Figure 3. Specific surface areas of products formed by the 
dehydration of preparation G ( « )  and preparation B (O) 
at various temperatures in vacuo (continuous lines) 
and in presence of air (dotted lines).

arations and their dehydration products. Comparison 
with the A.S.T.M. cards10 shows that preparations G 
and B are mainly gibbsite (a-Al203-3H20) and bayer- 
ite (/3-Al20 3-3H20 ), respectively. Drying at 110° in 
presence of air leaves the patterns unaltered although 
the water content falls by approximately 15 and 30%, 
respectively, below the stoichiometric water content in 
the trihydrate. Similar retainment of a pseudo-struc
ture on dehydration at low temperatures was observed 
in the thermal decomposition of goethite and lepido- 
crocite.9 The changes observed in the patterns of the 
various products of dehydration are found to be in 
general agreement with the results of other investiga
tors.11

Thus, when preparation G is heated in vacuo at 200° 
for 2 hr., the water content falls to 24.91%, and most 
of the lines which give the characteristic d spacings of 
gibbsite still remain clear. These lines, however, dis
appear on dehydration at 350°. The product formed 
between 350 and 800° possess diffuse patterns which are 
difficult to identify, but the product formed at 950° 
possesses a pattern of sharp lines corresponding to 8- 
and 0-alumina.

The product obtained by dehydration of preparation 
B at 200° in vacuo for 5 hr. (containing 7.16% water) 
gives a pattern in which the characteristic lines of 
bayerite disappear, and some of the lines of boehmite 
develop although in diffuse form. Products formed be

(10) J. V. Smith, Ed., “ X-ray Powder Data File,”  American Society 
for Testing Materials, Philadelphia, Pa., 1960.
(11) See, e.g., M. K. B. Day and V. J. Hill, J. Phys. Chem., 57, £46 
(1953); R. Tertian and D. Papée, J. chim. phys., 55, 341 (1958).
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tween 350 and 800° give diffuse patterns, but the prod
uct formed at 950c possesses a pattern in which some 
lines characteristic of r\- and 0-alumina develop.

It is interesting to note that the patterns of the prod
ucts formed at high temperatures in presence of air 
were found to exhibit sharper lines than in case of corre
sponding products formed in vacuo, indicating that the 
development of the crystalline structure proceeds more 
readily when dehydration is conducted in presence of 
air.

Discussion
Crystalline hydroxides are frequently used as start

ing materials for the preparation of active solids be
cause their specific surface areas increase considerably 
upon heating. Generally, dehydration gives rise to 
pseudo-morphosis, and the volume of the solid does not 
vary much. Meantime, water is expelled during de
hydration, and space will be created in the porous prod
uct. On heating to higher temperatures, however, the 
surface area of the solid decreases again.

In the course of study of the surface properties of 
oxides of magnesium, iron, and calcium produced by 
thermal decomposition of hydroxides and carbon
ates,2“ 4-9’12 it has been postulated that during thermal 
treatment the mechanism which determines the sur
face area-temperature relationship is governed by 
three processes, namely, (i) decomposition, (ii) re
crystallization, and (iii) sintering. For crystalline 
parent materials which decompose to yield ultimately 
crystalline products, a maximum in the surface area- 
temperature of dehydration curve might be expected, 
the ascending branch of the curve being due mainly to 
the first two processes, while the descending branch to 
sintering. The three processes overlap in the neigh
borhood of the maximum. The results obtained in the 
present investigation using two crystalline hydroxides 
of aluminum are in good agreement with this picture.

Besides the important contribution of temperature 
and duration of heating in determining the specific sur
face area of the products of thermal dehydration, the 
presence of air during the preparation of active solids 
affects considerably the surface area-temperature 
curves, giving rise to smaller areas and the displace
ment of the maximum toward lower temperatures.

The diminution of the surface area observed when de
hydration is conducted in presence of air is very prob
ably associated with the formation of crystallites of 
larger grain size. Investigation by the electron micro
scope on both series of products has shown that thermal

dehydration in presence of air is accompanied by (i) 
the development of larger grain size, the higher the 
temperature the greater is the difference between the 
sizes of particles formed in vacuo and in presence of air, 
and (ii) the development of better crystalline mor
phology.13

The lower surface areas of the products prepared by 
dehydration in “ nondry”  air are ascribed mainly to the 
presence of water vapor in contact with the decompos
ing material. The enhanced sintering by water formed 
during catalytic cracking14 and by steam15 is known, 
de Boer and Vleeskens16 found that surface hydration 
leads to pore volume and surface area decrease. Ander
son and Morgan17 have recently shown that, in the 
sintering of magnesium oxide, crystal agglomeration 
and crystal growth are accelerated by the presence of 
water vapor during thermal treatment and that mere 
water adsorption does not promote the sintering 
effects but that a certain mobility and rapidity of ex
change of water molecules on the surface is required. 
Nevertheless, the effect of dry air on reducing the sur
face area during thermal treatment cannot be over
looked, for heating in presence of dry air has been 
found to reduce considerably the specific surface area 
of products formed in vacuo and possessing maximum 
activity. A  similar behavior was observed also with 
magnesium oxide.4 However, as some water is still 
retained by these products, it is not possible before fur
ther experimentation under better defined conditions 
to find out the contribution of water vapor and of air 
separately nor to ascertain whether the diminution in 
surface area and the increase in grain size take place 
during the act of decomposition itself or after its com
pletion.
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(13) See ref. 3, Figure 5.
(14) H. E. Ries, Jr., Advan. Catalysis, 4, 87 (1950).
(15) C. R. Adams, J. Phys. Chem., 67, 313 (1963).
(16) J. H. de Boer and J. M. Vleeskens, Koninkl. Ned. Akad. Weten- 
schap., Proc., B66, 234 (1957).
(17) P. J. Anderson and P. L. Morgan, Trans. Faraday Soc., 60, 930 
(1964).

The Journal of Physical Chemistry



T he Surface Area of Liquids in Circular T ubes 1809

The Surface Area of Liquids in Circular Tubes

by Ted A. Erikson

Chemistry Research Division, IIT  Research Institute, Technology Center, Chicago 16, 
Illinois (Received June 19, 1964)

The surface area of a liquid in a circular tube approximates to about 2%  the area repre
sented by an oblate spheroid that has the tube radius and the meniscus height as its major 
and minor semiaxes, respectively. Over much of their range, the tables of Bashforth and 
Adams appear to represent coordinates of an ellipse within about 4%.

Introduction
One aim of this paper is to show the unexpected ap

proximate identity between the dimensions of a liquid 
meniscus in a circular tube as published in the classic 
tables of Bashforth and Adams1 and those calculated 
by assuming that the liquid surface approximates an 
oblate spheroid. In particular, surface areas of liquids 
in circular tubes are compared on this basis. Other 
empirical and geometrical approximations are indicated 
to show inadequate accuracy.

During a study of the forced vaporization process as 
described by a new language of steady-state thermo
dynamics,2 various liquids were vaporized from glass 
tubes of different radii by pumping. One objective of 
these experiments was to extrapolate a specific vapori
zation coefficient to an infinite surface area in which 
equipment geometry would be negligible. This ex
periment was performed at several temperatures, and 
it became impossible to measure accurately, or photo
graph, each meniscus shape for all assorted conditions. 
Hence, a search was made for a simple and effective 
means, preferably based on the physical properties of 
the liquid and the dimensions of the tube, to approxi
mate the area of the liquid surface. Although many 
studies1’3-10 have been concerned with the meniscus 
shape as it pertains to surface-tension measurements by 
capillary rise, references to area approximations of liquid 
surfaces are conspicuous by their absence.

The surface of a liquid takes the shape of a hemi
spherical cap in a circular tube of sufficiently small ra
dius,3 but it essentially becomes a plane in sufficiently 
large tubes. Thus

A h =  27rr2 (la)

A t =  7rr2 (2a)

where A is the liquid surface area, r is the tube radius 
and the subscripts h and t refer to sufficiently smal 
(hemispherical) and large (flat), respectively.

Most laboratory-sized equipment falls in the transi
tion region between the limits imposed by eq. 1 and 2, 
in which the surface area of the liquid varies from 2 to 1 
times the tube area, respectively. Many interpola
tion formulas for the surface area of liquids in inter
mediate-sized tubes can be devised; however, the 
real unsolved problem is an estimation of the accuracy 
and of the limits of application of such a formula. 
The area of a liquid surface becomes of direct impor
tance in the evaluation of experiments that deal with ab
sorption, condensation, accommodation, reaction, and 
similar mass-transfer processes for which specific prop
erties are desired, that is, properties based on a unit 
area of surface or interface. The purpose of this paper 
is to suggest a resolution of this problem.

Meniscus Shape
The shape of a liquid meniscus varies from practically 

a hemisphere to nearly a plane for any given liquid in 1 2 3 4 5 6 7 8 9 10

(1) F. Bashforth and J. C. Adams, “ An Attempt to Test the Theory 
of Capillary Action,” Cambridge University Press, London, 1883.
(2) T. A. Erikson and R. J. Tykodi, J. Chem. Phys., 31, 1521 (1959) ; 
33, 46 (1960).
(3) Lord Rayleigh, Proc. Roy. Soc., A92, 184 (1915).
(4) S. Sugden, J. Chem. Soc., 1483 (1921).
(5) N. K. Adams, “ The Physics and Chemistry of Surfaces,”  Oxford 
University Press, London, 1941.
(6) Hagen and Desains, Ann. chim. phys., 51, 417 (1857).
(7) P. Perry, “ Popular Lectures and Addresses,” Proc. Roy. Inst., 
1, 40 (1886).
(8) T. W. Richards and L. B. Coombs, J. Am. Chem. Soc., 37, 1656 
(1915).
(9) T. W. Richards and E. K. Carver, ibid., 43, 827 (1921).
(10) B. B. Freud and H. Z. Freud, ibid., 52, 1772 (1930).
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sufficiently small- and large-radius tubes. The funda
mental equation for the surface of separation between 
two fluids is6

y ( j  +  =  C +  9zi(pi — pi) (3)

where Rt and Rj are the principal radii of curvature of 
any point on the surface, y is the surface tension, C is a 
constant, g is the acceleration of gravity, pi and p2 are 
the densities of the two fluids, and Zt is the vertical co
ordinate of any point in the meridional section of the 
fluid surface measured from the lowest point of the men
iscus. Figure 1 illustrates this description. Radii of 
curvature are not easily measured, and when quantities 
that can be measured are substituted in eq. 3, the 
equation becomes impossible to solve in finite terms. 
Thus, no one equation defines the shape of the meniscus 
for all tubes and liquids.

Bashforth and Adams rearranged eq. 3 in the follow
ing equivalent form

sin 4> 
x'

2 +  jfe' (4)

where <f> is the angle that the normal to the surface 
makes with the axis of revolution; x is the horizontal 
coordinate; the primes refer to the ratio of that quan
tity to the central radius of curvature, b (namely, Ri = 
Ri/b, x' =  x/b, etc.); and 13 is an abstract number set 
equal to the function

qb\ 2¥
( p i  —  P 2 )  =  —7 a2

where a is the capillary constant of the liquid in ques
tion. Bashforth and Adams compile x' and z' to at 
least four significant figures as a function of the quan
tities /8 and <j> in their tables for the range 0.125 < 13 <  
100 and 0 <  0 <  180°, respectively.

In 18576 and later,7 the surface of a liquid was sug
gested to resemble most nearly an elliptical shape in 
which the tube radius and the meniscus height cor
respond to the major and minor semiaxes, respectively.

The coordinates (x z ' )  were taken from the tables 
of Bashforth and Adams in 15° increments of 4> from 0 
to 90° and compared with the coordinates of an ellipse 
(x\ y') calculated by setting the major and minor 
axes, respectively, equal to the values of x' and z' for <f> 
=  90°. The results of these calculations are displayed 
in Figure 2 in which the per cent deviation of y' with re
spect to z' is shown as a function of <f> for ¡3 values of 100, 
22, 7, 3.5, 0.5, and 0.125. For values of ¡3 less than 7, 
the coordinates of the ellipse are within 4%  of those 
values tabulated in the tables of Bashforth and Adams 
for all but one value of <£ in the range 0 <  <t> <  90°.

Figure 1. Schematic description of a typical liquid 
meniscus in a circular tube.

Figure 2. Per cent deviation between the coordinates 
of a liquid surface defined by Bashforth and Adams’ 
tables and oblate spheroid.
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Table I : Summary of Surface Area Resolution to Liquid Meniscus in Circular Tubes

r/a r'

Normalized 
tube radius,
=  x/b, <f> = 90° /S h

Normalized 
meniscus height 

-  z/b, <f> =  90°
True area, Elliptical,0

As'
Deviation,&

% A s'/A t

0 .0 5 0 .9992° 0 .9 9 8 7 “* 6 .2 7 0 s 6 .2 6 9 - 0 . 0 2 1 .9 99
0 .1 0 0 .9 9 6 8 s 0 .9 9 4 8 “* 6 .2 3 1 s 6 .2 3 6 + 0 .0 1 1 .9 98
0 .1 5 0 .9 9 2 5 s 0 .9 8 8 0 “* 6 .1 6 1 s 6 .1 7 2 + 0 .0 2 1 .9 9 4
0 .2 4 0 .9 8 1 2 s 0 .9 7 0 2 “* 5 .9 8 1 s 6 .0 0 3 + 0 .0 4 1 .9 85

0 .2 4 5 0 . 9804/ 0 .1 2 5 0 .9 5 4 7 ' 5 .9 2 6 s 5 .7 9 0 - 2 . 3 6 1 .9 17
0 .4 6 5 0 . 9328/ 0 .5 0 0 . 8549/ 5 . 149s 5 .1 6 5 + 0 .3 2 1 .890
0 .9 9 5 0 .7 5 1 4 7 3 .5 0 .5 6 1 5 ' 2 .9 5 8 s 2 .9 6 8 + 0 .3 2 1.673
1.231 0.6582-* 7 .0 0 .4 4 5 8 ' 2 .1 6 0 s 2 .1 6 0 - 0 . 0 3 1 .5 87
1 .653 o + o s e -* 2 2 .0 0 .2 8 4 7 ' 1 . 152s 1 .1 41 - 1 . 0 1 1.461
2 .2 4 0 .3 1 6 5 / 1 0 0 .0 0 .1 4 4 9 / 0 .4 3 1 3 s 0 .4 2 0 0 - 2 . 7 2 1 .3 3 4

2 .2 5 0 .3 1 4 s 0.150** 0.310* 0 .4 2 0 + 2 6 .2 1 .355
2 .5 0 .2 5 2 s 0.108** 0.200* 0 .2 6 0 + 2 3 .3 1 .303
3 .0 0 .1 4 9 s 0.0524** 0.0697* 0 .0 85 5 +  1 8 .4 1 .2 25
4 .0 0 .0 5 6 s 0 .0145* 0.0099* 0 .0 11 3 +  12.3 1.140
6.0 0.006s 0.0010** 0.00011* 0.00012 + 6 .8 1.073
6.9 0.002s 0.0003** 0.000013* 0.000013 +  5.3 1.056

“ Using eq. 7. 6 Using D  = ( A /  -  A s)100/A, '. s Directly from Sugden’s tables (ref. 4, reproduced in ref. 5). “* Using eq. 5a.
Using eq. lb. ’  Directly from Bashforth and Adams’ tables (ref. 1). a Using eq. 6b. ** Using eq. 5b. * Using eq. 2b.

Thus, it is concluded that, for the majority of the 
tables of Bashforth and Adams, the dimensions of a 
liquid meniscus bear an approximate identity to the 
surface of revolution of an ellipse about its minor axis, 
namely, an oblate spheroid.

Surface Area

The surface of a liquid meniscus in a circular tube is 
reasonably approximated by the shape of an oblate 
spheroid. In general, larger deviations of Figure 2 are 
indicated only at small angles and at large values of /3 
where the contribution to the area problem is the least. 
Hence, the surface area can be described with two 
specific dimensions that represent the major and minor 
semiaxes, respectively: r, which is the tube radius, and 
h, which is the vertical distance between the level of the 
plane as formed by the liquid in contact with the tube 
wall and the center of the meniscus. The only cases 
considered are those in which the contact angle with the 
tube wall is zero. Experimental measurements of h are 
not simple to obtain accurately because of the optical 
problems in looking through circular walls. However, 
this dimension can be defined quite accurately in a 
theoretical fashion. After these dimensions are fixed, 
the surface area of the liquid meniscus can be approxi
mated by the standard formula for an oblate spheroid. 
Table I compiles pertinent quantities for this problem 
over the range of the tube radius: capillary constant 
ratio from 0.05 to 6.9.

When h and r are normalized to the central radius of

curvature for a liquid meniscus (i.e., h' = h/b and r' 
= r/b), they are related monotonically to the tube 
radius-capillary constant ratio, r/a. The tables of 
Bashforth and Adams compile values of h' and r' (re
spectively equivalent to z' and x' at <p =  90°) for the 
range 0.25 <  r/a <  2.24. Outside this range, the sup
plemental tables of Sugden4 are used to define values of 
r' ] values of h' are determined from the small- and 
large-tube Rayleigh formulas3 for z/r, respectively, 
given in eq. 5a and 5b.

h' = (r/b) (z/r) (for r/a <  0.5)

(r'j _  2 r7  _  r/\ 
3a2\ a2/

log 2

h' = (r/b) (z/r) (for r/a >  2.25)

sin (0/2) +

a2/ l  — cos (<f>/2)\ 
3r2\ sin (<t>/2) )  _

(5a)

(5b)

Values of h' as related to r/a are compiled in Table 
I, and these relations are presented in graphical form in 
Figure 3. Unrefined measurements of h were made for 
water and carbon tetrachloride in five tubes from 1- to
10-mm. radius. The dimensionalized values have re
produced this curve within 1% for values of r/a greater 
than approximately 1.5. Experimental difficulties in
crease greatly below this level. The theoretical (plot-
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Figure 3. Theoretical relation of the meniscus height.

ted and tabulated) values of h' practically fix this di
mension better than it can generally be measured.

True and elliptical surface areas are compiled in Table 
I. The true surface area, A s, of a liquid in a circular 
tube can be approached as closely as desired by sum
ming the areas of sufficiently small spherical segments 
as represented by eq. 6a.11 Bashforth and Adams com-

i = co
A8 = 2ir XI R iX i  (6a)

i = 0

pile values of x/, z/, and 4>t in 5° increments for <f> =  0 
to 180°. These tables represent a classic and probably 
the most accurate tabulation of a meniscus shape over 
the range 0.25 <  r/a <  2.24. Thus, a best approxima
tion to the true surface area was calculated in 10° incre
ments of 4> by eq. 6b, which assumes a zero contact angle, 
and by using their tables directly.

¿ = 90
A s =  2tt X

Xi
i=io° sin <j>i(z 'i +  5° (6b)

(for 0.25 <  r/a <  2.24)

Two arbitrary estimations to the true surface area 
were made outside the range of eq. 6b, based on eq. la 
and 2a. Since the surface is practically spherical for 
r/a <  0.25, the dimensionalized approximation shown 
in eq. lb  should be nearly valid. For values of r/a >

Ah =  2ir(r')(/i/) (for r/a <  0.24) (lb) 

2.24, the surfaces of the liquid becomes more fiat and

approaches the tube area. Hence, the dimensionalized 
representation of the tube area shown in eq. 2b should 
approach exactness.

At ££ 7T{r'Y (for r/a >  2.25) (2b)

In order to calculate the elliptical approximation to 
the surface area for the whole tabulation of r/a, the 
standard formula for an oblate spheroid was applied in 
the form

As' = 7T (r')2 +
7v{h'Y 

2e
In 1 +  e 

1 — e (7)

where r' and h' are taken as the major and minor semi
axes, respectively, and the eccentricity is

e — [I — (h'/r')2]l/*

For the calculations within the range of the tables of 
Bashforth and Adams, the average of all deviations be
tween the true surface area as calculated by eq. 6b and 
the elliptical approximation of eq. 7 is within 1%, as in
dicated in Table I. As mentioned previously, values of 
the surface area as calculated from eq. lb  and 2b are 
taken as a basis for comparison to the elliptical ap
proximation in the ranges r/a <  0.24 and r/a >  2.25, 
respectively. The per cent deviations shown in Table 
I indicate good agreement in the range r/a <  0.24. The

Figure 4. Surface to tube area ratios 
for four approximations.

(11) E. Oberg and F. Jones, “ Machinery Handbook,”  16th Ed., 
Industrial Press, New York, N. Y., 1969.
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discrepancy diminishes for the range r/a >  2.25, par
ticularly for values of r/a greater than about 6; this 
suggests that the surface is practically flat for r/a >
6.

A more practical way to present this information is by 
forming the ratio of the surface area approximation to 
the cross-sectional area of the circular tube. The last 
column of Table I compiles this ratio for the elliptical 
approximation. The true surface and elliptical area 
ratios are graphically displayed in Figure 4. The 
following three additional approximations are included 
in dimensionalized form to gain a better understanding 
of the character of the results.

As indicated by eq. la and 2a, these ratios must vary 
within the limits of 2 to 1 as the tube size varies from 
sufficiently small to large. One usual approximation is 
to fit geometrically a spherical cap into the plane of the 
liquid in contact with the circular tube wall and the 
center of the meniscus. The following equation is then 
obtained.

A s"  =  A, 1 +  “7
m

(8)

A simple, but empirical, approximation that satisfies 
the limiting conditions is

h' and r' indicated in Table I; smoothed curves are 
plotted in Figure 4.

Within the range of the tables of Bashforth and 
Adams, the true surface: tube area ratio is assumed to be 
that value determined from the approximation of eq. 
6b. The elliptical approximation nearly superimposes 
on this function as shown in Figure 4. The usual 
spherical approximation is low by as much as 50%. 
Both of the empirical approximations are an improve
ment over the spherical approximation.

Conclusion
The classic values of the coordinates of the meniscus 

shape as compiled by Bashforth and Adams are found 
to approximate an elliptical shape within about 4% over 
the range of most of their tables. By taking the sur
face of a liquid in a circular tube as an oblate spheroid, 
the area appears to be within an average of 1% of the 
best available estimation of the surface area at the 
present time. The tables of Bashforth and Adams 
were used to fit a liquid meniscus to as many as 18 
spherical segments with less than 0.5% deviation from 
the values of the surface area that were obtained in 9 
spherical segments. The usual spherical approximation 
is in error by as much as 50%.

A s" ' =  A t(l +  h') (9)

Another empirical approximation that has utility in its 
simplicity is

A s " "  =  A t(l +  r') (10)

Approximations of the surface:tube area ratio are 
calculated from eq. 8, 9, and 10 by using the values for
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The Radiation-Induced Oxidation of Organic Compounds

by G. Dobson and G. Hughes1

Donnan Laboratories, The University, Liverpool, England {Received June 22, 1964)

The radiation-induced oxidation of selected organic compounds has been studied. Cyclo
hexane, in particular, has been investigated in detail. Product yields have been measured, 
and the effect of scavengers on these has been studied. For all compounds studied, it is 
concluded that a significant fraction of the carbonyl yield is formed in a process which is not 
interfered with by conventional radical scavengers. This is attributed to a molecular 
oxidation process.

Peroxides, alcohols, and carbonyl compounds are 
known to be among the products of the radiation- 
induced oxidation of hydrocarbons.2 3 4 5 Although yields 
based on the total amounts of functional group have 
been determined, the identity of individual products 
has not always been established but has been inferred 
from proposed reaction mechanisms. The radiation- 
induced oxidation of cyclohexane in particular has 
received considerable attention although there is as 
yet no general agreement on the magnitude of the 
yields.3-5

The present work was undertaken in an attempt to 
identify precisely the products in the radiation-in
duced oxidation of liquid cyclohexane. Sensitive 
analytical techniques have been used to measure prod
uct concentrations at the lowest possible doses. In 
this way, it was hoped to minimize secondary reactions 
of products. The effect of additives has been studied 
in order to investigate the reaction mechanism.

Evidence for a molecular reaction of the type

C6H12* +  0 2-—*■ C6H10O +  H20  (1)

has been found.6 It seemed possible that analogous 
reactions might take place in other systems and it was 
therefore decided to investigate the radiation-induced 
oxidation of several selected organic compounds. 
The aim of this second part of the work has been pri
marily to establish or refute the existence of such a 
molecular process and not to study the systems ex
tensively. Since the product in the case of cyclohexane 
is cyclohexanone, attention has been directed to those 
compounds which yield carbonyls on oxidation and the 
effect of scavengers on the carbonyl yield has been 
investigated. The criterion adopted for establishing

the existence of a molecular oxidation process is that 
in the presence of high concentrations of scavenger, 
there should be a limiting nonzero yield of carbonyl.

Experimental

Cyclohexane (special for spectroscopy as supplied by
B.D.H. and Hopkin and Williams) was used without 
further purification. Another sample was purified by 
double recrystallization but identical product yields were 
obtained in all three cases. In the chromatographic 
work, the pure n-hexane and n-heptane used were a 
gift of Shell Research. Vapor phase chromatograms 
showed no impurity peaks in any of these solvents. 
n-Hexane (special for spectroscopy) and A.R. grade 
toluene were used without further purification. A.R. 
grade methanol was further purified by distillation 
from 2,4-dinitrophenylhydrazine7 in the presence of 
sulfuric acid. B.D.H. laboratory grade chloro- 
cyclohexane was purified by shaking three times with 
its own volume of concentrated aqueous sodium bi
sulfite. It was finally distilled in an inert atmosphere. 
Oxygen was dried by bubbling through concentrated 
sulfuric acid followed by passage over phosphorus

(1) To whom communications should be sent.
(2) G. Hughes, “ Oxidation and Combustion Reviews,” C. F. H. 
Tipper, Ed., Elsevier Publishing Co., Amsterdam, 1965, p. 47.
(3) N. A. Bakh, Symposium on Radiation Chemistry of the Academy 
of Sciences of the U.S.S.R., Moscow, 1955, English Translation, 
pp. 145, 156.
(4) H. A. Dewhurst, J. Phys. Chem., 63, 813 (1959).
(5) R. L. McCarthy and A. MacLachlan, Trans. Faraday Soc., 57, 
1107 (1961).
(6) G. Dobson and G. Hughes, Proc. Chem. Soc., 109 (1963).
(7) J. H. Baxendale and F. W. Mellows, J. Am. Chem. Soc., 83, 4720 
(1961).
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pentoxide. It was saturated with the vapor of the 
solution to be irradiated and then was slowly bubbled 
through the sample for 30 min. Samples were oxy
genated at intervals during the radiation so that the 
oxygen concentration remained essentially constant. 
Solutes used were either A.R. grade or, where possible, 
purified by recrystallization. Where necessary they 
were freed from peroxidic impurity by passage down 
a column of alumina.

The irradiation source has been described earlier.8 
Samples of 25 ml. of solution were irradiated at room 
temperature with 7-radiation from a 100-c. 137Cs source 
at a dose rate of 0.9 X 1016 e.v. ml.-1 min.-1 as de
termined by the Fricke dosimeter assuming (r(Fe3+) =
15.6, with appropriate correction for electron density 
of the solution. The effect of dose rate was determined 
by irradiating 10-ml. samples at a dose rate of 2.3 X 
1016 e.v. ml.-1 min.-1.

Qualitative Analysis. Dialkyl peroxides, alkyl hydro
peroxides, and hydrogen peroxide were identified 
by paper chromatography.9’10 Control peroxides for 
identification were prepared by the method of Williams 
and Mosher.11 Carbonyls were chromatographed in 
the form of their 2,4-dinitrophenylhydrazones12 and 
alcohols were characterized by vapor phase chroma
tography using a polyethylene glycol on Teflon column 
at 100°.

Quantitative Analysis. Cyclohexyl hydroperoxide 
was separated from hydrogen peroxide and dicyclo
hexyl peroxide in the irradiated solution (which had 
previously been concentrated by vacuum distillation 
at —45°) by chromatography on a column of ethylene 
glycol on cellulose using petroleum ether (b.p. 80-100°) 
as the moving phase. It was then estimated iodo- 
metrically.13 Hydrogen peroxide was determined from 
its reaction with titanium sulfate.14 15 The irradiated 
solution was shaken with an equal volume of titanium 
sulfate solution for 5 min. and the optical density of 
the aqueous layer was measured. Further shaking of 
the organic phase with fresh titanium sulfate solution 
produced no additional color. It was established that 
cyclohexyl hydroperoxide did not interfere. The 
concentration of dicyclohexyl peroxide was then found 
from the total peroxidic content as determined by reac
tion with hydrogen iodide,16 since paper chroma
tography showed that no other peroxides were present.

Carbonyl compounds, except where otherwise stated, 
were estimated as their 2,4-dinitrophenylhydrazones.16 
Formaldehyde was determined from its reaction 
with chromotropic acid,17 and formic acid was de
termined as formaldehyde by reduction with magnesium 
and hydrochloric acid.18 Glyoxylic acid was esti
mated as the intensely colored 1,5-diphenylformazan-

carboxylic acid.19 Alcohols were determined by reaction 
with benzoyl chloride and propylenediamine.20

The validity of the analytical techniques used was 
established using control solutions. Unless stated to 
the contrary, product yields in this work are only 
quoted where it has been clearly established that the 
formation of the product is proportional to dose.

Results and Discussion

A. Cyclohexane. 1. Irradiation of Cyclohexane-Oxygen 
Solutions. The products of the radiation-induced oxi
dation of cyclohexane were identified as cyclohexyl 
hydroperoxide, dicyclohexyl peroxide, hydrogen per
oxide, cyclohexanone, and cyclohexanol. No other per
oxides, carbonyl compounds, or alcohols were produced. 
This product distribution is consistent with the forma
tion of cyclohexyl radicals and hydrogen atoms initially 
by the radiation in the solution.

There was no evidence for C-C bond rupture. This 
may be contrasted with the results obtained in the radia
tion-induced oxidation of 71-hexane and n-heptane where 
small yields of alkyl hydroperoxides containing a 
lower number of carbon atoms than the parent hydro
carbon were obtained in addition to comparatively 
larger yields of hexyl and heptyl hydroperoxide, respec
tively. In these compounds then, in addition to C-H  
bond rupture there must be some scission of C-C 
bonds. It is interesting that in the mass spectra of 
both cyclohexane and n-hexane, ions representing 
considerablefC-C bond fission are more abundant than 
the parent positive ion.21

From Figure 1 it may be seen that the concentrations 
of products are proportional to dose and independent 
of dose rate and of oxygen concentration in the range 
aerated to oxygenated solution. The product yields

(8) G. Dobson and G. Hughes, Trans. Faraday Soc., 57, 1117 (1961).
(9) J. Cartlidge and C. F. H. Tipper, Anal. Chim. Acta, 22, 105 
(1960).
(10) G. Dobson and G. Hughes, J. Chromatog., 16 , 416 (1964).
(11) H. R. Williams and H. S. Mosher, J. Am. Chem. Soc., 76, 2984, 
2987 (1954).
(12) D. F. Meigh, Nature, 170, 579 (1952).
(13) C. D. Wagner, R. H. Smith, and E. D. Peters, Anal. Chem., 19, 
976 (1947).
(14) G. M. Eisenberg, Ind. Eng. Chem., Anal. Ed., 15, 327 (1943).
(15) F. H. Dickey, J. H. Raley, F. F. Rust, R. S. Treseder, and W. E. 
Vaughan, Ind. Eng. Chem., 41, 1673 (1949).
(16) G. R. Lappin and L. C. Clark, Anal. Chem., 23, 541 (1951).
(17) C. E. Bricker and H. R. Johnson, Ind. Eng. Chem., Anal. Ed., 
17, 400 (1945).
(18) W. M. Grant, Anal. Chem., 20, 267 (1948).
(19) D. N. Kramer, N. Klein, and R. A. Baseliee, ibid., 31, 250 
(1959).
(20) D. P. Johnson and F. E. Critchfield, ibid., 32, 865 (1960).
(21) R. H. Roberts and S. E. J. Johnson, ibid., 20, 690 (1948).
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obtained in this work are compared with those of Bakh,3 
Dewhurst,4 * and McCarthy and MacLachlan6 in Table 
I.

Table 1: Product Yields for the Radiation-Induced 
Oxidation of Cyclohexane

r--------------- — (? (product)—

Product Bakh
Dew
hurst

McCarthy
and

MacLachlan
This
work

Hydrogen peroxide 0 0.10
Cyclohexyl hydroperoxide 1.0 0 1.1 1.05
Dicyclohexyl peroxide 0 .2 0.31
Cyclohexanone 0.6 3.5 2.28 2 .0 2
Cyclohexanol 3.7 2.40 1.55
Acid 0 .2 0

There is as yet considerable disagreement among 
these sets of data. The results obtained in this work 
have been obtained at significantly lower doses.

2. Effect of Solute on Product Yields. The results 
obtained from oxygenated solutions ([0 2] ~  10-2 M) 
are shown in Table II.

Table II: Effect of Scavenger on the Product Yields in the 
Radiation-Induced Oxidation of Cyclohexane

Scavenger
[Scavenger] 

X 10, M G(CaHioO)
G  (total

hydroperoxide)

Iodine 0 2 .0 2 1 .1 5
0 .0 1 1 .1 3 1 .0 4
0 .0 2 0 .8 5 1 .0 8
0 .0 6 0 .7 0 0 .5 2
0 .1 2 0 .4 6 0 .2 1
0 .2 2 0 .4 4 0
0 .4 0 0 .4 6 0

Diphenylmethane 0 .5 5 1 .3 4 1 .9 5
5 .1 5 0 .4 8 3 .6 2
9 .5 2 0 .4 8 5 .1 0

Triphenylmethane 0 .1 7 0 .9 6
0 .5 8 0 .4 7 3 .0 7
2 .7 8 0 .4 6

Since iodine interferes with the estimation of hydro
gen peroxide, it was only possible to measure the sum
of the hydrogen peroxide and cyclohexyl hydroperoxide
yields. It is apparent that though the yields of these 
products are decreased to zero at high iodine concentra
tions, there remains a limiting yield of cyclohexanone 
independent of iodine concentration. A similar limit
ing yield was observed in aerated solution with G{Ce- 
H10O) =  0.38.

Chromatographic analysis showed that the enhanced 
yield of hydroperoxide obtained using di- and tri- 
phenylmethane was due to the production of the hydro
peroxide of the scavenger in addition to cyclohexyl hy
droperoxide. It was not possible to measure accurately 
the yield of cyclohexyl hydroperoxide separately. The 
production of hydrogen peroxide was enhanced by tri- 
phenylmethane but was no longer proportional to dose. 
It will be seen that the yield of cyclohexane is decreased 
to the same limiting value as that observed using I2 
as scavenger. In all cases, cyclohexanone was the 
only carbonyl product.

Figure 1. Product yields in the radiation-induced oxidation of 
cyclohexane: O, oxygen saturated, dose rate 0.9 X 1019 e.v.
I.-1 min.-1; •, air saturated, dose rate 0.9 X 1019 e.v. I.“ 1 
min.-1; 0 , oxygen saturated, dose rate 2.3 X 1019 e.v. I.-1 
min.-1. A, cyclohexanone; B, cyclohexanol; C, cyclohexyl 
hydroperoxide; D, dicyelohexyl peroxide;
E, hydrogen peroxide.

8. Evidence for a Molecular Oxidation Process. 
Since the oxidation yields are independent of oxygen 
concentration, all radicals which lead to oxidation 
products must be captured by oxygen even in aerated 
solution ([Os] ~ 2  X 10 ~3 M). Since product yields 
are independent of dose rate, no chain reactions are 
taking place.

The simplest reaction scheme that may be proposed 
is as follows.

C6H12------- - C6H h +  H (2)

C 6H u +  0 2 C6H n02 (3)

H +  0 2 — >  H 02 (4)

The Journal of Physical Chemistry



Radiation-Induced Oxidation of Organic Compounds 1817

C6HhOH +  C6H10O +  0 2
/  (5a)

C6H11O2 +  C6Hn02

^CeHuOOCeHn +  0 2 (5b)

C6Hh0 2 +  H 02 — ► CeHuOOH +  0 2 (6)

H 02 +  H 02 — >  H20 2 +  0 2 (7)

The decrease in the yields of cyclohexyl hydroperoxide 
and cyclohexanol by iodine may be attributed to the 
reactions

C6Hu +  I2 — >  C6HUI +  I (8)

H +  I, — >  HI +  I (9)

competing with reactions 3 and 4, respectively. That 
these yields vanish at high iodine concentration indi
cates that all radicals are effectively scavenged by 
iodine. The limiting yield of cyclohexanone must 
therefore be produced from some species other than 
cyclohexyl radicals.

Scavengers containing labile hydrogen atoms may 
react like iodine in scavenging alkyl radicals

C6H h +  SH — >  CJHn +  S (10)

or by scavenging peroxy radicals

H 02 +  SH — >  H20 2 +  S (11)

C6H ii0 2 +  SH — ■> C6HnOOH +  S (12)

The S radical would then react according to the 
following chain sequence.

S +  0 2 — ► S02 (13)

S02 +  SH — > SOOH +  S (14)

S02 +  S02 — >  products (15)

The enhanced hydroperoxide yields and decreased 
yields of cyclohexanone reported for tri- and diphenyl- 
methane are consistent with such a mechanism if it 
is assumed that the termination reaction (15) does not 
give rise to any ketone since paper chromatography 
established that cyclohexanone is the only carbonyl 
product.

It is significant that at high concentrations of di- 
and triphenylmethane a limiting yield of cyclohexanone 
is observed, the value of which is the same as that 
observed in the presence of iodine, i.e., (?(C6HioO) =
0.46. Moreover this yield is in good agreement with 
the difference in cyclohexanone and cyclohexanol yields 
observed for oxygenated cyclohexane. Some process 
involving nonscavengeable intermediates must be 
responsible for this.6 This process may involve reac

tion of an excited cyclohexane molecule with 0 2 to 
give either cyclohexanone directly (eq. 1) or an excited 
hydroperoxide molecule which then decomposes.

C6H12* +  0 2 — > C6HnOOH* (16)

CeHuOOH* — > C6H10O +  H20  (17)

However possible ionic precursors cannot be ruled out.
It might be anticipated that reaction 1 could occur in 

some photochemical oxidation processes since the re
action involving a thermal cyclohexane molecule should 
be exothermic by about 80 kcal. However if no 
photochemical evidence for the occurrence of reaction 1 
is forthcoming, this would be a strong argument in 
favor of ionic reactions leading to the production of 
“molecular”  cyclohexanone.

Indirect confirmation of the molecular oxidation 
process is obtained from a kinetic analysis of the de
pendence of (7(C6HioO) on iodine concentration. If it 
is assumed that cyclohexanone is produced via both 
reactions 5a and 1, and that iodine interferes with the 
production of ketone via reaction 8, then it may be 
shown that, since the yields of dicyclohexyl peroxide 
and hydrogen peroxide are small and can be neglected, 
the dependence of (r(C6H10O) on iodine concentration is 
given by eq. 18. A plot of the results of Table II

1
G(C6HuOOH) +  2[G(C6H10O) -  0.46] “

1
(t(C6Hu)

according to eq. 18 is shown in Figure 2. A  much less 
satisfactory kinetic plot is obtained if all the ketone is 
assumed to be produced by radical recombination. 
From Figure 2 it may be calculated that ks/k3 ~  5. 
This is in fair agreement with a value of ~ 2  calculated 
from the dependence of G(—12) on oxygen concentration 
in irradiated cyclohexane-I2 solutions.22

B. n-Hexane. The results obtained are entirely 
analogous to those for cyclohexane and product yields 
are shown in Table III.

Table III: Product Yields in the Radiation-Induced 
Oxidation of w-Hexane

Product G'(product)

Hydrogen peroxide 0.44
Alkyl hydroperoxide 1 .2 2
Dialkyl peroxide ~ 1
Alcohol 1 .21
Ketone 1.55

(22) R. W. Fessenden and R. H. Schuler, J. Am. Chem. Soc., 79, 273 
(1957).

Volume 69, Number 6 June 1966



1818 G. D obson and G. Hughes

([U]/[02]) x 10.
Figure 2. Competition between iodine and 
oxygen for cyclohexyl radicals.

Although the major hydroperoxide is hexyl hydro
peroxide, small amounts of Ci-C6 hydroperoxides were 
also shown to be present. This conclusion is in agree
ment with the observation that in the radiolysis of n- 
hexane-I2 solutions, although C6 iodides are present in 
the greatest yield, there is a significant yield of Cï.-C6 
iodides.23 It has been reported24 that in the radiation- 
induced oxidation of n-heptane the main carbonyl 
product is methyl butyl ketone indicating that a split
ting off of a methyl group is the preferred process. 
This is somewhat surprising in view of the results re
ported here for n-hexane. Moreover, preliminary re
sults obtained by us show that the major hydroperoxide 
in n-heptane is heptyl hydroperoxide.

The ketone yield is decreased to a limiting value of 
G =  0.36 at [triphenylmethane] >  6 X 10~2 M. 
This value is in good agreement with the difference in 
ketone and alcohol yields for oxygenated hexane.

C. Chlorocyclohexane. The main peroxidic product 
was identified as dicyclohexyl peroxide. Only trace 
amounts of hydrogen peroxide and hydroperoxide could 
be detected. These results indicate that there are 
relatively few hydrogen atoms captured by oxygen 
in the system. Either the major radiation-induced 
decomposition of chlorocyclohexane is

CeHuCl — > CeHn +  Cl (19)

or, if they are produced, hydrogen atoms react rapidly 
via the reaction

H +  C6HnCl - a-  C6Hu +  HC1 (20)

The cyclohexyl radical produced then reacts as in 
cyclohexane.

The effect of triphenylmethane on the carbonyl 
yield is shown in Table IV. The carbonyl yield in

Table IV : Effect of Triphenylmethane on G( carbonyl) 
in the Radiation-Induced Oxidation of Chlorocyclohexane

[TPM] X 10, M (?(carbonyl)

o
4.1
8 . 2  

12.3

9.04
2.53
1.15
1.24

pure chlorocyclohexane is considerably greater than that 
in cyclohexane. This is consistent with the higher 
radical yield observed in chlorocyclohexane.26 G 
(carbonyl) is decreased to a mean limiting value of
1.20 at high scavenger concentration. Although it 
was not possible to measure accurately the alcohol 
yields, there appeared to be no alcohol produced at the 
high concentrations of triphenylmethane.

D. Toluene. Products and product yields are 
shown in Table V. The yield of cresol was differen
tiated from that of benzyl alcohol by the fact that cresol 
could be extracted by 25% aqueous KOH. The par
ticular isomer of cresol produced was not identified.

Table V : Product Yields in the Radiation-Induced 
Oxidation of Toluene

Product (?(product)

Hydrogen peroxide 0.23
Benzyl hydroperoxide 0.90
Benzaldehyde 0.74
Benzyl alcohol 0.45
Cresol 0.16

At [I2] >  0.04 M  the yield of benzaldehyde was 
decreased to a limiting yield, G =  0.15, and the yields 
of the other products to zero. Little work has been 
done on the radiation-induced oxidation of benzene 
but the following tentative mechanism may be pro
posed for those products formed by radical processes.

C6H6CH3------- - CoILCIL +  H (21)

C6H6CH2 +  0 2 — > C6H6CH20 2 (22)

H +  0 2 — > H 02 (4)

(23) T. J. Hardwick, J. Phys. Chem., 64, 1623 (1960).
(24) V. V. Saraeva, N. A. Bakh, L. V. Rybin, and V. A. Larin, 
Proceedings of the 1st All-Union Conference on Radiation Chemistry, 
Moscow, 1957, Consultants Bureau Translation, p. 217.
(25) A. J. Swallow, “Radiation Chemistry of Organic Compounds, ”
Pergamon Press, 1960, Table 1.5.
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C6H6CH20 2 +  C6H6CH20 2 — >
C6H6CH2OH +  CsHeCHO +  0 2 (23) 

CoH iCH A +  H 02 — >  C6HbCH2OOH +  0 2 (24) 

H 02 +  H 02 — ► H20 2 +  0 2 (7)

C6H6CH20 2 — >■ CeHsCHO +  OH (25)

C6H6CH3 +  OH — > CH3C6H6OH (26) 
ortho, meta, and para isomers

CH3C6H5OH +  0 2 — >■ CH3C6H4OH +  H 02 (27)

Nonradical production of benzaldehyde would be via 
the reaction

C6H6CH3* +  0 2 ■— > C6H6CHO +  H20  (28)

On the above mechanism, it can be shown that the 
yield of benzaldehyde produced by radical processes is 
given by

(7r(C6H5CHO) =  G(cresol) +  G(C6HsCH2OH) =
0.61 (29)

Since the total benzaldehyde yield in oxygenated 
toluene is 0.74, it follows that G(C6HBCHO) produced 
by nonradical processes must be 0.13. This is in 
good agreement with the limiting value observed at 
high iodine concentrations.

E. Methanol. Formic acid, formaldehyde, and 
hydrogen peroxide were identified among the products 
of the radiation-induced oxidation of methanol. The 
yields of these products were 0.91, 3.87, and 2.96, 
respectively. These results are in good agreement 
with some obtained by Hayon and Weiss,26 who sug
gested the production of formic acid but did not measure 
its yield.

The effect of iodine on the product yields is shown 
in Table VI.

Table VI : Effect of I2 on Product Yields

[Is] X 10», M G(CH20) G(HCOOH) g o u o o

0 3 .8 7 0 .9 1 2 .9 6
4 .2 3 3 .2 8 0 .3 8 0
8 .4 6 3 .0 9 0 .3 8 0

That the hydrogen peroxide yield is decreased to 
zero indicates that all hydrogen atoms have been 
captured by the iodine. However there remains 
a limiting yield of formic acid which must arise from a 
nonradical process, viz.

CH3OH* +  0 2 — ► HCOOH +  0 2 (30)

F. Acetic Acid. The yield of glyoxylic acid pro
duced in the radiation-induced oxidation of acetic acid 
was measured and compared with results in the presence 
of iodine.

The rate of production of glyoxylic acid falls off 
rapidly with dose in pure acetic acid and it was only 
possible to estimate the initial yield. However there 
appeared to be no effect of iodine on this yield. More
over, in the presence of iodine, the production of glyoxylic 
acid was proportional to dose with (7(glyoxylic acid) =
0.65. At the same concentration of iodine, the yields 
of formaldehyde and hydrogen peroxide were reduced 
to zero. A similar falloff in yield of glyoxylic acid 
was observed in the radiolysis of aqueous solutions of 
glycine.27 Control experiments by us showed that 
whereas glyoxylic acid is stable in acetic acid at room 
temperature over a period of several days, it is de
composed by 5 X 10-4 M  H20 2. Since the hydrogen 
peroxide yield in the presence of iodine is reduced to 
zero, the production of glyoxylic acid would then be 
proportional to dose.

It would appear that the entire glyoxylic acid yield 
is produced by a molecular process which may be repre
sented as

CHsCOOH* +  0 2 — >  CHOCOOH +  H20
(31)

General Conclusions. From the present work it 
appears that a molecular oxidation process that may be 
represented by the reaction

>CH 2* +  0 2— > > C = 0  +  H20  (32)

occurs in a wide range of compounds and should be con
sidered in all discussions of radiation-induced oxida
tion.

Although radical yields of some of the compounds 
studied are not known precisely, it is interesting that 
in each case, the molecular oxidation process is approxi
mately 6% of the total radical yield. This would 
suggest that in general there are two precursors of the 
radicals formed, one of which may engage in a molecu
lar oxidation process.
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Moving Boundary Sedimentation in the Preparative Ultracentrifuge in 

the Absence of a Plateau Region

by K. D. Gibson*

Department of Chemical Pathology, St. Mary's Hospital Medical School, London W. 2, England 
{Received July 1, 1964)

By considering the equation of continuity and the formula defining the sedimentation co
efficient it is shown that moving boundary sedimentation in the ultracentrifuge cannot 
lead to the maintenance of a plateau region unless s satisfies certain rather narrow condi
tions defining its dependence on position. Equations are derived which relate the concen
tration at any point to its coordinate when there is no plateau, i.e., when s does not satisfy 
these conditions. These equations are applied to deduce the concentration in some simple 
density gradients. Two methods are presented for locating ideal boundaries from the dis
tribution of material in a centrifuge tube; one of these generalizes existing methods to 
cases where there is no plateau, while the other is a new method which does not require the 
existence of a plateau.

Introduction

In a recent article Trautman and Breese* 1 expounded 
a theory of moving boundary centrifugation in the 
ultracentrifuge, and elsewhere they demonstrated the 
value of their methods in the determination of sedi
mentation coefficients.2 There is no doubt that this 
is potentially one of the most useful techniques for 
studying the sedimentation properties of biological 
materials. In setting up their theory Trautman and 
Breese made two assumptions. Firstly, they assumed 
that the effect of diffusion could be neglected. This 
does not impose a very serious limitation on their 
theory since in most moving boundary experiments 
the effect of diffusion is merely to blur somewhat the 
infinitely sharp “ ideal” boundary which would be found 
under the influence of sedimentation alone, and they 
discussed several methods for deducing the position of 
this ideal boundary from the actual distribution of 
material. Secondly, they assumed that material 
always sediments in such a way as to form a plateau,
i.e., that material which is initially distributed uniformly 
through a given region of space will still be distributed 
uniformly at any subsequent instant, although at a 
different concentration and through another region 
of space. However, this assumption cannot be justi
fied. In this paper it will be shown that a plateau

can exist only under rather limited circumstances 
and that in all other cases there would not be a plateau 
even if diffusion were totally absent. Expressions 
will be obtained which describe the distribution of 
sedimenting material in the general case, and it will 
also be found necessary to modify the methods for 
deducing the position of an ideal boundary.

Condition for a Plateau
The equation of continuity for a material whose 

concentration is c moving with velocity v in a cen
trifugal field is3

dr
— +  cV-v =  0 (1)

The derivative in eq. 1 is the substantial derivative 
and is equal to dc/dt +  v-Vc. Suppose that So 
is a region in space at time zero in which the con
centration has the uniform value c0, and let S0 be trans
formed by the motion into the region St at time t.

* Department of Chemistry, Cornell University, Ithaca, N. Y.
(1) R. Trautman and S. Breese, J. Phys. Chem., 63, 1592 (1959).
(2) R. Trautman, M. Savan, and S. Breese, J. Am. Chem. Soc., 81, 
4040 (1959); R. Trautman, S. Breese, and H. L. Bachrach, Arch. 
Biochem. Biophys., 87, 1 (1960).
(3) G. J. Hooyman, H. Holtan, Jr., P. Mazur, and S. R. de Groot, 
Physica, 19, 1095 (1953).
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Then, clearly, the material will be distributed uniformly 
throughout St if and only if dc/di has the same value 
at all points of the region at any instant between 0 
and t. Equation 1 shows that this entails V • v being 
the same at each point of the region. Thus, the neces
sary and sufficient condition for the maintenance of a 
plateau in material sedimenting through a region of 
space is that V • v has the same value at every point of 
the region.

This condition imposes a limitation on the sedimen
tation coefficient, the form of which will now be exam
ined. In the first place, the velocity can be expressed 
as the sum of the two terms4

v = vs +  vd (2)

where vs is the velocity due to sedimentation alone and 
va that due to diffusion alone. Now, as discussed in 
the Introduction, the effect of diffusion is to alter 
slightly the concentration of material in the vicinity of 
a boundary from the value it would take under the 
“ ideal”  condition of sedimentation without dif
fusion, and, as will be seen later, methods can be de
veloped for calculating the position of the ideal bound
ary from the distribution of material observed ex
perimentally under these circumstances. Hence, it is 
possible to ignore the velocity due to diffusion in 
applying the condition for a plateau and to consider 
only the velocity due to sedimentation. Thus, what 
is now under consideration is the condition for the 
existence of a plateau in material moving under the 
influence of a centrifugal field, «, alone. This condition 
can be written

V-v8 = Kio2 (3)
where k  is independent of position.

In applying eq. 3 two cases of practical importance 
must be distinguished. The first concerns the sector
shaped cell of the analytical ultracentrifuge in which 
the motion is directed radially in a plane, while the 
second concerns the cylindrical tube used in the pre
parative ultracentrifuge in which the motion can be 
regarded as one-dimensional. In the first case the 
velocity is related to the centrifugal field by the equa
tion

v = sw2r (4)

where r is the radius vector measured from the axis of 
centrifugation, s is the sedimentation coefficient, and 
the subscript has been dropped from the symbol for 
the velocity due to sedimentation. Substituting into 
eq. 3

V-v = (l/r)^-(rvI)=  2sw2 +  co2r— =  kco2 (5) 
or or

The most general solution of this equation depending 
on the radial coordinate alone is

s =  k/2  +  A/r2 (6)

where A is independent of r. Thus, there can only be 
a plateau in material moving in the analytical ultra
centrifuge if its sedimentation coefficient satisfies 
eq. 6.

In the cylindrical tube of the preparative ultracen
trifuge the velocity has a single component which will 
be taken to be directed along the positive z-axis. 
Equation 4 becomes

v =  sco2x (7)

and substitution into eq. 3 gives

dw „ dsV-v =  —  =  sco2 +  co2x~- =  KCO2 (8)
ax ax

The general solution of this is

s =  k/2 +  n/x (9)

where n is independent of x. Equation 9 is the con
dition which must be satisfied if a plateau is to exist 
in material sedimenting in the cylindrical tube. The 
quantities k , A, and n in eq. 3, 6, and 9 must be inde
pendent only of position and may vary with time al
though in practice they will not do so in normal cir
cumstances.

Calculation of the Concentration
It is a well-known consequence of the equation of 

continuity (1) that, if St is a region in space at time t 
which is filled with material at a concentration ct 
(not necessarily uniform), then5

m , c 4 7 - °  <io)

If the material was originally in the region So at a con
centration Co, eq. 10 shows that

f  c,dH =  f  CodF  (11)
J St JSo

When the region is a plateau, eq. 11 becomes

ctS, =  c0S0 (12)

Trautman and Breese obtained this equation by an 
inductive argument1 and used it to deduce their elegant 
method for locating an ideal boundary when there 
is a plateau.

(4) R. J. Goldberg, J. Phys. Chem., 57, 194 (1953).
(5) See, for instance, R. Gans, “ Vector Analysis,” Blackie and Son, 
Ltd., London, 1947, p. 60.
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Equation 12 also serves as the starting point for ob
taining a formula to describe the concentration at any
time when there is no plateau. It is again necessary 
to distinguish the sector-shaped cell from the cylindrical 
tube. Taking first the sector-shaped cell, since move
ment occurs only in a radial direction, eq. 4 can be 
written

dr
— =  sci)2r (13)
at

If s does not depend explicitly on the time (as is true 
in normal circumstances) and if u is constant, this equa
tion defines a one-parameter continuous group of trans
formations of the plane into itself.6’7 Now consider 
the infinitesimal element of the cell which lies between 
the coordinates r0 and r0 +  dr0 at zero time. The 
volume of this element can be written as ar0dr0, and 
the amount of material initially in the element is 
oc0r0dr0. Suppose that at time t the element lies at 
rt and its volume is art&rt so that the amount of ma
terial in it is actrtdrt. By eq. 12 these two quantities 
are equal. Let

rt = f (jo,t) (14)

be the solution of eq. 13 with initial value r0; then

n> = i(rtl — t) (15)

because of the group property of the transformation
defined by eq. 14. Hence the initial volume can be
expressed in terms of the final coordinates by the 
formula

ar0dr0 =  af(rt, — t) — —d rt (16)
or,

Application of eq. 12 and 16 to the infinitesimal element 
gives

c , ~  <17)

is the solution of eq. 18 with initial value Xo. Then 
the volume elements are related by

bdx0 =  fodg(-E<,~ 0  d (20)
dx,

and application of eq. 12 and 20 to the infinitesimal
element gives

Ct Coàg(x , , - t )  
àx,

(21)

Equations 17 and 21 show how to calculate the con
centration at any point whether there is a plateau or 
not.

Unfortunately, eq. 18 cannot usually be solved in 
such a way as to yield an explicit expression for 
g(xo,t) in eq. 19, and therefore eq. 21 cannot be applied 
directly. It has been shown by de Duve, et al., that 
the concentration c, can be expressed as8

C j  =  s ( x 0) u 2X q 2 )

c0 six^rfx,

which can be used for calculating ct when both xo 
and x, are known. However, in most experiments only 
one of these quantities is known, and indeed the pur
pose of the experiment is to determine the other. 
The value of the unknown quantity can, in principle, 
be calculated by graphical integration of eq. 18, and 
such calculations have, in fact, been made.8-9 On 
the other hand, there are occasions when it would be 
expedient to have a more rapid method for calculating 
ct. Such a method is provided by an approximate 
formula in which c, is expressed as a power series in 
xi alone. The general form of this series will not be 
investigated, but the first few terms will be derived. 
Suppose that the sedimentation coefficient can be 
expanded as a convergent power series in x

s =  s0 +  six +  s2x2 +  . . .  (23)

In the case of the cylindrical cell the formula for ct 
is simpler. Equation 7, which can be written as

da;
—  =  S 032X  (18)d t

defines a one-parameter group of transformations of 
the line into itself if s and co are independent of i.7 
Considering now an infinitesimal element which is 
initially at xo and whose volume is bdxlh suppose this 
to be transformed to the element at x, whose volume is 
bdx„ where

x, = g (x0,t) (19)

From the theory of one-parameter groups6 

xo =  g (x„ — t) = x, — tXx, +  ^-t2X 2x t — . . .  (24)

where X  is the operator

(6) L. P. Eisenhart, “ Continuous Groups of Transformations," 
Dover Publications, Inc., New York, N. Y., 1961, pp. 32-36.
(7) If a is not constant, the change of variable, r = ./"aiMf, changes 
eq. 13 and 18 into dr/dr = sr and dæ/dr =  sx, which define one- 
parameter groups whose parameters are r instead of f.
(8) C. de Duve, J. Berthet, and H. Beaufay, Progr. Biophys. Biophys. 
Chem., 9, 325 (1959).
(9) R. G. Martin and B. N. Ames, J. Biol. Chem., 236,1372 (1961).
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X  =  sco2̂  (25)
da;

From eq. 23 and 25 it follows by induction that

X nx =  s0na nx +  (2n -  l)s0n~ W  +
[V2(3n -  l)* ,"-1*  +  (371 -  2"+1 +  1) X

s0n- \ 2W nxs +  . . .  (26)

When this expression is substituted into eq. 24 and the 
terms are rearranged, it is found by applying eq. 21 
that

c, =  c0e—  SocaH 1 —  (! - e ~ s°“H)xt +

_  0 - ^ ) 2  _  -  f?(l --  e~2smH)\xt2 +  .
(V 2 s0 _

(27)

The corresponding formula for the analytical ultra
centrifuge is obtained by writing rt and i(rt,—t) 
instead of xt and g(xt, — t) in eq. 23-26 and substituting 
the results into eq. 17; this leads to the formula

c0e— 2 sou H 1 3sVi1 ------- (1 — e
s0 +

- SoaPt'y - \ f d - e3 So
— 2socoH') W  +

Examples

(1) Linear Density Gradients. The formulas de
rived in the previous section will now be used in the 
calculation of the concentration of sedimenting ma
terial in some simple cases of practical importance. 
It will be assumed that at the beginning of the experi
ment the material is distributed uniformly throughout 
the centrifuge tube. The simplest example occurs 
when the sedimentation coefficient is constant. The 
integrals of eq. 13 and 18 under these circumstances, 
namely

rt =  r0e8“ !i (29)

z* = x0es“H (30)

lead at once through eq. 17 and 21 to the formulas1

ct =  c0e— 2 scoH (31)

for the sector cell and

ct = Coe— scaH (32)

for the cylindrical tube.
Unfortunately, it is not often possible to operate the

preparative ultracentrifuge without some sort of density 
or viscosity gradient since convection currents disturb 
the boundary unless extreme care is taken.10 On 
the other hand, in any such gradient the sedimenta
tion coefficient must vary with position, as is evident 
both from Svedberg’s formula for s11 and from more 
sophisticated theories.3’12 It is therefore of some im
portance to investigate the effect of a variable sedimen
tation coefficient, particularly as it is clear from eq. 9 
that there will not usually be a plateau. Accordingly, 
the effects of two simple gradients will now be discussed. 
The first is a linear density gradient, which approxi
mately represents a linear salt gradient over a narrow 
range of concentrations, and the second is linear in 
density and viscosity and may be used to describe a 
linear gradient of sucrose over a suitable range. In 
examining these gradients it will be assumed that s 
is given by Svedberg’s formula.

Suppose that there is a gradient linear in density 
only, such that the density is pi at x%, the coordinate 
of the meniscus, and p2 at x-L, the coordinate of the 
bottom of the tube; the density at any point can be 
found from the formula

P =  Pi + ------ - (P2 -  Pi)
X 2 —  X i

(33)

With these values for p and a constant value for the 
viscosity, the sedimentation coefficient takes the form

s =  fi(a — x) (34)

where a and /3 are expressed in terms of the molecular 
weight M, density p0, and frictional coefficient /  of the 
sedimenting material by

When po >  p2, the material sediments, and in this case 
a >  x2; when po <  pi, it floats, and a <  Xi. Equation 
18 integrates to give

x t =
x0eaficoH

!  +  - V 0“2i -  1)
(37)

Application of eq. 21 leads to

(10) H. Kahler and B. J. Lloyd, Jr., J. Phys. Chem., 55, 1344 (1951) ; 
G. H. Hogeboom and E. L. Kuff, J. Biol. Chem., 210, 733 (1954).
(11) T. Svedberg and K. O. Pedersen, “ The Ultracentrifuge,”  Oxford 
University Press, Oxford, 1940, p. 1.
(12) G. J. Hooyman, Physica, 22, 766 (1956).
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ct =
coe - apioH

j l  -  %  -  e- “^ 2i)| 2
(38)

It is clear from this equation that the concentration 
can vary over a considerable range of values in the 
vicinity of the point x =  a. As an example of the 
extent of deviation from a plateau concentration, con
sider a spherical particle of diameter 400 A. and density 
1.18 g./cm .3,13 sedimenting in a linear gradient of 
KC1 running from 16 to 20% (w./w.). The tempera
ture will be taken as 15°; the viscosity then has a con
stant value of 1.13 cp. The values of X\ and x2 will 
be taken as 5.6 and 9.6 cm., and it will be assumed that 
centrifugation takes place at a speed of 39,000 r.p.m. 
for a total time of 35 min. From eq. 35 a =  15.8 
cm. and from eq. 36 and Stokes’ formula 0 =  8.85 X 
10-13 cm.-1 sec.-1. From eq. 37 the boundary formed 
at the meniscus is found to have moved to 7.47 cm. 
The concentrations at this point and at the point xi 
are given by eq. 38 as O.92c0 and l.O5c0, a difference of 
nearly 15%. For a more dense material a would have 
a larger value, and the variation in concentration would 
be smaller; thus, for a protein of density 1.40 in this 
gradient a would be 47.5 cm., and the difference in 
concentration between x2 and the boundary would 
be only a few per cent.

If the viscosity varies linearly with x as well as the 
density, so that it takes the values 771 at xi and m at 
x2, the sedimentation coefficient becomes

where a is given by eq. 35 and

In eq. 40 jo is the value of the frictional coefficient when 
the viscosity is t]0. The integral of eq. 18 is

x0
(a -  x t) l + a/S (a -  x0)1+a/&

(ay/5)(aH (42)

This equation cannot be solved for x, or x<> except for 
certain special values of 8. One such value is 5 =  
0; this gives a type of reciprocal gradient to be dis
cussed in the next section. For general values of 8 
recourse must be had to eq. 22 and 27. Equation 22 
gives

ct
X0(a — x0)(8 +  Xt) 
x t(a — x t)(8 +  Xo)

(43)

while from eq. 27

-  (ay/8)<aHct =  c0e
1 + a*i+> ,  — (ay/S)u>H-)x t +

3{ l +i){(«+0 (1 3 — (ay/0)<aĤ 2

- 2(ay/8)aH sW  +  . . . (44)

provided that x t <  |s|. For a protein sedimenting 
at 5° in a linear gradient of sucrose running from 0 
to 5% (w./w.), the value of a in eq. 44 would be about 
75-85 cm., while 8 would be 25-30 cm.; these values 
would lead to a deviation of ct from a constant value 
which might reach 5%.

(2) Reciprocal Gradients. The gradients which 
will be discussed in this section are some in which the 
sedimentation coefficient satisfies a relation of the form 
of eq. 9; for this reason they have been named reciprocal 
gradients. In these gradients there is a plateau and 
eq. 1 and 3 show that the plateau concentration is

Ct — Cq€— KCi)H (45)

The integral of eq. 18 is

x t =  XoemH +  £ (emH -  1) (46)
K

One way in which this type of gradient could arise 
was mentioned in the last section; this was the case 
of a gradient linear in density and viscosity and such 
that 8 in eq. 39 is zero, so that the viscosity is pro
portional to the distance from the centrifugal axis. 
The relation between the various constants in eq. 
9 and 39 is then

k =  — 7, ¡u =  ay  (47)

Another way in which a reciprocal gradient can be 
realized is by varying the density while keeping the 
viscosity constant. Such a gradient can be constructed 
from solutions of salts over a suitable range of concen
trations. If the density is to be pi at X\ and p2 at 
X2, its value at an intermediate point is

X i P i  —  X i p i  XiX2(p2 —  pi) 1
P =  ----------------------------------------------- (48)

X i  —  X \  X i  —  X \  X

In this gradient the constants in eq. 9 take the values

M Xj(p0 — ¡a) — xijpo — pi) 
fPo Xi X!

(49)

(13) (a) These figures are close to the dimensions of the hydrodynamic 
sphere which is equivalent to the chromatophores of Rhodopseudo 
monas spheroideslsh; (b) K. D. Gibson, Abstracts, Vlth International 
Congress of Biochemistry, New York, N. Y., 1964, p. 777.
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M XiX2(pi -  p i )
M = 7----------------------  (50)

/P o 2̂ 2 — 2:1

If po >  (x2p2 — xipi)/(x2 — 2:1), the maximum density 
which the gradient can reach, k is positive, sedimen
tation only will occur, and the concentration tends to 
zero as t -*■ 00. If p0 <  (a;2p2 — Xipi)/ (a;2 — £1), k is 
negative, and the concentration increases indefinitely 
as the material becomes concentrated at the point x = 
—  p / k . If po =  (xipi — xipi)/(x2 — *1), k is zero, 
the concentration does not alter, and the boundary 
moves with uniform velocity, poA

Location of an Ideal Boundary

The aim of moving boundary centrifugation is to 
determine sedimentation coefficients. These can be 
calculated from a knowledge of the position to which 
the ideal boundary formed at the meniscus would have 
moved under the influence of sedimentation alone. 
Alternatively, if the movement of any boundary in the 
tube, not necessarily that formed at the meniscus, can 
be found, the sedimentation coefficient can be calcu
lated from this information. In any real experiment 
there is diffusion, and it is therefore necessary to de
vise methods for locating an ideal boundary from the 
actual distribution of material. Techniques for this 
calculation have been worked out for the case when 
there is a plateau for both the analytical4 and the pre
parative1 ultracentrifuge. An extension of the argu
ments used in establishing these techniques will be 
used in setting up the modification needed in the 
general case.

The boundaries which are to be located lie perpen
dicular to the direction of motion, and their positions 
are therefore most conveniently expressed in the nota
tion of Trautman and Breese.1 In this notation the 
coordinate representing the position of a boundary 
is equal to the volume F  enclosed between it and the 
axis of centrifugation. Thus, the position of the 
boundary at n  in the analytical ultracentrifuge be
comes

Vi =  ari2 (51)

while that of the boundary at x2 in the preparative 
ultracentrifuge becomes

F2 =  bx2 (52)

Here a and b are appropriate constants of proportion
ality. Suppose the material to be present initially 
at a concentration c0 everywhere below the boundary 
To (Figure la). Under the influence of sedimentation 
alone it would come to lie below the boundary TV at 
a concentration cs (Figure lb). If diffusion occurs,

Figure 1. Positions of boundaries illustrated with, 
reference to the cylindrical tube of the 
preparative ultracentrifuge.

some material will cross the boundary. Since all the 
material which is found above the boundary must have 
come from below it14

Thus

-  c)dV

or if there is a plateau

cdF =  cp(F 2' -  TV)

(53)

(54)

(55)

In most actual experiments F0, Fj, and F /  are all equal 
to the coordinate of the meniscus, and it will be as
sumed that this is so below.

The first method for locating a boundary consists 
of a series of corrections to allow for the absence of a 
plateau, of which usually only the first will be quanti
tatively significant and which are applied to the value 
of V0' obtained by means of eq. 55. The only infor
mation needed is the actual distribution of material 
in the tube, and the method can therefore be used when 
there is more than one sedimenting material by apply
ing it to each one individually. Suppose that at the 
coordinate F2' the concentration takes the value which 
it would assume in the absence of diffusion, and let 
this value be denoted by c2. Let F3 ' be defined by

cdF =  C2(F2' V%) (56)

From eq. 55 F 3' is the value which Vo' would take if 
there were a plateau in which the concentration was 
c2. Now let Vn' for n ^ 4 be defined by

(14) It is assumed that there is no diffusion across TV; if this condi
tion is not satisfied, the methods for locating boundaries which are 
discussed here will give a false result.
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It is easily seen by induction that

c*(F,' -  V i)  =  r  (c* -  cs)dF  (58)
J TV

Now suppose that the integrals on the right of eq. 57 
are all nonnegative; this will be true, for instance, if 
c2 is the maximum value which is attained by cs be
tween the coordinates V i  and F2'. Then

V i  ^ V i  > V i  ^ . . .  (59)

Thus, Vn tends to a limit; and if this limit is V , 
eq. 58 shows that

c2(F ' -  Fo') =  C  (c* -  ca )dF  (60)
J  Vo'

which is only possible (when cs 0) if V' =  Fo'. 
Thus, whenever the integrals in eq. 57 are nonnegative, 
the sequence Vn' converges to F0', and the method will, 
in principle, give the coordinate V i  to any required 
degree of accuracy provided the integrals can be eval
uated and provided that c2 is known with sufficient 
precision. The crux of the method is the evaluation 
of the integrals, which can only be carried out satis
factorily if it is possible to make some assessment of 
ca. In the most general case this would not be feasible 
since it would be impossible to say whether the varia
tions of concentration observed in the region of the 
boundary were due to diffusion or to variation of cs. 
However, if there is reason to believe that cB does not 
deviate greatly from a linear function of the coordinate,
i.e., if the third and subsequent terms of eq. 27 are small 
or do not vary greatly over the interval in question, 
then substitution of this linear function for cs into 
eq. 57 will lead to a practical method for locating the 
boundary. It appears that the type of gradients 
which are most commonly used in measuring boundary 
sedimentation in the preparative ultracentrifuge, 
namely, linear gradients of salts or sucrose in which the 
concentration differs by less than 5%  (w./w.) over the 
length of the tube, satisfy this requirement to a suf
ficient degree of accuracy.

The procedure for locating the boundary is illustrated 
in Figure 2 for the example of the linear KC1 gradient 
used in a previous section. The distribution of ma
terial caused by sedimentation alone was calculated 
from eq. 38, using the values of a and (3 given earlier 
(Figure 2a). This distribution would be altered by 
diffusion (Figure 2b). The first approximation to 
the boundary, obtained from eq. 56, gives the point 
V i. This point and the tangent to the curve at V i  
determine a triangle (cross-hatched in Figure 2) whose 
area is a reasonable approximation to the integral 
in eq. 57 for n =  4, from which the point V i  is ob-

Figure 2. Distribution of material and location of the 
boundary for the experiment described in Table I when 
the time of centrifugation was 35 min.

tained. The area of the trapezoid determined by 
V i  and V i  and the tangent at V i  approximates to 
the integral for n =  5 and is used to calculate V i . 
The process is illustrated in Table I, where the values 
of V' at each approximation are tabulated together 
with the values for s obtained with eq. 67. There is a 
difference of 6%  between the first and last figures for 
s, while the last figure is the same as the true value.

Table I also shows how the importance of the cor
rections varies with the distance through which the 
boundary has moved. When the time of the imaginary 
centrifugal run was increased to 45 min., even the first 
correction was found to be quite negligible. However, 
when the time was decreased again to 25 or 15 min., 
the first approximation to s gave a value which was too 
large by 12 or 15% but which was brought to within 
2%  of the correct value merely by applying the first 
correction. The example given here is rather extreme, 
and the corrections to be applied to V i  might not 
normally be so large. However, their importance 
increases the nearer the boundary is to the meniscus, 
and they ought therefore to be taken into account 
whenever the boundary whose position is to be de
termined has moved only a short distance from the 
meniscus. It must be emphasized that the practical 
question of evaluating the corrections involves making 
some assessment of the variation of cs and would prob
ably present insuperable difficulties whenever cs is 
not, at least approximately, a linear function of the 
coordinate F.

The second method for locating an ideal boundary 
determines the position of the coordinate F2 which is 
transformed into V i  by the motion; the coordinate 
V i  is to be chosen arbitrarily, near the bottom of the 
tube at the end of the run. For the calculation it is 
not necessary to know the exact concentration of
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Table I : Successive Approximations to the Boundary“

Time of 
centrifugation,

min. Boundary Coordinate, cm. s, S.

15 V S 6.52 101
V S 6.40 89
vs 6.39 88
vs 6.39 88

25 vs 7.09 94
vs 6.93 85
vs 6.91 84
vs 6.91 84

35 vs 7.62 87
vs 7.49 83
vs 7.47 82
vs 7.47 82

45 vs 8 .13 83
vs 8.04 82
vs 8.03 82
vs 8.02 82

“ Values of VS, V S , V S ,  and V S  were calculated as descrit
in the text for an imaginary experiment in which spherical par
ticles of diameter 400 A. and density 1.18 g./cm.3 were centri
fuged at 15° in a linear KC1 gradient running from 16 to 20% 
w./w. at 39,000 r.p.m. for the times indicated. Vo was at 5.6 
cm. and V S  at 9.6 cm. The coordinates are expressed as dis
tances from the axis of centrifugation. The values of s were 
calculated from eq. 67.

to V\, the coordinate of the meniscus. Then from eq. 
54 and 61 it follows that

1 Cw
V2 =  Vi +  -  cdF (62)

Co J Vi

If the average concentration of material between 
the coordinates Fi and TV is c, eq. 62 shows that

V2 = 7i +  -(V S  -  Vj) (63)
Co

To apply eq. 63 it is necessary to make only two meas
urements of concentration, one to determine the initial 
concentration and the other to determine the average 
concentration in the whole tube above the chosen 
point VS at the end of the run. The method is thus 
suitable for determining the s value associated with 
a biologically active material such as an enzyme or a 
virus by employing the biological assay to measure the 
concentration. Trautman and Breese’s method for 
locating a boundary also requires only two measure
ments. However, their calculation is more compli
cated than the one given in eq. 63, and, in addition, 
their method cannot be applied when there is no 
plateau. As an application of eq. 62 the boundaries 
F2 which are transformed into VS in the experiment 
of Table I are listed in Table II.

material at any point in the tube but only the total 
amount of material in the tube above the coordinate 
Vy. It is also necessary to know c0, the initial con
centration of sedimenting material; however, as 
pointed out by Trautman and Breese,1 this is frequently 
simpler to measure accurately than the plateau con
centration when there is one. The method depends 
on the fact that, if there were no diffusion, a boundary 
moving with the material would not be crossed by any 
of the material during the course of sedimentation. 
The integral on the right-hand side of eq. 54 represents 
the total amount of material which would lie between 
the boundaries at IV  and VS if sedimentation took 
place without diffusion, and, since in that case no 
material could have crossed these boundaries, it must 
all have lain between them at the start of the experi
ment when their coordinates were F0 and F2. Thus 
(c/. eq. 11)

(61)

Under normal circumstances the initial distribution of 
material is uniform and the initial value of F0 is equal

Table II : Boundaries Calculated by the Second Method“

Time of centrifugation, 
min. Coordinate of Vi, cm. 3, S.

15 8.78 59
25 8.25 61
35 7.68 64
45 7.06 68

“ Values of V 2 were calculated with eq. 62 for the experiment 
described in Table I. The values of s were obtained from eq. 67.

The main disadvantage of the method just outlined 
is that it is necessary to know the initial concentration 
of the material so that it cannot be applied individually 
to the components of a mixture unless the initial con
centration of each is known. When there is a mixture 
of this sort, a weighted average boundary is obtained 
in which the weighting factors are the initial concentra
tions of the various components. For instance, if 
there are two components, there is an equation of the 
form of eq. 62 for each of them; then, using super
scripts to distinguish the components, if these equations 
are multipled by c0(1) and co<2) and added, it is found that
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/»W
c0(1)F2(1> +  c0(2)F2(2) =  Fi(c0(1) +  c0(2)) +  cdF

Jv i
(64)

so that the boundary obtained is (c0(1)F2(1) +  Co<2)F 2<2)) /  
(c0(1) +  Co(2)) .  In this respect, the method may have 
some advantage over that of Trautman and Breese 
even when there is a plateau since in their method the 
weighting factors, being equal to the plateau concen
trations of the various components, will vary from one 
experiment to another even though the concentra
tions of the components are initially always the same.

Finally, it should be pointed out that in applying the 
arguments which were used to deduce the methods 
outlined above it does not matter whether the ideal 
boundary is disturbed by diffusion or by any other 
process. In deriving eq. 53 no specific use was made 
of the statement that the boundary was disturbed by 
diffusion, and the displacement of material could have 
occurred by any other means. The only condition 
which must be fulfilled if methods for locating bound
aries based on eqs. 53 and 54 are to be valid is that it 
should be possible to find a boundary F2' moving with 
the material at which the only motion is that due to 
sedimentation and the concentration has the value it 
would take under the influence of sedimentation alone. 
If this condition is met, either of the methods outlined 
here can be applied since both are based on eq. 53. 
This means that boundaries can be located satisfactorily 
in experiments in the preparative ultracentrifuge 
even though the methods of sampling lead to some 
disturbance of the contents of the tubes. Most of the 
methods for sampling the cylindrical tubes lead to 
some mixing of the material in neighboring layers.2’10'131* 
However, it appears that there is almost always a 
region in which the concentration is nearly constant, 
and it is then reasonable to assume that at points in 
this region near the bottom of the tube the concen
tration takes the value cs within experimental error. 
Thus, it is possible to apply the methods for locating 
a boundary to results obtained with the preparative 
ultracentrifuge even though the method of sampling 
is far from perfect. From the discussion presented 
here it is clear that appreciable disturbances in the 
distribution of material, whether introduced by dif
fusion or during sampling, will generally lead to only 
small variations in the position of the boundary 
determined experimentally and hence also in the sedi
mentation coefficient.

Calculation of the Sedimentation Coefficient

In the preceding section it was shown how a boundary 
can be located from the distribution of material in the

centrifuge tube. The question which now arises is 
how this information is to be used to calculate a sedi
mentation coefficient. The customary procedure is 
to use the formula

s =  \  111 “  (65)

for the sector cell and the equivalent formula obtained 
by replacing r0 and rt with xo and x t for the cylindrical 
tube.1 In this equation ru and r, correspond to the 
initial and final positions of the chosen boundary,
i.e., either to F0 and F 0' or to F2 and F2' in the nota
tion of the previous section. Equation 65 is derived 
directly from eq. 29, which was obtained on the as
sumption that s is constant. However, this simple 
expression is clearly inadequate when the sedimenta
tion coefficient takes different values for different values 
of r or x, and usually more than one measurement 
would have to be made under these circumstances in 
order to determine the exact functional dependence of 
s on r or x.

It is therefore of some interest that the value for the 
sedhnentation coefficient obtained by applying eq. 65 
to the movement of a particular boundary is actually 
equal to the true value which the sedimentation co
efficient takes at some point between the initial and 
final positions of the boundary, though not necessarily 
at either of these positions. This can be shown by 
applying the first mean-value theorem to eq. 13 or 
18. Considering eq. 18, the integral of this equation 
with initial value x0 is

r x‘ dz 
Jx„ xs(x)

= wH (66)

The functional dependence of s on x has been empha
sized by writing it as s(x). By the first mean-value 
theorem, if s(x) is a continuous function of x, the left-

Table III : Values of s at the Boundaries'*

Time of 
centrifu-
gation,

min. «CV»)
1 Vo' 

—  In —
caH Vo «(TV) <V ,)

1 V2'— In ----
o,H Vo s(V>')

15 90 88 83 62 59 55
25 90 84 79 67 61 55
35 90 82 74 72 64 55
45 90 82 69 77 68 55

“ The values of s at the boundaries Vo, Vo', Vo, and Vo for the 
experiment described in Table I are tabulated together with the 
values obtained from eq. 67 in Tables I and II.
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hand side of eq. 66 is equal to [l/s(£)] In (x,/x0) where 
x0 <  £ <  x t. Thus

1 , x,—-  In —
co1 2t x0 «(Ö (67)

This justifies the use of eq. 65 for calculating sedimen
tation coefficients. To illustrate the point, the values 
for s calculated from eq. 67 in Tables I and II are com
pared in Table III with the theoretical limits of s

obtained from eq. 34. It is clear that in the first 
two experiments, where the time of centrifugation was 
15 or 25 min., the difference between the values of s 
at x0 and x t is not very great, and the value calculated 
from eq. 67 lies within 7% of either limit. In many 
practical situations the difference between s(xo) and 
s(xt) would be less than the experimental error in
volved in their determination, and eq. 67 would pro
vide all the information that could be expected from the 
experiment.

Determination of an Equilibrium Constant for the Dimerization of the 

Bacillus subtilis «-Amylase Molecule1

by Kinji Kakiuchi

Division of Physical Chemistry, Institute for Protein Research, Osaka University, Osaka, Japan 
(.Received August 11, 1964)

To evaluate the equilibrium constant for monomer-dimer transformation of Bacillus 
subtilis a-amylase, sedimentation equilibrium experiments were performed. The range of 
the initial concentration was 0.063-0.507%, at a setting speed of 6150 r.p.m. The associa
tion equilibrium could not be fitted to a simple monomer-dimer system since the association 
equilibrium curve could not be identical for different initial concentration. It was demon
strated that the zinc ions participate in the dimerization as 2 monomers +  Zn2+ <=* dimer. 
The theory for sedimentation equilibrium for association system was adapted to the above 
scheme. The equilibrium constant for the dimerization was estimated to be 2.2 X 1091.2 
mole-2.

Introduction
Recently the Rayleigh interference optics has been 

greatly developed for sedimentation experiments. The 
principle of the use of short columns for sedimentation 
equilibrium experiments, which has been proposed and 
used by Svedberg and his co-workers,2 has been reintro
duced by Van Holde and Baldwin.3 * With these instru
mental innovations, sedimentation equilibrium is be
coming a very useful and powerful technique for study
ing macromolecular systems.

The new theoretical development which enables us

to calculate weight- and higher-average molecular 
weights, as well as concentration at every distance in 
the ultracentrifugal cell, contributes to the usefulness 
of this technique. The theory for sedimentation

(1) This is part IV in a series on the association and dissociation of 
the Bacillus subtilis a-amylase molecule. For the preceding paper 
in this series see K. Kakiuchi, K. Hamaguehi, and T. Isemura, 
J. Biochem. (Tokyo), 57, 167 (1965).
(2) T. Svedberg and K. O. Pedersen, “ The Ultracentrifuge,” Claren
don Press Inc., Oxford, 1940, p. 56.
(3) K. E. Van Holde and R. L. Baldwin, J. Phys. Chem., 62 , 734
(1958).
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equilibrium on chemically reacting systems has been 
published more than 30 years ago by Tiselius.4 It 
was summarized by Svedberg and Pedersen2 and ex
tended in recent years by Adams5 and by Adams and 
Fujita.6 As for studies on the chemically reacting 
systems by means of sedimentation equilibrium, the 
works by Squire and Li on adrenocorticotropin,7 by 
Adams on insulin,6 and by Jefferey and Coates on 
insulin8 have been reported. If the protein associates 
into w-mer and the solution is ideal, the latter being 
satisfied by most globular protein solutions, the plot of 
weight-average molecular weight against protein con
centration should be a single curve. The above as
sociation equilibrium curve should be independent of 
the initial protein concentration. In all the cases 
cited previously, it was found that the association 
equilibrium curves were not identical if the initial 
protein concentration was different.

The association and the dissociation of Bacillus sub- 
tilis a-amylase was investigated by sedimentation, 
light scattering, and gel filtration. It has become 
evident during the course of the investigation that this 
protein molecule undergoes a reversible monomer- 
dimer transformation through a zinc atom,9-12 that is

2 monomers +  Zn2+ < > dimer (1)

with the association constant given by

[monomer ]2 [Zn2+]

It was found that the rate of attainment of the equi
librium between monomer and dimer is not so fast as to 
be compared with the sedimentation velocity and flow 
rate of the gel filtration.

In the present investigation, the equilibrium con
stant, K, was determined from sedimentation equilib
rium by modifying slightly and applying the theoretical 
equations given by previously mentioned investigators. 
In the sedimentation equilibrium, it seems likely that 
the re-equilibration between monomer and dimer has 
been already accomplished at every radial distance in 
the ultracentrifugal cell during the measurements. 
Since the monomer-dimer transformation of the Bacillus 
subtilis a-amylase molecule depends on the concentra
tion of the zinc ion, it is expected that the plots of the 
molecular weight in the sedimentation equilibrium 
against the protein concentration will not fall on a 
single curve for different initial protein concentrations. 
Taking account of the participation of the zinc ion in 
the equilibrium between monomer and dimer, as given 
in eq. 1, the equilibrium constant for association could 
be evaluated definitely.

Method of Determining the Equilibrium Constant
In the present system, the protein monomer, its 

dimer, and the zinc ion are chosen to be the solute 
species. They are specified by the subscripts, M, D, 
and Zn2+. All other components are regarded as the 
solvent. The solution is assumed to be ideal. If the 
chemical equilibrium between monomer and dimer 
exists, the following conditions must be fulfilled2

Cm O') =  Cu(rm) exp[M *«(r2 — rm2)] (3)

CD(r) =  CD(rm) exp[2M*a(r2 — rm2)] (4)

Cznw(r) =  CznM-O'm) exp[MZnOi'(r2 — rm2) ] (5)

where CmOO, Cd(V), and Czn»(r) are the molar con
centrations of monomer, dimer, and zinc ion, at a 
distance r from the center of rotation, M* is the molecu
lar weight of the monomer, and M zn is the atomic weight 
of zinc ion, respectively. The subscript, m, refers to 
the meniscus of the solution in the ultracentrifugal 
cell. Also, a and a’ represent (1 — vp)u2/2RT and 
(1 — vznp)o)2/2RT, respectively, where v and are 
the partial specific volume of the protein and the zinc 
ion, p the density of solution, co the angular velocity 
of the rotor, T the absolute temperature, and R the 
gas constant. It is assumed that the partial specific 
volume is independent of the monomer-dimer trans
formation and that the solution is incompressible by 
the pressure produced by the ultracentrifugal force. 
The total protein concentration at a given distance, r, 
is represented by

C(r) =  CM(r) +  2CD(r) (6)

Substitution of eq. 6 into 2 leads to 

C(r) =  C M  exp[M*a(r2 — rm2)] +
2KCZn*(rm)Cm2(rm) exp[2M*a(r2 — rm2)] (7)

which can be rearranged into 

C(r) exp[—M*oi{r2 — rm2)] =  CM(rm) +
2KCzn^(rm)Cii 2(rm) exp[M*a(r2 — rm2)] (8)

(4) A. Tiselius, Z. physik. Chem. (Leipzig), 124, 449 (1926).
(5) E. T. Adams, Jr., Ph.D. Thesis, University of Wisconsin, Madi
son, Wis., 1962.
(6) E. T. Adams, Jr., and H. Fujita in 4‘Ultracentrifugal Analysis in 
Theory and Experiment,” J. W. Williams, Ed., Academic Press Inc., 
New York, N, Y., 1962, p. 119.
(7) P. G. Squire and C. H. Li, J. Am. Chem. Soc., 83, 3521 (1961).
(8) P. D. Jefferey and J. H. Coates, Nature, 197, 1104 (1963).
(9) T. Isemura, K. Kakiuchi, and H. Eto, J. Biochem. (Tokyo), 
47, 548 (1960).
(10) T. Isemura and K. Kakiuchi, ibid., 51, 385 (1962).
(11) K. Kakiuchi, S. Kato, A. Imanishi, and T. Isemura, ibid., 55, 
102 (1964).
(12) See reference given in footnote 1.
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The values of CM(rm) and C'D(rm) can be estimated from 
the straight line of the plot of C(r) exp[—M*a(r2 — 
rm2)] against exp[M*a(r2 — rm2)], as shown in Figure 1. 
KCznn(rm) is calculated from the slope of the straight 
line. If the system consists of monomers alone, the 
line should be horizontal, or if it contains only dimers, 
the line should pass through the origin.

To calculate the equilibrium constant, K, the knowl
edge of the concentration of free zinc ion is required. 
Now, only the total concentration of zinc is known and

J’ rb f*rb
{Czn^O) +  CD(r) }dy =  I Czn(r)totaidw =  

rm 7m

(C zn jtota l f  dv (9)
J  rm

is given by (9). The volume element, dv, is given by 
dlrdr, 6 being the sector angle of the cell and l, the 
cell thickness. The integration could be extended from 
the meniscus, rm, to the bottom, rb, within the cell. 
Substituting eq. 4 into 9, one obtains

CZn»(r) =  CZn total

-'Zn total

(7D(rm){exp[2M*a:(rb2 — r j ) )  -  l }
2Af*a(rb2 -  rm2) { ’

provided that in eq. 5 M%ua' is very small compared 
with M*a so that Czn^(r) and Czn(r) total c a n  t>e  re_  
placed by Czn«-(rm) and C'zn(rm)totai, respectively.

Experimental
Preparation of Bacillus subtilis a-Amylase. Bacillus 

subtilis a-amylase which had been prepared from a 
culture of Bacillus subtilis was obtained from the Daiwa 
Kasei Co., Ltd., Osaka. The material was recrystal
lized as previously described.10-13 In the present in
vestigation, furthermore, a Bacillus subtilis a-amylase 
solution in 0.1 M  NaCl-0.005 M  Ca(COOCH3)2 at 
pH 7.0 was filtered through a dextran gel (Sephadex 
G-100, purchased from Pharmacia, Uppsala), and 
faster elution was used. It was found previously11 
that a fresh solution prepared in this way contains a 
half of a zinc atom per monomer of Bacillus subtilis 
a-amylase. The concentrations of the protein solu
tions were determined from the optical absorbance at 
280 myu, assuming that =  25.6.11 The solutions 
used in the sedimentation equilibrium experiments were 
prepared by dilution of a 1.07% stock solution. The 
solvent used for dilution was checked for the absence 
of heavy metal ions by colorimetric determination

Exp [iH*a(r2 — rm2)].
Figure 1. Schematic diagram of C{r) exp[ — M *a(r2 — rm2)] 
vs. exp [Af*a(r2 — rm2)] for the 
monomer-dimer transformation.

with dithizone (diphenyl thiocarbazone)14 15 since heavy 
metal ions such as Cu2+, Ni2+, and Co2+ can also pro
mote the dimerization of the protein as Zn2+.16-16 
It was found that the amount of heavy metals in the 
solvent existing as contaminant was far below the 
amount that could be detected by the colorimetric 
determination.

Sedimentation Equilibrium Measurements. Sedimen
tation equilibrium experiments were performed with a 
Spinco Model E ultracentrifuge equipped with a rota
tory light source for Rayleigh optics at a wave length 
of 546 m/n. Temperature was set at 20.0° by means 
of an RTIC unit. Photographic plates (Spectroscopic 
Type 1-D, purchased from Eastman Kodak Co.) were 
analyzed with the aid of an Olympus Precision Projec
tor Model CP-20 equipped with a microcomparator 
which enabled us to read to 0.001 mm.

The sedimentation equilibrium experiments were 
performed with a double-sector cell made of aluminum- 
epoxy resin with a 12-mm. optical path. The runs 
were made on a two-place rotor (Rotor AN-D) or a 
multiple rotor (Rotor AN-G). The rotor speed read 
on an odometer was 6150 r.p.m. The height of the 
liquid column was adjusted to 4-5 mm. The initial 
concentration in fringes of Bacillus subtilis a-amylase 
was determined by an experiment in a synthetic bound-

(13) B. Hagihara, Ann. Kept. Sci. Works, Fac. Sci., Osaka Univ., 2, 
42 (1954).
(14) E. B. Sandell, “ Colorimetric Determination of Traces of Metals,” 
Vol. 3, Interscience Publishers, Inc., New York, N. Y., 1950, p. 616.
(15) E. H. Fischer, W. B. Summerwell, J. Junge, and E. A. Stein, 
Proceedings of the 4th International Congress of Biochemistry, 
Vienna, Sept. 1-6, 1958, Vol. 8, Pergamon Press, Inc., New York, 
N. Y., 1958, p. 124.
(16) E. A. Stein and E. H. Fischer, Biochim. Biophys. Acta, 39, 287 
(1960).
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ary cell with a double sector made of aluminum- 
epoxy resin. The position of the zero-order fringe in 
the sedimentation equilibrium patterns was determined 
by calculations based on an equation for the conserva
tion of mass within the cell. The time required to 
reach the final state should be defined by both the time 
required for the sedimentation equilibrium and the 
rate of attainment of the equilibrium between the 
monomer and the dimer. Since the duration of each 
run was more than 35 hr., it is supposed that both 
equilibria have been already attained. After the esti
mate of the rates of association and dissociation, it was 
found that it would take a few hours for the attain
ment of the association-dissociation equilibrium. The 
meniscus of the solution was adjusted slightly below 
that of the solvent. The solvent in some cases leaked 
into the column of the solution during the course of the 
run, decreasing its concentration. A photograph was 
taken as soon as the setting speed had been reached. 
By measuring the positions of both levels at the initial 
and the final photographs the protein concentration 
was corrected.

The weight-average molecular weight, Mw, of the 
protein at various positions within the cell at equilib
rium can be calculated from the slope of the logarithm 
of the concentration, / ,  in the fringe number against 
r2, according to

2RT d In /(r) 
(1 — vp) to2 dr2 (ID

The partial specific volume of the Bacillus subtilis 
a-amylase, v, was measured by a pycnometer devised 
by Lipkin, et al.,17 and determined to be 0.720 ml./g.

Results and Discussion
In the equilibrium patterns, counting of the fringe 

number from the meniscus to the bottom of the solution 
column gives the concentration difference across the 
cell. The concentration of Bacillus subtilis a-amylase 
in fringes was determined by the use of a synthetic 
boundary cell to be 39.6/(1.00% protein). Figure 2 
shows the plots for log f(r) vs. r2 for the Bacillus subtilis 
a-amylase solution. For homogeneous materials such a 
plot should give a straight line. Indeed, as shown in 
Figure 2, the result for the initial concentration 0.507%
(I) can be represented by a straight line in the range of a 
fringe number >17 (0.4%). The molecular weight 
calculated from the slope of the line is 97,600, which 
should be assigned to the dimer. Therefore, it can be 
concluded that for concentrations of more than 0.4% 
protein, the equilibrium is shifted toward the dimer, 
and only the latter is present in the solution. On the 
other hand, the results for the columns (II-V  Table

Figure 2. Plots of log f ( r )  v s .  r 2 for the sedimentation equilibria 
of B a c i l l u s  s u b t i l i s  a-amylase solutions. The initial protein 
concentrations: (I) 0.507, (II) 0.278, (IV) 0.157% in 0.1 
M  NaCl-0.005 M  Ca(COOCH3)2 at pH 7.0, and (VI)
0.235% treated with 0.01 M  EDTA in 0.1 M  

NaCl at pH 7.0.

I), the initial concentrations of which are lower than
0.4%, show curves concave upward, indicating that the 
molecular weight increases with increasing protein 
concentration. For low concentration of protein, the 
molecular weight will approach 48,000, which is the 
molecular weight of the monomer. This is indicated by 
the results given in column V, Table I. In the presence 
of EDTA (ethylenediaminetetraacetic acid) at pH
7.0, the dimer is wholly dissociated into the monomer 
by removing the zinc ions from the dimer. The plot 
for log /(r) vs. r2 shows a straight line, as seen in Figure 
2 (VI). The molecular weight calculated from its slope 
is 47,200. This value is slightly smaller than the value 
(48,200) obtained from the Archibald method for sedi
mentation equilibrium.12 This discrepancy may be 
caused by the presence of small-size peptides liberated 
from the protein. The calcium atoms bound to the 
Bacillus subtilis a-amylase are removed by the treat
ment of EDTA so that the calcium-free protein is apt 
to undergo denaturation and rupture by the action of

(17) M. R. Lipkin, J. A. Davison, W. T. Harvey, and S. S. Kurty, 
I n d .  E n g .  C h e m . ,  A n a l .  E d . ,  16, 55 (1944).
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Table I : The Equilibrium Constant and the Related Values Calculated from Each Column

Total concn. of
Concn. of zinc atom combined

Column Bacillus subtilis with Bacillus subtilis
no. a-amylase, % Concn. of zinc ion, M CD(rm). AT a-amylase, M KC zn2+> L2 mole“ 1 K, 1.2 mole “2

II 0.278 2.89 X 10-6 7.73 X IO"6 1.72 X 10-5 2.64 X 104 2.3 X 109
III 0.125 1.30 X 10~6 1.85 X 10-« 4.56 X 10-« 1.66 X 104 2.0 X 109
IV 0.157 1.64 X IO“6 3.95 X 10-« 6.93 X 10-« 1.92 X 104 2.1 X 109
V 0.063 0.66 X 10~6 0.58 X 10-« 1.41 X 10-« 1.22 X 104 2.3 X 109

the proteases existing as contaminants as noted by 
Fischer and his co-workers.18'19

The curved plots of logjf(r) vs. r2 could be adequately 
represented by quadratic expressions. The coefficients 
of the quadratic equation were determined by the 
method of least squares. The calculation was carried 
out on a Nippon Electric Co. Model-2101 computer. 
The first derivative of the quadratic form, d log /(» ')/ 
dr2, gives the molecular weight at a given r2 value. 
Thus, the molecular weight could be determined at 
various protein concentrations. Figure 3 gives the 
plots of d log /(r )/d r2 vs. protein concentration, instead 
of the molecular weight vs. r2. It can be seen that 
solutions of different initial protein concentrations 
give different molecular weights at a position of the 
same concentration. In other words, data for the 
molecular weight from solutions of different initial 
concentrations do not superpose on a single curve. 
If the monomer-dimer transformation occurs without

Figure 3. The plots of d log/(r)/dr2 (apparent molecular 
weight) v s .  the protein concentration, d log /(r)/d r2 = 
0.10 for the molecular weight of the dimer and 0.05 for 
that of the monomer. The range of the curves is from 
the meniscus to the bottom of the cells. The initial 
protein concentrations: (I) 0.507, (II) 0.278, (III)
0.125, (IV) 0.157, and (V) 0.063% in 0.1 M  

NaCl-0.005 M  Ca(COOCH3)2 at pH 7.0.
VI: 0.235% treated with 0.01 M  

EDTA in 0.1 M  NaCl at pH 7.0.

0.0 0.5 1.0 1.5 2.0
Exp[jtf*a(r2 — rm2)].

Figure 4. Plots o f/(r ) exp [—Af*a(r2 — rm2)] v s .  

exp[Af*a(r2 — rm2)] for the sedimentation equilibrium.
In the case of column V the listed plots were counted 
by reading the fringe number to half a fringe.

the participation of zinc ions, i.e., 2 monomers 
dimer, the curves of molecular weight vs. protein con
centration should be superposed. In the present 
system, for which eq. 1 is expected to hold, the con
centration of the zinc ion at a position of the same pro
tein concentration may vary not only with the initial 
zinc ion concentration but also with the dimer concen
tration. The plots of f(r) exp[—M*a(r2 — rm2)] vs.

(18) E. A. Stein, J. Hsiu, and E. H. Fischer, Biochemistry, 3, 56 
(1964).
(19) J. Hsiu, E. H. Fischer, and E. A. Stein, ibid., 3, 61 (1964).
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exp [M*a(r2 — rm2)] are shown in Figure 4. The 
monomer and the dimer concentrations at the menisci 
of the solutions can be estimated from Figure 4. 
It is observed that at concentrations in a fringe number 
>17 (0.4%) no monomer exists at the meniscus, as 
can be seen from Figure 4 (II). Furthermore, the 
slope of the straight line turns upward above the con
centration of 0.4%. Accordingly, the monomer can 
exist in equilibrium with the dimer at concentrations of 
less than 0.4%. The concentration below which the 
dimer is transformed into monomers should be depend
ent on the pH, the ionic strength, and, especially, 
the zinc ion concentration, as shown in a previous

paper.12 From the concentration of the free zinc ion 
calculated by eq. 10 the equilibrium constant can be 
obtained as listed in Table I. The average equilibrium 
constant is 2.2 X  109 l.2 mole-2, which is in good 
agreement with the value calculated from the light
scattering measurement.12
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Solvent Extractions from Molten Salts. IV .1 Kinetics of the 

Formation of Mercury (II) Bromide Species

by M . Zangen

Radiochemistry Department, Soreq Research Establishment, Israel Atomic Energy Commission, Yavne, Israel 
(.Received November 7, 1964)

The partition of HgBr2 between a polyphenyl eutectic mixture and a molten LiN 03-K N 0 3 
eutectic at 150° was measured as a function of time for various concentrations of KBr 
added to the salt melt. From the results, the rate constants for the following reactions were 
calculated

(HgBr2) po ly pheny I ^  (HgBr2(]Sr03)22~)Salt
k— 1

h  =  2.7 ±  0.1 X  10~3 sec.“ 1; Au = 2.5 ±  0.2 X  10“ 2 sec.“ 1 (a)
k 2

{HgBr2(N 03)22-  +  Br~ v HgBr3(N 03) 2“  +  solvent}aait
k- 2

ki — 1.3 ±  0.2 X 10_1 kg. mole-1 sec.-1 ; fc_2 = 1-6 ±  0.2 X 10-2  sec.-1 (b) 

{HgBr3(N 03) 2“  +  Br~ HgBr42“  +  solvent } sa»
k- 3

k% =  6.2 ±  1.0 X  lO-2 kg. mole-1 sec.-1 ; fc_3 =  6.9 ±  1.0 X  10“ 3 sec.-1 (c)

Reactions b and c were found to operate simultaneously in the exchange of Br82 between 
HgBr2 and KBr in the above system.

Introduction
While several authors2 have investigated the kinetics 

of reactions in a molten salt phase, the method of sol
vent extraction has not yet been used for this purpose. 
In general, kinetic work in two-phase systems is com
paratively scarce,3 since it mostly requires solution of 
intricate rate equations.

Partition experiments of neutron-irradiated HgBr2 
between a polyphenyl eutectic and a molten LiN 03-  
K N 03 eutectic to which nonradioactive KBr had been 
addedla showed different values of the distribution ratio 
for different energies of 7-radiation measured in both 
phases. This could only be explained by isotope ex
change of 7-active Br82 between HgBr2 and KBr. The 
present work was aimed at determining the mechanism 
of this exchange in a molten salt phase, as compared, for 
example, to a similar exchange reaction (I127 between 
Hgl2 and KI) in aqueous solution.4

Experimental
As in parts I, II, and III,1 the LiN 03-K N 0 3 eutectic 

mixture (K :L i mole ratio =  1.33, m.p. 120°) was fused 
and homogenized at 350°, after which dry nitrogen was 
bubbled through at 250° during 4 hr. to remove any 
water. The polyphenyl eutectic mixture (m.p. 25°) 
consisted of biphenyl, o-terphenyl, and m-terphenyl in 
the mole ratio 37:48:15.

The mercury (II) bromide, neutron-irradiated in the 
IRR-I reactor before dissolution, was made up to 10“ 3 m

(1) (a) Part I: M. Zangen and Y. Marcus, Israel J. Chem., 2, 49
(1964); (b) part II: M. Zangen, ibid., 2, 91 (1964); (c) part III:
M. Zangen and Y. Marcus, ibid., 2, 155 (Î964).
(2) (a) F. R. Duke and M. L. Iverson, J. Am. Chem. Soc., 80, 5061 
(1958); (b) F. R. Duke and E. A. Shute, J. Phys. Chem., 66, 2114 
(1962).
(3) C. D. Honaker and H. Preiser, ibid., 66, 127 (1962).
(4) D. E. O’Reilly, G. E. Schacher, and K. Schug, J. Chem. Phys., 
39, 1756 (1953).

Volume 69, Number 6 June 1965



1836 M . Zangen

in the polyphenyl phase at the beginning of the reaction. 
The weight to weight ratio of salt to polyphenyl was 
near 3.5 in all experiments. Sealed Pyrex test tubes, 
containing molten nitrate eutectic with dissolved KBr 
in various concentrations and a HgBr2 solution in poly
phenyl, were tumbled at constant speed (50 r.p.m.) in an 
oil bath at 150 ±  10 for various periods of time. The 
phases were then allowed to separate in the bath, this 
occurring very quickly, after which the tube was rapidly 
cooled to 30° and opened; the polyphenyl phase was 
removed to another tube and the nitrate was washed 
with benzene. The 7-radiation of Hg197 (65 hr., 0.19 
Mev.) and of Br82 (35 hr., 0.54 Mev.) in both phases 
was measured in a Nal crystal well-type 7-spectrome- 
ter, and the distribution ratio (DSe or Dni*) was cal
culated as

counts/min./g. of polypheny] phase 
counts/min./g. of salt phase

Results and Calculations
Figure 1 shows D hk and DBr* as functions of time 

for various concentrations of KBr in the salt melt. It 
can be seen that while the mercury partition attains 
equilibrium in 5-30 min. depending on KBr concentra
tion, the partition of active bromine does not attain 
equilibrium in less than 60 min.

In previous work,1 it was concluded that the only 
species of mercury (II) bromide in a nitrate melt phase 
containing excess bromide are HgBr(N03)22~, HgBr3- 
(N 03)2~, and HgBr42_. However, in the following, the 
nitrate groups will be disregarded for the sake of 
clarity since the nitrate concentration is approximately 
constant and may be incorporated in the rate con
stants. The reaction scheme is assumed to be

HgBrnBr*(n“ 1)-  +  B r" HgBrn+1(” “ 1)_ +  B r* -
(n =  1, 2, 3) (A)

which have no direct bearing on the mercury partition 
mechanism, are disregarded for reasons which will be 
discussed below. As will be shown, the participation 
of these reactions in the exchange mechanism is vir
tually insignificant. This yields the set of rate equa
tions

cL4
di

fc_i B — kiA (1)

dB kiA — fc_iB
di q

+  fc_2(B +  V 3E') -

hB(C +  O') «  — ----- —  +  fc_2S -  M C  (2)

^  =  k2BC -  k-*E +  k^(F +  V4FO -  
di

ksE(C -f" C') ~  k2BC — k-tJS T  k 3F ' — kJEC (3) 

dF
di

à A' 
di

=  hCE -  k^F

=  M B ' -  ML'

(4)

(5)

dB' M '  -  M B '
di

cUT
di

+  -  kzB’C (6)

=  V ¡¡M B' -  M C ' +  y 4M F ' -  M C ' (7)

&i (+ B r -)fo  (+ B r-)fo
(HgBr2)0^  (HgBr2)s (HgBr3-)„  (HgBr42- ) a

k - 1  ( — B r ~ ) k - 2  ( — B i ~ ) k - 3

where the subscripts o and s represent the organic and 
salt phases, respectively. In this scheme, the possible 
existence of species containing more than one radioac
tive bromine atom is disregarded because of the large 
excess M 1 0 9) of stable bromine in the irradiated mer
cury bromide. Also, the reactions

^  =  M B C  +  B'C) -  M B ' +  V\k-JF’  -  hCE'

(8)

^  =  U CE' +  EC') -  k-JF' (9)
di
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Figure 1. (a) Over-all distribution ratio of Hg between
LiN03-K N 03 eutectic and polyphenyl eutectic as a function 
of time, the nitrate melt containing: 0.00 m (□), 0.006 
m (V), 0.06 m  ( X ), 0.2 m  (A), and 0.6 m  (O) KBr, 
respectively; (b) over-all distribution ratio of Br82 between 
LiN03-K N 03 eutectic and polyphenyl eutectic as a 
function of time, the nitrate melt containing: 0.006 m  (V), 
0.06 m ( X ), 0.2 to (A), and 0.6 m  (O) KBr, respectively.

where A =  (HgBr2)0, B =  (HgBr2)8, C =  (Br- ) ,K  = 
(HgBr3- ) s, F =  (HgBr42-)8, and A', B', C ',E ’ , and F' 
are the concentrations of corresponding species con
taining active bromine; q =  mass salt phase/mass 
polyphenyl phase. Since, as can be calculated from 
part I, the free nonradioactive bromide is always in 
large excess over mercury tri- and tetrabromide, its 
concentration can be considered constant.

d c
C =  constant, —-  =  0 (10)

df

All the above equations are interrelated by the bal
ance equations for mercury

A +  q(B +  E +  F) =  A0 (11)

dA fdB
dï +  q U t

dE d F\
+  d i + di , l = 0

and for radioactive bromine

A' +  q(B' +  C  +  E' +  F') == A'0

d A' MB' d C  dE' d F
dT +  H "d T  +  “dT +  I T  +  di'0 -

(Ila)

(12)

(12a)

The value of fci and fc_i can be found from the results 
obtained in the absence of KBr. In that case, only 
eq. 1 (or 6) applies and we have

dA
di

=  h(K dB -  A) (13)

where Kn =  k-i/ki = 9.2,la the distribution ratio for 
HgBr in the absence of KBr.

dA /  A o - A  \
d r =  k\ K° — r ~  - A ) =

h -a ( —  +  1
Q

\ ,  K vl+  A 0—J Q J (13a)

which can be solved to yield

or

, (-^d +  q)A — KjyAo Kd +  qIn --------------- --------------- =  — fci----------- 1 (14)
gA0 q

h  =  - -  In { -  +  q)A; ~  ^  (14a)t Ko +  q qA0

From the experimental results we find: fci =  2.7 ±  
0.1 X  10~3 sec.-1 and fc_i =  2.5 ±  0.2 X 10-2 sec.-1.

In the case of added KBr, and neglecting the species 
containing Br82, the partition mechanism is governed 
by eq. 1, 2, 3, and 4. However, the concentrations B, 
E, and F could not be determined and only their sum

(CHg)s
A o

Dne +  q
(15)

is known. Moreover, no simple analytical way for 
simultaneous solution of the differential equations was 
found. Therefore the following procedure was adopted.

(a) The proportion between the fractions E/B and 
F/E is 8:9 at equilibrium111; the same proportion was 
assumed to exist during the whole course of the reac
tion, while the fractions themselves vary from 0 to their 
equilibrium value, i.e., k^/k^C and fc3/fc_3C, respec
tively.

(b) From this assumption, it can be shown that at 
any time

f  = V 9(A/ 4.5(CHg)s/B  -  3.5 -  1) (16a)
jD
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and

I  =  y*(V±.5(pKe)B/B -  3.5 -  l ) 2 (16b)
n

(c) From eq. 1, B =  (A +  i/ki)(dA/dt)/Ko, which 
yields B at any time from the values of A and dA/dt, 
obtained graphically.

(d) Using eq. 16a and 16b, E and F can be calculated 
at any time; B, E, and F are plotted against time.

(e) The values obtained from the previous steps are 
checked against the requirements of eq. 11 and 11a, 
the derivatives being obtained graphically.

(f) From eq. 1 and 2, we have

dB | 1 dA
—  H----------—  =  k-?E  —  k2BC
dt q df

Using fe/&-2 =  K 3 = 8 as found in part I yields

* > - ( £
(g) From eq. 4 we have

dF
k^F -  ksCE =  —  

dt
Using h/k^z = Ki = 9 as found in part I yields

Using eq. 12 to eliminate C , we obtain

F'
11 dA/ | dB' | dE' 

d£ di dt

+  hC)E ' (3Afc_ 3 -  foB)

and C  by difference.
Using the values of k2, &_2, lc3, and /c_3 obtained above 

gave values of C  and F' agreeing with the requirements 
of eq. 7, 9, and 12a. Using values different from the 
above by more than three times the experimental errors 
quoted gave negative or unacceptable values of these 
calculations. Inclusion of reaction A with reasonable 
rate constants led to distribution coefficients in dis
agreement with the experimental ones, and therefore 
this reaction was disregarded.

d F /
h  =  d i r CE ~ 1/gF)

Figure 2a-d shows the variation with time of the species 
A, B, E, and F as fractions of Hgtotai, as obtained by 
the above calculations. The experimental results 
yield the following values for the rate constants.

hi — 1.3 ±  0.2 X 10-1 kg. mole-1 sec.-1 
k3 — 6.2 ±  1.0 X  10-2 kg. mole-1 sec.-1 

A_2 =  1.6 ±  0.2 X  10-1 sec.-1 
k—3 =  6.9 ±  1.0 X  10-3 sec.-1

Turning to the partition of Br82 between the various
species, we have
(a) From (5)

B' = ( a 1 +  1/ ^ ) jK u

(b) From (5) and (6)

(c) From (5), (6), and (8)
1 dA/ dB ' dF ' _
q dt dt dt

k2BC' -  +  8/ ik-zF' -  ksCE'

Tims (min)
Figure 2. Variation with time of the species (HgBr2)0 (--------- ),
(HgBr2)s (— ------- ), (HgBr3“ )s (--------- ), and (HgBr42-)s
(—  — ) as fractions of Hgtotoi, the nitrate melt containing: 
a, 0.006 to;  b, 0.06 to; c , 0.2 m ;  and d,
0.6 to KBr, respectively.
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Figure 3a-d shows the variation with time of the 
species A ', B ' , C', E', and F' as fractions of Br82totai, as 
obtained by the above calculations.

Discussion

The transfer of HgBr from the organic solvent to 
the nitrate melt appears to be a comparatively slow re
action. HgBr2 is known to have tetrahedral coordi
nation both in the organic phase6 and in the nitrate 
melt1; however, the change from 7r-bonds to predomi
nantly ionic bonds might account for the low velocity.

Since the calculations involving Br82 appear to be 
self-consistent, it may be concluded that the initial 
assumption of neglecting direct isotope exchange with
out intervention of a nitrate group is correct. In other 
words, the rate of addition (loss) of nitrate to (from) the 
coordination sphere of mercury(II) is much larger than 
for bromide. This was to be expected for the following 
reason: the replacement of one ligand group by another 
necessitates a transition state where the mercury is 
either tri- or penta-coordinated. The formation of 
such an unstable transition complex would require a 
much higher activation energy if it should involve the 
formation or breaking of a predominantly covalent 
(Hg-Br) rather than a predominantly ionic (H g-N 03) 
bond. The importance of the nitrate groups in the 
partition mechanism is further shown by the fact that 
/c2, the rate of a reaction involving the replacement of 
one nitrate group out of two, is about twice as large as 
/c3, the rate of a similar reaction involving the replace
ment of the last nitrate group. The remarkably low 
value of fc-3 could be explained by added stability of 
the completely symmetric HgBr42_.

Acknowledgment. Thanks are due to Dr. Y. Marcus 
for helpful discussion, and to Mrs. H. Ackerman for 
technical assistance.

Figure 3. Variation with time of the species (HgBrBr*)0
(--------- ), (HgBrBr*)s (------------), (HgBr2B r*-)s ( ---------),
(HgBr3Br*~), (--------- ), and (Br*- ), (----------) as fractions
of Brtotai*, the nitrate melt containing: a, 0.006 m ;  b, 
0.06 to; c, 0.2 m ;  and d, 0.6 m  KBr, respectively.

(5) Y. Marcus, I. Eliezer, and M. Zangen, Transactions of the Tihany 
Symposium on Coordination Chemistry, Hungarian Academy of 
Science, 1964, p. 105.
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The Thermodynamics of Crystalline Hydrates

by M . F. C. Ladd and W . H . Lee

Crystallography Section and Chemistry Department, Battersea College of Technology, London S. W. 11, England 
(.Received November 12, 196If)

The lattice energies of some crystalline hydrates have been calculated, and the free energies 
of their formation from the anhydrous crystal, by the process M X(s) +  nH20(l) =  M X-n- 
H20 (s), have been estimated. The factors governing the formation of crystalline hydrates 
are discussed.

This investigation is concerned with the factors 
which determine whether a simple ionic compound will 
crystallize from aqueous solution in the anhydrous or in 
hydrated form at 1 atm. pressure and 25°. In the pres
ent paper we consider the free energy change for the 
process

M X(s) +  nH*0(l) =  MX-nHsO(s) (1)

where M X(s) represents the anhydrous crystal and 
M X '» H 20 (s) the corresponding hydrate with n mole
cules of water of crystallization.

We examine first the corresponding enthalpy term, 
AHw, obtained from

A Hw =  M iu — A Htl — n A //f(H20(g )) — nLSl0 (2)

where the AHt’s are standard enthalpies of formation, 
L h >o  is the latent heat of vaporization of water at 25°, 
and the subscripts 1 and 2 refer to the hydrated and the 
anhydrous crystals, respectively. The values of AHW 
for the rare earth sulfate oetahydrates—a closely-re
lated series of compounds—are given in Table I.

We choose the following simplified scheme to repre
sent the process of eq. 1. We imagine the anhydrous 
crystal to be expanded and distorted so that the ions 
occupy the sites appropriate to the hydrated crystal; 
water molecules are then introduced so as to form the 
hydrated crystal. In order to study the energetics of 
this process, and in particular the internal energy of in
teraction of water molecules held mainly by one of a 
variety of forces (coordinating (covalent), hydrogen 
bonding, or ion-dipole), we need to calculate the lattice 
energies of (1) the anhydrous crystal, (2) the expanded 
crystal, and (3) the hydrated crystal.

Lattice energies of hydrates do not appear to have 
been calculated, or even defined, previously. To be

Table I : Lattice Energies and the Enthalpy Term,
Affw, for the Rare Earth Sulfate Oetahydrates (kcal./mole)

— A f l f i -  A f f f , - A U l l - a Pi, - A H ,

Ce 953 1521 2313 2414 22
Pr (953) 1536 2329 2445 (37)
Nd 948 1525 2351 2452 31
Sm 955 1522 2373 2473 21
Eu 952 1526 2384 2488 25
Gd 942 1519 2382 2492 31
Tb 948 1517 2414 2514 21
Dy 942 1513 2432 2536 25
Ho 938 1509 2454 2558 25
Er 933 1504 2459 2563 25
Yb 929 1497 2481 2582 22
Lu 928 1496 2486 2587 22

consistent with the usual definition of the lattice energy 
as the energy released in assembling the lattice units, 
we define the lattice energy of a hydrate M X  • wll20  as 
the energy change of the process

M + ( g )  +  X - ( g )  +  w H 20 ( g )  =  M X '» H 20 (s ) (3)

From the relevant Born-Haber cycles

AHh =  A L L , — 2  (4)

A H u =  A H u -  2 -  n A F f(H 20 ( g ) )  (5)

where 2 is the sum of the heats of formation of the gas
eous ions M + and X - . For example, in the case of 
sodium bromide

S  =  J n s  +  &STa +  V ^ B r j  +  E b t  ( 6 )

in which I  is the ionization potential and S the sub
limation energy of the metal, D is the dissociation
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Mg+(g), X -(g )  M+(g), X -(g ) , nH2(g), (n /2 )02(g)

>

nAHf(H20, g)

-M+(g), X -(g ), nH20(g)
AH h

M X(s)' f A H h

\  [AHW +  nA i/f(H20, g) +  
\  nL(.H20,1 )]

’MX-nH20(s)

Figure 1. The modified Bom-Haber cycle relating 
to the formation of crystalline hydrates.

energy of the bromine molecule, and E the electron 
affinity of the bromine atom.

The relevant energy levels are shown in Figure 1, in 
which it will be noticed that the term nL(H20  (l)) ap
pears only on the left-hand side of the figure. This is 
because of the way in which we have defined the lattice 
energy of the hydrated crystal; we consider the water 
molecules in the lattice as essentially in the gaseous 
state, individually bonded to ions as well as to other 
water molecules, whereas A H W is defined by eq. 1 as in
volving liquid water. If we had defined the lattice 
energy in terms of the interaction of the ions with liquid 
water, the term nH(H20(l)) would have appeared 
explicitly in this part of the cycle.

The lattice energies A Hi, and A Hi, are included in 
Table I; the relationship between A Hi, and A H h is

A H i =  A H i +  m R T  (7)

where m is the number of moles of individual species per 
formula weight; for example, in NaBr, mi = 2; in Na- 
Br • 2H20, m2 = 4. The sources of data for the calcula
tion of lattice energies, i.e., of AHf and the components 
of 2 in eq. 5, have been listed previously.1’2

The value of Aflf, for Pr2(S04)3-8H20  does not fol
low the general trend along this series and has been 
omitted in calculating the average value of AHw, which 
is —25 ±  3 kcal./mole. Recently, Wendlandt3 has 
studied the dehydration of this series of compounds by 
differential thermal analysis; from his results we ob
tain the average value —28 ±  6 kcal./mole for A H W. 
The average increment of AHw per mole of water is 
— 3.3 ±  0.5 kcal. within this series.

In contrast to these closely related compounds, we 
consider next a series in which the mode of attachment 
of the water varies, as for example in CuS04-5H20  (in 
which the water is mainly covalently bonded to the 
Cu2+ ion), KF-2H20  (in which the water is mainly hy
drogen bonded), and BaCl2-2H20  (in which the water

molecules are bound mainly by ion-dipole interaction). 
The lattice energies and the values of AHw are given in 
Table II.

Table II: Lattice Energies and the Enthalpy Term,
AH w ,  for Miscellaneous Hydrates MX-nHiO (kcal./mole)

n -Afff, -A  H h - a Hi, -AUl, -AHW

CaS04 V i 342.4 376.5 621 626 0.0
LiOH 1 116.5 188.8 228 242 4.0
LiCl 1 97.7 170.3 201 215 4.3
BaCk 1 205.6 278.4 494 508 4.5
CaS04 2 342.4 483.1 621 645 4.1
BaCk 2 205.6 349.4 494 521 7.2
NaBr 2 86.0 227.3 174 198 4.7
KF 2 134.5 277.0 190 215 5.9
CuF2 2 126.9 274.5 722 739 11.0
BeCk 4 122.3 436.8 717 798 41.3
CuSOi 5 184.0 544.5 733 801 19.0
NiCk 6 75.5 505.9 655 676 20.6
Na2C03 10 270.3 975.6 522 644 22.3

To compare these values with one another and with 
those of the rare earth series, AHw per mole of water of 
crystallization is calculated and listed in Table III.

Table III: The Enthalpy Term A p e r  Mole of Water of 
Crystallization (kcal.)

Ce-Lu sulfates-8H20

Aff»

3.3 NaBr-2H20

- a Hw 

2.4
CaSOc0.5H2O 0.0 KF-2H20 3.0
LiOH-H20 2.0 CuF2’2H20 5.5
LiCl-H20 2.2 BeCk-4H20 10.3
BaCk-H20 4.5 CuS04-5H20 3.8
CaS04-2H20 2.1 NiCk-6H20 3.4
BaCk-2H20 3.6 N a2C03 • 10H2O 2.2

The manner in which the water is bound in the hy
drates is not apparent from the relative magnitudes of 
AHw. Observing the large value of AHw for BeCl2 • 4- 
H20 , we next calculate A //w for the dichlorides of the 
alkaline earth metals (Table IV). It will be seen that 
AHw becomes less negative with increasing radius of the 
cations; the Pauling radii4 are given in Table IV. This

(1) M. F. C. Ladd and W. H. Lee, “ Progress in Solid State Chemis
try,” Yol. I, R. C. Vickery, Ed., Pergamon Press Ltd., London, 
1964.
(2) M. F. C. Ladd and W. H. Lee, J. Inorg. Nucl. Chem., 11, 264 
(1959).
(3) W. W. Wendlandt and T. D. George, ibid., 19, 245 (1961).
(4) L. Pauling, “ The Nature of the Chemical Bond,” Cornell Uni
versity Press, Ithaca, N. Y., 1948.
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Table IV : Calculation of AH w  (kcal./mole of water)
and Pauling Radii, r +  (in A.)

BeCh-4- MgCI2-6- CaCh-6- SrCL-2- BaCl2*2-
h 2o H2O H ,0 H2O H2 0

1 0 . 3 5 .7 3 .9 3 .2 3 .6
0 .3 1 0 .6 5 0 .9 9 1 .1 3 1 .3 5

is typical of the variation in AHw along a series involv
ing a common anion.

To evaluate the free energy change AGw we consider 
next the corresponding entropy change ASw for the reac
tion of the anhydrous crystal with water, specified in 
eq. 1. This would be expected to lead to a decrease in 
entropy, since the water molecules will lose transla
tional and rotational degrees of freedom, or at least 
rotation will become hindered.

Table V : The Entropy Term A a n d  Related Entropies 
(cal./mole deg.) for the Rare Earth Sulfate Octahydrates

Su zsEl — A/Sf, Sl, 2Se 2 - as f, ASW

Ce 116 344 228 183 790 607 7 7

Pr 106 344 238 123 790 667 (137)
Nd 82 344 262 153 790 637 83
Sm 82 344 262 156 790 634 80
Eu 89 344 255 146 790 644 97
Gd 92 344 252 156 790 634 90
Tb 92 344 252 156 790 634 90
Dy 92 344 252 155 790 635 91
Ho 92 344 . 252 155 790 635 91
Yb 93 345 252 160 791 631 87
Lu 93 345 252 160 791 631 87

In Table V, AS„ is listed together with the relevant 
quantities from which it was calculated6; in this ref
erence the entropies of formation, but not the absolute 
entropies of the anhydrous and the hydrated com
pounds, are listed. We may evaluate ASW as follows.

The entropy of formation A $ f  of a  crystalline com
pound is the difference between its lattice entropy Si 
and the sum of the entropies of the constituent ele
ments in their standard states, SiSE; thus, for the hy
drate

AiSfj =  Si, , — 2 $ e 2 (8)

and for the anhydrous compound

A $ f , =  S u  — 2/SEl (9)

Thus from eq. 8 and 9 Si* and Su may be calculated. 
We are encouraged to obtain lattice entropies in this

way because, where they have been tabulated6 the re
sults are in good agreement.

The entropy change ASW for the rare earth sulfate 
octahydrates, like the corresponding enthalpy change 
AHW, is nearly constant. The average value of A$w is 
—87 ±  4.5 cal./mole deg., or —10.9 ±  0.6 cal./deg. 
per mole of water. Thus for reaction 1 the average 
value of AGw is 1 kcal./mole; the internal energy of in
teraction of water with the ions in the crystal is about 
26 kcal./mole, which is insufficient to reverse the effect 
of the large entropy decrease. The entropy of liquid 
water is 16.7 cal./mole deg., and most of this is lost by 
the interaction of water molecules, on specific lattice 
sites, with the ions. We do not attach particular 
significance to the fact that AGw is positive for certain 
compounds in this series; this quantity is certainly neg
ative for the compounds of Pr, Nd, and Gd. There 
may be some uncertainty in the thermodynamic data 
used in these calculations; a change of —2 kcal./mole 
in AHv would produce a negative A(7W in all cases, while 
changing the lattice energy by only 0.1%.

In Table VI, the entropy and free energy changes, 
ASw and AGw, are given for the crystal types exempli
fied in Table II. An average value for AS„ cannot be 
quoted, because the results vary widely among the dif
ferent hydrates examined. The entropy and free en
ergy changes are always negative for reaction 1, de
spite the fact that Su is appreciably greater than

; the entropy increase (Su — Su) in no case is able 
to compensate for the loss of entropy of the water.

Table VI: Free Energy Data per Mole of Water of 
Crystallization (kcal.) and Entropy Data (cal./mole deg.) for 
Miscellaneous Hydrates, MX-nH20

n — A(?w S u Sl ,
(Sl, -  

Sli) - AS„

CaS04 V . - 1 .6 25.5 31.2 5.7 2.7
LiOH 1 2.0 12.0 22.0 10.0 6.7
LiCl 1 1.8 16.6 24.8 8.2 8.5
BaCk 1 2.5 30.0 40.0 10.0 6.7
CaS04 2 0.0 25.5 46.4 20.9 13.5
BaCk 2 1.4 30.0 48.5 18.5 14.9
KF 2 1.1 15.9 36.0 20.9 12.5
CuF2 2 2.9 20.2 36.2 16.0 17.4
BeCk 4 8.1 20.5 58.1 37.6 29.2
CuSOi 5 1.6 27.1 73.0 45.9 37.6
NiCk 6 0.9 25.6 75.2 49.6 51.4
MgCk 6 4.0 21.4 87.5 66.1 33.9
Na2COs 10 1.4 39.3 180.3 141.0 26.0

(5) P. G. Maslov and Y. P. Maslov, Izv. Vysshikh, Ucheb. Zava- 
denii Khim. i Khim. Tekhnol., 2, 516 (1959).
(6) W. M. Latimer, “ Oxidation Potentials,”  2nd Ed., Prentice-Hall 
Co., Inc., New York, N. Y., 1956.
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The value of — AGw for BaCl2-H20  from Table VI is 
greater than that for BaCl2-2H20 , per mole of water; 
for the change

BaCl2-H20(s) +  H20(1) =  BaCl2-2H20(s) (10)

AGv must be only —0.3 kcal./mole. Successive water 
molecules produce progressively smaller contributions 
to the free energy change of hydrate formation ; this is 
well illustrated by the magnesium chloride hydrates, 
MgCl2-nH20

n => 1 n = 2 n =» 4 n = 6

—AGv (kcal./mole) 7.8 12.3 22.0 24.0
—AGw/ra (kcal./mole of H20  ) 7.8 6.2 5.5 4.0

We have considered the thermodynamics of reaction 
1; as expected, this reaction is accompanied by a de
crease in free energy where a stable hydrate is formed 
by this process. We conclude this paper by suggesting 
reasons why certain of the alkali metal halides crystal
lize from solution, under normal conditions, in hydrated 
form.

In Figure 2, H indicates that a hydrate is formed by 
the corresponding halide.7 If we envisage the forma
tion of the hydrate according to the scheme already out
lined

lattice (anhydrous — >  expanded lattice (anhydrous 
crystal) crystal)

.Ei.jFh

lattice (hydrated crystal)

the process of expanding the anhydrous lattice and of 
rearranging its structure to that of the hydrated crystal

F Cl Br I

Li H H H

Na (H) H H

K H

Rb H

Cs H

Figure 2. The occurrence of hydrates in the alkali 
metal halide series [(H), below —5°].

does work against the coulombic energy f70; the hy
drate then stabilizes its structure by ion-dipole inter
actional energy E i and/or hydrogen-bond energy Eh.. 
Considering the chlorides and bromides of the alkali 
metals, we suggest that (Ei +  Eh) is the determining 
factor in hydrate formation. For example, although 
U0 is less negative for potassium bromide than for so
dium or lithium bromides, (F ; +  Eh) is also less and 
cannot stabilize a hydrated form of potassium bromide. 
In the case of potassium fluoride, Uc is much more nega
tive than in potassium bromide, but Eh is enhanced by 
the formation of F -H -0  bonds and stabilizes the hy
drate structure. Presumably, in sodium fluoride and 
lithium fluoride the relative magnitudes of these changes 
are reversed, and stable hydrates are not formed.

In subsequent work we shall consider the quantita
tive aspects of lattice expansion and hydrate formation 
in terms of this scheme.

(7) “ Supplement to Mellor’s Comprehensive Treatise on Inorganic 
and Theoretical Chemistry,” John Wiley and Sons, Inc., New York, 
N. Y. Vol. II, Suppl. II, 1961, and Vol. II, Suppl. Ill, 1963.

Volume 69, Number 6 June 1965



1844 J. A. Jackson and H. T aube

Chemical Shifts in the Nuclear Magnetic Resonance Absorption 

for Oxygen-17 in Oxy Ions1

by J. A. Jackson and H . Taube

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico 
(.Received November 16, 196If)

Chemical shifts in the oxygen-17 n.m.r. absorptions for the bridging and terminal oxygens 
of Cr20 7-2 are reported. The broadenings of these signals, and of that for the solvent 
caused by adding acid, are interpreted as arising from the operation of the Cr20 7 -2-H C r0 4-  
equilibrium catalyzed by H+. The specific rate fc2 multiplying the function (H+)(Cr20 7-2) 
is calculated as 1.3 X 104 m-1 sec.-1 in 3.1 m Na2Cr20 7 at 15 ±  1°. The n.m.r. absorption 
of M n().r is shifted by Co+2, suggesting appreciable complex formation; it is broadened 
by M n04-2, and this broadening can be accounted for by electron exchange between M n04~ 
and M n04-2. A  solution of S02 in water shows a single peak, at the position expected for 
the averaging of the S02 and solvent peaks. Exchange of oxygen between S02 and H20  
as solvent is rapid, the half-time being less than 10-3 sec. Shifts for a number of oxy ions 
not previously reported are included in this paper.

Introduction

Chemical shifts in the nuclear magnetic resonance 
(n.m.r.) absorption for oxygen-17 in oxy ions have been 
reported by Figgis, Kidd, and Nyholrn.2 Early in our 
work exploring n.m.r. effects for O17 in solutions, we 
made a survey of chemical shifts for oxy ions. Where 
we have measurements on the same ions, namely for 
M n04- , Cr04-2, Se04-2, M o04-2, C104- , C103- , 
and C 03-2, our values agree with theirs, within the 
limits of experimental error, which for our measure
ments we assess as 0.1 part in 104 (10 p.p.m.). We 
have observations for a number of oxy ions not re
ported on by Figgis, et al., which we deem worthy of 
publication even though refined measurement with 
samples enriched in O17 may reveal effects which were 
hidden from us. At the very least, our data can help 
to guide the initial efforts of others planning research 
in this field. In particular, we wish to report our 
results for solutions of Na2Cr20 7. We have observed 
the peak for the bridging oxygen displayed separately 
from that of the terminal (nonbridging) oxygen, and 
have studied the effect of acid in broadening these 
signals, and the signal for the oxygen contained in 
the solvent.

Experimental
The spectra were taken at 6, 7, or 8 Me. on a Varian 

wide-line n.m.r. spectrometer as described previously.8 
Unless otherwise stated, the samples were in H20  of 
normal abundance in O17 (0.04%) or in D 20  enriched 
to about 0.1% O17. All shifts (AH/H0) are reported 
as parts per 104, a paramagnetic shift being given a 
negative sign. The temperature in all the experi
ments was 20 ± 1 ° .

Results
The System CnO^2 3 +  H20. In Figure 1 is dis

played the n.m.r. spectrum in the dispersion mode 
for a solution approximately 2 m in Na2Cr20 7 made up 
in water ca. 1.4% in O17. We observe three peaks lying 
at +0.07, —3.38 ±  0.05, and —10.90 ±  0.05 relative 
to a sample of pure water enriched in O17. The in
tense absorption at the left is evidently that of the

(1) Work done under the auspices of the U. S. Atomic Energy 
Commission.
(2) B. N. Figgis, R. G. Kidd, and R. S. Nyholrn, Proc. Roy. Soc. 
(London), A269, 469 (1962).
(3) J. A. Jackson, J. F. Lemons, and H. Taube, J. Chem. Phys., 38,
836 (1963) ; 32, 553 (1960) ; W. B. Lewis, J. A. Jackson, J. F. Lemons,
and H. Taube, ibid., 34, 694 (1962).
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Figure 1. Oxygen-17 n.m.r. spectrum of Na2Cr207 (~ 2  m) in 
water (enriched to ~1.4%  in 0 17). Derivative of dispersion.

HgO OXYGEN-17 NMR SPECTRUM 
SOLVENT NagCi-gO., IN H„0 
OXYGEN

1 ? ? rO-Cr-O-Cr-O 
BRIDGING 1 ' A /

 ̂ OXYGEN v u U '
NONBRIDGING
OXYGEN

..I—i i 1 i 1 i f i 1 r 1 i f r 1 i 1 i 1 i J________0 -5 -10
AH/H0 (PARTS/I04)

Figure 2a. Oxygen-17 n.m.r. spectrum of Na2Cr207 (~ 2  m) 
in water (1.4% 0 17). Derivative of absorption.

solvent, that of intermediate intensity at the right we 
attribute to the terminal oxygens of Cr20 7-2 (our shift 
is close to that reported by Figgis, et al.,2 but outside 
the limits of error placed by them on their results), 
and that of lowest intensity we attribute to the bridging 
oxygen. This assignment is consistent with the in
tensity of the peak at the right compared to that at 
— 3.38 (the ratio lies between 5 and 7) and with the 
behavior of this peak when acid is added, as will be 
discussed more fully later. Figure 2a shows a trace 
in the absorption mode. Figure 2b shows an absorp
tion trace at higher gain in which we observed a peak 
of still lower intensity at — 9.0 which is probably caused 
by HCr04~ present at equilibrium with Cr20 7-2 (note: 
Cr04-2 lies at —8.3). Equilibrium quotients applicable 
to the very concentrated solutions we found it neces
sary to use have not been reported. Those appli
cable4-6 to lower ionic strength place the equilibrium 
concentration of HCr04-  at ~ 0 .3  and this is probably 
accurate to better than one order of magnitude. The 
peak width for HCr04-  is expected to be particularly 
sensitive to acid; this, and the low intensity, may ex
plain why we did not observe it in all samples.

The width of the absorption peak for solvent water 
in the presence of Cr20 7-2 is essentially identical with 
that which we observe for pure water and thus the 
operation of the equilibrium process

Cr20 7-2 +  H20  =  2HCr04-  (1)

is not contributing to broadening of the n.m.r. signals. 
The rate of hydration of Cr20 7-2 has been measured 
by oxygen exchange studies,7 and by a relaxation 
technique,8 and values for the specific rate for the first- 
order process of 3.3 X  10-3 sec.-1 4 and 2.7 X 10-2 
sec.-1,4 5 respectively, have been reported. These

values are not in conflict. Some of the oxygen ex
change studies were done in 3 M  solution, and the cal
culation of the specific rate quoted involved the use of 
equilibrium quotients6 which are not known for such 
concentrated solutions. The relaxation technique was 
applied to solutions of ionic strength 0.1 M. Even 
using the larger of the specific rates, no measurable 
contribution to line broadening by the process fc4- 
(Cr20 7-2) is to be expected.

The line widths are insensitive to the introduction 
of Na2Cr04 at low concentrations, but are sensitive to 
the introduction of HC104. In Figure 3, we show the 
dispersion mode for the solution used for the trace of 
Figure 1 but with 0.06 M  HC104 added. The marked 
broadening of the water and terminal oxygen peaks 
is evident, and the peak for the bridging oxygen has 
been so much broadened as not to appear.

In Figure 4 we show data on the line width of the 
three peaks as a function of concentration of acid in a 
solution 3.1 m in Na2Cr20 7. The line broadening is 
consistent with a linear variation in (H +) but the data 
are too sparse and imprecise to demonstrate that the 
variation really depends exactly on the first power of
(H+).

The broadening is greatest for the bridging oxygen 
and least for the solvent. The broadening for the sol
vent, though small, is unmistakable, and shows that 
the solvent is part of the exchange pool which is causing

(4) W. M. Latimer, “ Oxidation Potentials,”  Prentice-Hall, Inc., 
New York, N. Y „ 1952.
(5) At (j = 0.1, G. Schwarzenbach and J. Meier, J. Inorg. Nucl. 
Chem., 8, 302 (1957).
(6) At n = 3.0, Y. Sasaki, Acta Chem. Scand., 16, 719 (1962).
(7) H. Baldwin, private communication.
(8) J. H. Swinehart and G. W. Castellan, Inorg. Chem., 3, 278 
(1964).
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Figure 2b. Derivative of absorption at higher gain.

Figure 3. Oxygen-17 in 2 m  Na2Cr207 with 
0.06 M  HCIO4 added. Derivative of dispersion.

the broadening. We shall show that the effects are 
consistent with the operation of equilibrium 1, the hy
dration of C12O7” 2 now not being spontaneous, but 
catalyzed byH+.

If we let the rate of the process fc2(H +)(Cr20 7-2) as 
given in m-1 sec.-1 of water, oxygen be given by R, 
then the rates of the three exchange processes are: 
bridging to nonbridging =  3/J2, nonbridging to water 
=  3/JR, and water to bridging =  1/sR, with, of course, 
forward and reverse rates the same in each case. 
The derivation of two of the relations will be given to 
illustrate how they come about. The reaction of 
H2O with Cr20 7-2 produces H C rO gO b -  and HCr- 
0 30 w~, where subscripts w and b identify solvent and 
bridging oxygen. When H C r 0 80 b~  and HCr03Ow-  
recombine to form Cr207-2, solvent oxygen is restored 
to solvent in Vs of the events, becomes bridging oxy
gen in Vs of them, and becomes nonbridging in 6/g of 
them.

To relate these rates to the line broadening, which 
from the shapes of Figure 1, we take at 0.06 m H + to 
be 7.5 X 102, 2.3 X  102, and 48 c.p.s. for bridging, 
terminal, and solvent oxygen, respectively, we must 
take account of the abundances of the oxygen species. 
For our treatment we assume that SH/H ~  1 /T 2 and

Figure 4. Line width of O17 resonance in aqueous 
Na2Cr20 7 as a function of acidity.

thus, in an approximate manner, from the broadening 
observed for each of the species of oxygen, we can cal
culate the rate R. It should be noted that the total 
fluxes for the bridging, terminal, and solvent positions 
are 7/«R, 1.5R, and 7/¡R, and that the concentrations 
of the three kinds of oxygen in g.-atoms/lOOO g. of 
H20  are 3.1, 18.6, and 55.5, respectively. Thus we 
have the relations

7/sR =  3.1 X  7.5 X 102 X y/3/2

1.5R =  18.6 X 2.3 X 102 X y/3/2

7/8R =  55.5 X 48 X y/3/2

where the factor s/S/2 is to convert width between 
points of maximum slope to widths at half-height. 
These yield for R the values of 2.3 X 103, 2.5 X  103, 
and 2.6 X 103 to-1 sec.-1. The three self-consistent 
values of R prove that the line widths are due to un
certainty broadening. Taking the mean value of R 
to be 2.5 X  103 m-1 sec.-1, the specific rate for the hy
dration of Cr20 7-2 by the path fc(H+)(Cr20 7-2) is 1.3 X 
104 m-1 sec.-1. The specific rate would be approxi
mately 30% greater on a molar basis. Using either 
scale, it is clear that the rate at which the C^Cb-2-
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HCr04-  equilibrium is established is profoundly af
fected by acidity, in accord with the qualitative ob
servation of Schwarzenbach and Meier.6 * *

No appreciable shifts in the positions of the H20  
and terminal oxygen peaks are observed even at 0.06 
M (H+). The peak for the bridging oxygen, however, 
seems to have shifted slightly toward that for the 
terminal oxygens and appears at —3.5 when (H+) =  
0.06 M.

In another series of experiments at higher acid, the 
concentration of Na2Cr20 7 was varied, keeping the 
ionic strength constant by using Na2S20 8 to replace 
Na2Cr20 7. The results of these experiments are sum
marized in Table I.

Table I : Broadening in N.m.r. Absorption of O17 in H20  
Caused by Acid Dichromate

(Na2Cr20 2) +  (Na2S20 8) = 0.8 M ;  (HC104) = 2 M

Expt. no. (Na2Cr20 7) Line width

1.0 0 .0 0 0 .1 0
l . i 0 .1 6 0 .2 2  ±  0 .0 2
1 .2 0 .3 6 0 .3 5  ±  0 .1
1 .3 “ 0 .8 0 0 .7 5  ±  0 .1

“ Solution 1.3 is 0.96 m Na2Cr2C>7 and 2.4 m HCIO4.

The line broadening is at least approximately linear 
in (H+). It is furthermore approximately of the 
magnitude expected from the operation of the mech
anism discussed more fully above. If the difference
in ionic strength are neglected, the broadening ob
served in experiment 1.3 is expected to be 12 times that
for the experiment of highest acidity shown in Figure
1. The actual ratio of the broadenings is a factor of
11 ±  3. The peak observed in the data shown in
Table I is by no means that resulting from the coales
cence of the three component peaks. The water peak 
has shifted to —0.30 for the solution used in experi
ment 1.3; if the rate of exchange were so rapid that the 
peaks would coalesce, the resulting peak would be 
expected at ca. —1.1, that is assuming that the nature 
of Cr20 7~2 is not altered by adding 2 M  HCIO4 to the 
solution.

Despite the fact that substitution in Cr(III) is slow,
chromate complexes of Cr(III) form rapidly9 * 11 because 
bond rupture can take place at the Cr(VI) rather than 
the Cr(III) center. However, no shift was observed 
in the absorption peak of the terminal oxygen in Cr2-
0 7~2 when 0.6 M  Cr(N 03)3 was added to a 3.5 M
solution of Na2Cr20 7. This result may merely mean 
that although formation of the Cr20 7~2 * * complexes is 
rapid compared to those of most Cr(III) complexes,

the process is still too slow to make the bound and 
unbound Cr20 7~2 equivalent with respect to n.m.r. 
absorption.

Some Observations with MnO/T in Water. Solutions 
of M n04~ were prepared by dissolving NaM n04 
of normal isotopic composition in water enriched in 
O17 to the level of 1.8%. No attempt was made to 
measure the rate of exchange, but it was found to be 
substantially complete in 5 days at room temperature, 
in 0.5 M  HCIO4 or 0.2 M  NaOH. In each solution 
M n02 was also present because the solid sodium per
manganate had undergone some decomposition on 
storage and there is the possibility that the oxide in
creased the rate of exchange (the solutions were filtered 
before the n.m.r. spectra were taken).

Oxygen-17 in M n04~ was found at —12.3 ±  0.1 
parts/104 with respect to pure H20 17. The line width 
for M n04_ in acid solution is about 0.45 part/104 and 
the line shape gave evidence of saturation even at 
relatively low radiofrequency power levels.

The effect of Co+2 on the n.m.r. absorptions for 
M n04~ was investigated, for the interest this has in 
comparison with C104_ which has the same charge 
and geometry. In 0.36 M  M n04~, a concentration 
of 0.43 M  Co(C104)2 caused a shift of —0.48 ±  0.05 
part/104 from the normal position of —12.3. This is 
much greater than the shift of O17 in C104~ (less than 
0.2 part/104 from the normal C104_ position of 
— 2.8 with respect to pure H20 17) under the same con
ditions.

Significant conversion of M n04~ to a complex is 
required to produce a shift of the magnitude recorded, 
but these data provide no firm basis for calculating an 
equilibrium constant for the association. An estimate 
can be made if it is assumed that the molal shift for 
each M n04~ oxygen is the same as that for a water 
oxygen. Then for each species, the molal shift at con
stant (Co+2) is proportional to the bound oxygen com
pared to the total. For the solvent, this ratio for our 
solution is approximately (6 X 0.4)/52 (the coordina
tion number of Co+2 is taken as 6), and the shift for 
the solvent was measured as —7.3 ±  0.2 parts/104. 
Thus the ratio bound to total for M n04~ can be cal
culated as (6 X 0.4)/52 X  (0.48)/7.3 =  0.003 and the 
equilibrium quotient for the association constant as 
0.003 X 4/0.4 =  0.03. The factor four enters be
cause for each permanganate oxygen directly bound 
to Co+2, four are contained in the complex.

Unfortunately, there are no comparative data which 
give us a means of judging how good the assumption

(9) E. L. King and J. A. Neptune, J. Am. Chem. Soc., 77, 3186 
(1955).
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we introduced is, but it seems likely that it is good to at 
least one order of magnitude.

The O17 n.m.r, absorption in M n04-  for the solution 
in 0.2 M  NaOH showed much less tendency to saturate 
than in acid solution. When the alkalinity was in
creased to 2.5 M  and enough Nal was added to generate 
ca. 0.01 M  M n04-2, the relaxation time increased as 
evidenced by the fact that the absorption showed a 
greater tendency to saturate.

When enough Nal was added to generate 0.08 M 
M n04-2, the absorption peak was broadened by 0.5 
part/104 to about 1.0 part/104. This effect we can 
with some confidence ascribe to electron exchange be
tween M n04-  and the paramagnetic species M n04-2. 
From the observed broadening and the concentrations 
(0.7 M  M n04-  and 0.08 M  M n04-2) we calculate for 
the specific rate of the exchange process the value 
7 X 10s M~l sec.-1 which can be compared to 3 X 
103 M ~l sec.-1 at 21.0° and n =  0.16 as obtained by 
isotopic tracer methods and 4.5 X 10s ilf-1 sec.-1 at 
15.0° and ¡j. =  1.3 as interpolated from the results of
n.m.r. measurements10 using Mn66. Allowing for the 
differences in ionic strength, our value is consistent with 
those which have been published.10’11

We are unable to explain the change in the n.m.r. 
absorption characteristics of M n04-  caused by the 
first increment in M n04-2. In general terms, the be
havior observed means that a potent agent for re
laxing the nuclear spins was generated in the slightly 
alkaline solution and was destroyed by the first por
tion of sodium iodide which was added.

Even at 0.1 M  M n04-2, no shift in the peak position 
for M n04-  is observed. This presumably means that 
the absorption peak for M n04-2 experiences a para
magnetic shift so large that the frequency correspond
ing to the M n04- -M n 0 4-2 peak separation is large 
compared to the rate of exchange.

The SO2-H 2O System. Observations with S02 in 
water show that oxygen exchange between solute and 
solvent is so rapid that the two peaks coalesce. In 
one experiment, enough S02 was added so that we 
were dealing with a two-phase system. Peaks at 
— 5.2 and —0.83 were observed, the former ascribable 
to liquid S02 and the latter to a coalescence of the water 
peak with that of S02 dissolved therein. This peak is 
quite close to that expected for the averaged peak, 
assuming that the species S02 in water has the same 
shift as it has in the liquid (i.e., its chemical nature is 
unaltered by water) and taking into account the rela
tive amounts of S02 and H20  oxygen in the aqueous 
phase. There appear to be no solubility data for our 
conditions ±15° but an estimate of the solubility can 
be made from data covering the temperature range

20 to 60°.12 If we assume that solubility is propor
tional to pressure, correct for the change in activity 
of S02 caused by the dissolution of H20 13 in liquid 
S02 assuming Raoult’s law, and extrapolate the data 
to our temperature, we calculate that the aqueous 
phase contains 5.2 g.-atoms of H20  oxygen for each 
g.-atom of S02 oxygen. With this proportion of the 
two kinds of oxygen, the averaged peak would be ex
pected at —0.84 ( —0.83 observed). This agreement 
indicates that no large fraction of the S02 is converted 
to a form such as H2S03, a conclusion consistent with 
that based on Raman work.14 15 Sulfurous acid would 
be expected to have shifts fairly close to those recorded 
for Na2S03 and NaHS03 (vide infra). Since the S02-  
H20  peaks coalesce, a lower limit on the rate of oxygen 
exchange between S02 and H20  can be calculated. 
If the rate of exchange is defined by the equation 
R =  k(S02), the value of k must exceed 10s sec., a 
value somewhat outside the limits on the rate of hy
dration set by von Biinau and Eigen.16

The solubility of H20  in S02 is approximately 0.04 
g.-atom of H20  oxygen for each g.-atom of S02- 
oxygen. If exchange were rapid in the S02 phase, 
a shift from —5.2 to —5.0 would be expected, but no 
appreciable shift is observed. It is of course entirely 
in order that exchange be much slower when S02 is 
solvent than when H20  is solvent.

The chemical shift we observed for S03-2 was —2.35, 
and for 5 M  NaHS03,16 it was —1.67. In the latter 
solution, HS03-  and S20 6-2 are probably in labile 
equilibrium. When 0.5 M  HC1 is added, the water 
peak is shifted to —0.30 ±  0.05. The position of the 
S(IV) peak is left unaltered, probably because of com
pensating effects— on the one hand, formation of S02 
with a large paramagnetic shift, and on the other, ad
mixture with water oxygen. Both the H20  and 
“ HS02- ”  peaks are broadened by the addition of acid. 
The dynamic processes occurring in this system can 
probably be studied by the O17 n.m.r. technique, but 
oxygen at a higher level of enrichment than we had at 
hand when these experiments were done will be needed 
to unravel the complex effects.

(10) O. E. Meyers and J. C. Sheppard, J. Am. Chem. Soc., 83, 4739 
(1961); see also A. D. Brett and W. M. Yen, ibid., 83 , 4516 (1961).
(11) J. C. Sheppard and A. C. Wahl, ibid., 79, 1020 (1957).
(12) W. E. Beuschlein and L. O. Simensen, ibid., 62, 610 (1940).
(13) K. Wickert, Z. anorg. allgem. Chem., 239, 89 (1938).
(14) H. Nisi, Japan. J. Phys., 6,1 (1930); P. Fadda, Nuovo Cimento, 
9, 168 (1932); W. J. Nijveld and H. Gerding, Nature, 137, 1060 
(1936).
(15) G. von Bttnau and M. Eigen, Z. physik. Chem. (Frankfurt), 7, 
108 (1956).
(16) SiOs-2 is probably the dominant form in these solutions; H. 
Simon and H. Kriegsmann, Ber., 89, 2442 (1956); H. Simon and K. 
Waldman, Z. anorg. aUgem. Chem., 283, 359 (1956); 281, 135 (1955).
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Miscellaneous Oxy Ions. For a number of oxy ions, 
absorption only at the solvent position was observed. 
For a number of solutions the absorption was broader 
than for pure water, but we are not certain whether 
this was caused by the increased viscosity of the salt 
solutions or by a more chemical effect. Absorption 
only at the solvent position was observed for the fol
lowing solutions: 4.5 M  H3PO4, 3 M  NaH2PC>4, 2 
M  Na6(P 03)6 (broad), 1.5 M  H-As04 +  1.5 M  NaH2- 
As0 4, 6 M  NaAlOs, 1.7 M  Na2Si03, 2.5 M  NaC102, 
and 6 M  NaClO. For none of these, with the possible 
exception of the aluminate and arsenate, is exchange 
of oxygen between the anion and solvent so rapid that 
the solvent and oxygen peaks coalesce; even if this were 
the case for these two species we would conclude that 
the chemical shift for oxygen in the oxy ion is not sig
nificantly different from that for water, because no shift

(within ±0.05 part in 104) in the water peak is ob
served. For the other solutions, either the oxy ion 
peak is so broadened, presumably by a quadrupole in
teraction, as to be undetectible, or the peaks coincide 
with those for water. A simple experiment with the 
solution of phosphoric acid served to demonstrate that 
in this case the latter situation obtains. When about
0.2 M  Co(C104)2 is present, the water peak is broadened 
and shifted to —2.9; another peak, quite broad, can be 
discerned at —1.7, and this is undoubtedly the peak for 
H3PO4, apparently also shifted and broadened by Co+2. 
When a similar experiment was done with the arsenate 
solutions, a single broad peak at —3.5 was observed.

Acknowledgments. We wish to thank Dr. B. B. Mc- 
Inteer and Mr. R. M. Potter of this laboratory for pro
viding the supply of enriched oxygen-17.
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Catalytic Deuterium-Exchange Reactions with Organics. X IX .1 x-Complex 

Adsorption in the Exchange of the Alkylbenzenes
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A theory for the x-complex adsorption of aromatic molecules on transition metal catalysts 
has been described in detail. The importance of this mode of interaction both on reagent 
displacement effects and the activation energy in C -H  bond rupture has been discussed. 
Two new mechanisms, termed the associative and dissociative x-complex substitution 
mechanisms, have been proposed. The latter mechanism is of major importance in heavy 
water-aromatic exchange and has certain advantages in the interpretation of these reactions 
when compared with conventional associative and dissociative mechanisms. The concept 
of 7r-complex adsorption has been evaluated using data from the deuteration of alkyl
benzenes. Consistent with 7r-complex adsorption, alkylbenzenes adsorb less strongly than 
most polycyclic aromatics. Adsorption strength decreases with increasing bulk and in
creasing symmetry of the methyl substituent. Orientation effects, trends in exchange 
rates of unhindered ring positions, and comparative rates of aromatic and aliphatic hydro
gen exchange in the alkylbenzenes confirm the relative importance of the dissociative x- 
complex substitution mechanism.

Introduction

Isotopic hydrogen exchange reactions on group VIII 
transition metal catalysts involving aromatic hydro
carbons and deuterium oxide have recently been inter
preted by a new mechanism based on x-complex ad
sorption, termed the dissociative x-complex substitu
tion mechanism.2'3 4 5 6 7 The role of x-complexes in cata
lytic reactions has been the subject of a number of re
cent publications.4-7 It is the purpose of the present 
paper to develop more fully the concept of x-complex 
adsorption on transition metal catalysts with particular 
reference to the mechanism of aromatic exchange reac
tions, using data from the deuteration of a series of 
alkylbenzenes. This aromatic series was chosen be
cause of its suitability for distinguishing between oppos
ing factors governing the strength of x-complex ad
sorption.

x-Complex Adsorption Theory

x-Complex adsorption not only forms the basis of 
new catalytic reaction mechanisms but also explains 
important properties exhibited by aromatic reagents in

catalysis such as (i) the large differences in adsorption 
strength of different aromatic molecules and (ii) the 
greater ease of C-H  bond rupture of aromatic molecules 
in comparison to aliphatic molecules.

Differences in adsorption strength are important 
when molecules adsorb on identical sites, e.g., deu- 
terated benzene and diphenyl,8 since the more weakly 
adsorbed reagent will be displaced from the catalyst 
with a subsequent decrease in exchange rate. The 
large differences in adsorption strengths observed in 
similar molecules such as diphenyl and naphthalene,

(1) Part XVIII, J. Catalysis, in press.
(2) (a) J. L. Garnett and W. A. Sollich, Australian J. Chem., 14, 441 
¿1961); (b) J. L. Garnett and W. A. Sollich, ibid., 15, 56 (1962).
(3) J. L. Garnett and W. A. Sollich, J. Catalysis, 2, 350 (1963).
(4) E. Crawford and C. Kemball, Trans. Faraday Soc., 58, 2452 
(1962).
(5) J. J. Rooney, J. Catalysis, 2, 53 (1963).
(6) G. C. Bond, “ Catalysis by Metals,”  Academic Press, New York, 
N. Y., 1962, p. 313.
(7) Y. Barron, D. Cornet, G. Maire, and F. G. Gault, J. Catalysis, 2, 
152 (1963).
(8) J. L. Garnett and W. A. Sollich, to be published.
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where van der Waals adsorption is approximately 
equal, are difficult to explain in the absence of toxic 
side reactions8 by conventional associative9 and dis
sociative10 chemisorption theories since carbon-metal 
<r-bonds are effectively of constant strength in different 
aromatic molecules. x-Complex adsorption, however, 
provides a satisfactory interpretation of these differences 
since the strength of bonding in aromatics depends on 
several parameters which differ appreciably from one 
aromatic molecule to another.

x-Complex adsorption may be treated in terms of 
Mulliken’s charge-transfer theory11 but differs from 
simple charge-transfer adsorption12 by involving both 
the forward and back donation of x-electrons.13 A 
wave mechanical description of this bond involves the 
Unear combination of three wave functions

^(DjA) =  a^(D A ) 4- &^i(D+A —) +  c^2(D ~A+)

i/'o, being the wave function corresponding to a structure 
of the complex where bonding of the electron donor (D) 
and the electron acceptor (A) is affected by classical 
intermolecular forces; 1/1 and correspond, respec
tively, to structures of the complex in which an electron 
has been transferred from the donor (aromatic) to the 
acceptor (catalyst) and conversely from the acceptor 
to the donor. A quantitative relationship has pre
viously been derived for the heats of adsorption of 
strong bases on strong acid sites12 where only \f/0 and 
1/1 need to be considered. A corresponding treatment 
for x-complex adsorption involving three wave func
tions is more complicated, so that only a quahtative 
account can be given at the present time. In terms of 
charge-transfer theory, x-complex adsorption should de
pend on the following factors: (i) the ionization po
tentials and electron affinities of the organic adsorbate 
and the metal catalyst (which was held constant by 
confining the present investigation to platinum) ;
(ii) symmetries of aromatic bonding and antibonding 
orbitals (orientation principle) which, in the case of 
multinodal orbitals, can lead to decreased adsorption 
strength by internal cancellation; (iii) steric hindrance 
effects, which influence bonding strengths by decreas
ing the overlap and resonance integrals.

The second important catalytic property of aro
matic molecules, namely, the ease with which C-H  
bond rupture occurs on catalyst surfaces, may also be 
interpreted by x-complex adsorption and the reaction 
mechanisms based on this new kind of interaction (see 
below). The ease of C-H  bond rupture in aromatics 
may in part be due to a lowering of the activation 
energy by x-complex adsorption. The process by 
which this type of adsorption may lower the activation 
epergy of a catalytic reaction more effectively than the

Figure 1. Decrease of activation energy in dissociative 
chemisorption by van der Waals adsorption (E \), x-complex 
adsorption ( E i ) ,  and resonance effects (U3): curve I, van 
der Waals adsorption; curve II, x-complex adsorption; 
curve III, chemisorption (carbon-metal <r-bond); 
horizontal axis, distance from metal surface.

weaker van der Waals adsorption is shown in Figure 1, 
where curve I denotes the van der Waals adsorption of 
a molecule while curve II represents the stronger inter
action from x-complex adsorption. The points of 
intersection of these curves with curve III (Morse po
tential energy curve of the carbon-metal bond) corre
spond to the respective activation energies {Eh E2) 
necessary for dissociative chemisorption by the two 
modes of adsorption. Resonance effects in the transi
tion state (broken line) may further lower the activa
tion energy (E3). A more detailed description of this 
resonance phenomenon is given in the discussion of the 
dissociative x-complex substitution mechanism.

x-Complex Exchange Mechanism

As a consequence of x-complex adsorption, two new 
mechanisms, the associative and dissociative x-com
plex substitution mechanisms (eq. I-IV ), have been 
proposed for the exchange of organic molecules on a 
catalyst surface.2a-8 In the dissociative x-complex 
substitution mechanism the horizontally adsorbed x- 
complexed aromatic (eq. I) reacts with a metal radical 
(active site) by a substitution process. (Plane of ring 
is essentially parallel to catalyst surface.) During this 
reaction the molecule rotates through 90° and changes

(9) J. Horiuti and M. Polanyi Nature, 132, 819 (1933).
(10) A. Farkas and L. Farkas, Proc. Roy. Soc. (London), A144, 467 
(1934).
(11) R. S. Mulliken, J. Phys. Chem., 56, 801 (1952).
(12) F. A. Matsen, A. C. Makrides, and N. Hackerman, J. Chem. 
Phys., 22, 1800 (1954).
(13) L. E. Orgel, “ An Introduction to Transition-Métal Chemistry,” 
Methuen and Co., Ltd., London, 1960, p. 152.
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from horizontal ir-complex adsorption to vertical <r- 
bonded chemisorption (eq. II). (Rotation of the ring

<0 >+ M - <Ç> w
M

is necessary since “ edge on”  or “ vertical”  ir-complexing 
is prevented by the orbital symmetry and by the steric 
hindrance of aromatic hydrogen atoms.) It is postu
lated that the transition state of the ir-u-bond conver
sion occurs approximately when the plane of the rotat
ing benzene molecule is at 45° to the catalyst surface. 
The electronic hybridization changes involved in this 
process (Figure 2) resemble those of homogeneous sub
stitution reactions.14 These show how the activation 
energy of the dissociative process may be lowered more 
effectively by resonance effects (Eg) than by stronger 
interaction from x-complex adsorption (Figure 1, AY). 
While e-bonded, the aromatic undergoes a second sub
stitution reaction at the carbon-metal bond with a 
chemisorbed deuterium atom (eq. I l l )  and returns to 
the 7r-bonded state. A theoretical analysis15 of the 
isotope effect (ko/kT = 1.7 at 32°) indicates that reac
tion III is the rate-determining process in exchange.

An alternate mechanism based on 7r-complex ad
sorption, termed the associative ir-complex substitu
tion mechanism (eq. IV) involves essentially the attack 
of a ir-bonded aromatic by a transient hydrogen radical 
(eq. IV). The transition state, except for v-bonding, is 
similar to the transition state of a homogeneous sub
stitution reaction and bears a formal resemblance to the 
“ half-hydrogenated”  intermediate of the conventional 
associative mechanism

M D

without involving the same energy restrictions. This 
is believed to be mainly due to the smaller 7r-electron

localization and independence of lattice spacings.

Figure 2. Hybridization changes of t -  and <r-electrons at 
different stages of dissociative chemisorption: B.R., plane 
of benzene ring; ■*-, 7r-complex adsorption; | , o-bond.

Recent work15 has shown that the dissociative ir- 
complex substitution mechanism predominates in aro
matic exchange where water is the second reagent. 
(The possible importance of this mechanism in reac
tions where deuterium gas is used instead of water will 
be discussed elsewhere.8) This new mechanism is also 
consistent with rapidly occurring randomization reac
tions between deuterated and nondeuterated aro
matics.16 When compared with the conventional dis
sociative mechanism,10 the dissociative ir-complex sub
stitution mechanism satisfactorily explains the faster 
exchange rates of aromatic over aliphatic hydrocarbons, 
as well as the observed large differences in aromatic 
adsorption strengths.2

n--Complex Adsorption of Alkylbenzenes

From theoretical considerations, the alkylbenzenes 
form a suitable series for the experimental evaluation of 
the concept of ir-complex adsorption, essentially, be
cause the factors controlling the strength of 7r-complex 
adsorption of these compounds are more amenable to 
analysis than in other series such as the polycyclic aro
matics.2 In the alkylbenzenes the molecular orbital 
component in ir-complex adsorption remains effectively 
constant, while the ionization potential, electron affin
ity, and steric factors vary for individual members of 
the series. Increased methyl substitution decreases 
the ionization potential16 but increases the electron 
affinity17 and steric hindrance. The first two factors

(14) L. Melander, “ Transition State,” Special Publication No. 16, 
The Chemical Society, London, 1962, p. 77.
(15) J. L. Garnett and W. A. Sollich-Baumgartner, J. Phys. Chem., 68, 
3177 (1964).
(16) K. Watanabe, T. Nakayama, and J. Mottl, “ Final Report on 
Ionization Potentials of Molecules by a Photoionization Method,” 
Contract No. DA-04-200-ORD 480 and 737, University of Hawaii, 
1959.
(17) F. A. Matsen, J. Chem. Phys., 24, 602 (1956).
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favor 7r-complex adsorption while the third hinders it. 
Steric hindrance in different members of the series may 
be estimated from scale models of these molecules; 
hence, the relative importance of electronic and steric 
effects in x-complex adsorption can be evaluated.

A further reason for choosing the alkylbenzenes is 
the possibility of discovering whether the higher reac
tivity of aromatic hydrogens when compared to ali- 
phatics such as n-octane is mainly due to the stronger 
preliminary interaction of the hydrogen atoms with the 
catalyst surface as a result of x-complex adsorption, 
or whether it is due to the difference in actual exchange 
mechanisms, e.g., a dissociative x-complex substitution 
mechanism for aromatics as opposed to a possible dis
sociative abstraction mechanism for aliphatics (eq. V).

R -C H 3 [R-CH2- H- • -Pt] — >
R -C H 2-P t +  Pt-H  (V)

This point may be clarified from the exchange of the 
aliphatic hydrogens in the alkylbenzenes which, as a 
result of x-complex adsorption via the ring, may interact 
more strongly with the catalyst surface. Thus, the 
reactivity of the aliphatic hydrogens in the alkyl
benzenes should be increased in comparison to the reac
tivity of the hydrogens in aliphatics such as n-octane if 
a strong preliminary interaction with the catalyst is 
the main reason for bond rupture. Only an increase in 
the 0-hydrogen activity in the alkylbenzenes may be 
used as a valid criterion in making this distinction since 
the «-hydrogens in alkylbenzenes may react more 
readily than those in n-octane because of activation 
through conjugation or hyperconjugation effects.

Experimental

Exchange reactions were performed by techniques 
previously described.18 Reaction products were an
alyzed by mass spectrometry at 10 and 70 e.v., isotope 
distributions in the aromatic ring being calculated 
from low voltage data, while both high and low voltage 
data were used to establish the trends in aliphatic hy
drogen activity.

Alkylbenzenes, after treatment with mercury to re
move methylthiophene impurities,19 were distilled and 
purity-checked by gas chromatography and mass 
spectrometry. A constant ratio of deuterium oxide 
(5.0 X 10-2 M) to organic reagent (1.0 X 10~2 M) was 
maintained in all high temperature exchange reactions 
in order to keep displacement effects owing to bulk con
centrations constant. The different reactivities of the 
various alkylbenzenes necessitated variations in reac
tion conditions. These are summarized below.

Series A. The prereduced catalyst was self-acti

vated20 for 3 hr. at 120° 'prior to reaction; the reagents 
were then exchanged for 2 hr. at 120°. Catalyst/ 
reagent ratio: 10 mg. cf catalyst/10 X 10-2 M  D20  
and 2 X 10~2 M  organic.

Series B. Prereduced catalyst was self-activated20 
for 3 hr. at 120° prior to exchange reaction. Exchange 
was then performed for 4 hr. at 120°. Catalyst/re- 
agent ratio: 10 mg. of catalyst/5.0 X  10~2 M  D 20  and
1.0 X 10~2 M  organic.

Series C. Prereduced catalyst was self-activated,20 
during the exchange reaction performed for 2 hr. at 
120°, catalyst/reagent ratios being the same as for 
series B.

Series D. Prereduced catalyst was self-activated20 
during the exchange reaction performed for 24 hr. at 
120°. Catalyst/reagent ratio: 20 mg. of catalyst/
5.0 X  10~2 M  D20  and 1.0 X 10~2 M  organic.

The equilibrium deuterium content in the organic 
phase (Da) was calculated only on the basis of active 
aromatic hydrogens for reasons which are discussed 
under the orientation effect. The rate constant of the 
exchange reaction, standardized to a catalyst/reagent 
ratio of 10 mg. of catalyst/5.0 X 10-2 M  D 20  and 1.0 
X 10-2 M organic, was calculated from

k = (1)

Rate constants for different reaction conditions (series 
A, B, C, D) were standardized by the inclusion of refer
ence samples.

Results and Discussion
Previous investigations have shown that a conven

ient measure of the adsorption strength of a particular 
compound is its capacity to lower the catalytic exchange 
rate for the reaction between benzene and deuterium 
oxide by displacement effects.2 The compound to be 
tested is added in small quantities to the benzene re
agent (0.30-3.6 mole % ) so that the deuteration of the 
additive can be neglected in the calculation of the 
benzene-deuterium oxide exchange rate constant. 
The adsorption strengths of the alkylbenzenes were in
vestigated in this manner (Table I) and compared with 
the adsorption strengths of some representative poly
cyclic aromatics (Figure 3).

The results (Table I, Figure 3) show that the alkyl
benzenes do not significantly retard benzene-deuterium 
oxide exchange even at concentrations of 3.6 mole %

(18) J. L. Garnett and W. A. SoLIieh, J . C atalysis, 2, 339 (1963).
(19) K. Hirota and T. Ueda, Bull. Chem. Soc. Japan , 35, 228 (1961).
(20) Self-aetivation refers to activation of the oxygen-poisoned hy
drogen prereduced PtC>2-2H;0 by the organic reagent used: J. L. 
Garnett and W. A. Sollich, J. P hys. Chem., 68, 436 (1964).
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Figure 3. B enzene deutération  in  the presence 
o f  arom atic poisons (0 .30  m ole  % ) .

Table I  : E ffect o f A lkylbenzenes on 
B en zen e-D eu teriu m  O xide E xchange R eaction s“

Solute Solute
(3.6 mole % ) (3.6 mole %)
in benzene ft, % in benzene ft, %

solution D /hr.É' solution D/hr.6

B enzene (s td .) 4 .2 o -X y len e 4 .1
D ip h en y l' 3 .3 m -X ylen e 4 .1
T olu en e 4 .1 p -X y len e 4 .0
T riflu orobenzene 4 .0 M esitylene 3 .7
2 ,6 -D im eth yln aph th a- 4 .0 l,2 ,T T r im e th y l- 3 .9

len e ' (0 .30  m ole % ) benzene
H exam ethylbenzene 4 .3

“ E xch ange reaction  perform ed fo r  6 .0 hr. a t 32°. 6 F irst-
order rate constant o f C elR -•D20  exchange reaction. 5 These
com pou n ds w ere used to  com pare present results w ith  those o f 
polyn u clear arom atics in  0.30 m ole  %  concentrations (F igure 3 ).

whereas the polycyclic aromatics (Figure 3) are ap
preciably toxic even in 12-fold lower concentration. 
In terms of a 7r-complex interpretation this result in
dicates that adsorption of the alkylbenzenes is much 
weaker than adsorption of polycyclic aromatics and 
suggests that steric hindrance compensates for the 
effects of a decreased ionization potential and increased 
electron affinity. Naphthalene (Figure 3) and its 
2,6-dimethyl derivative (Table I) are outstanding ex
amples of the importance of this steric effect.

Because of the low toxicity of the alkylbenzenes, 
trends in adsorption strength within the series cannot 
be observed by the low concentration technique. 
Since all alkylbenzenes are less toxic than diphenyl, it 
appears that the high temperature exchange reaction of 
alkylbenzenes with deuterium oxide is not controlled 
by reagent displacement but rather by the strength of 
Tr-complex adsorption8 and steric hindrance to <r-bonded 
chemisorption, evidence for which may be obtained 
from ortho deactivation. It is therefore necessary to 
separate these two effects before attempting to correlate 
the exchange rates of the alkylbenzenes with relative

adsorption strengths established in hydrogenation 
studies.21

ortho Deactivation in the Exchange of Alkylbenzenes. 
ortho Deactivation has already been observed in 
platinum-catalyzed halobenzene-deuterium oxide ex
change,20, Raney nickel-catalyzed toluene-deuterium 
oxide exchange,22 and alkylbenzene-deuterium gas ex
change in the presence of nickel.4 In the present 
studies, ortho deactivation effects were estimated from 
both the 700-900-cm._1 region of the infrared spectrum 
of deuterated compounds23 and from low voltage (10-
e.v.) mass spectrometry. The latter technique is 
satisfactory under the following conditions: (i) “ com
plete”  ortho deactivation, i.e., essentially no isotope in 
the ortho position; (ii) extensive exchange in the 
sterically unhindered aromatic hydrogens atoms 
('—-30%) ; (iii) deuteration predominantly by a step
wise process (M ~  1—l . l 18), i.e., small multiple ex
change processes; (iv) relatively low deuteration in the 
alkyl hydrogens.

Results of the mass spectrometric analyses from the 
exchanged compounds were compared with the calcu
lated spectra (eq. 2) for different numbers of active 
aromatic hydrogen atoms.

AM
K  =  w m '  -  * )W' n) (2)n\(N\  — n)\

where Fn is the mole fraction of a species containing n 
deuterium atoms, x the average fraction of aromatic 
hydrogens displaced by deuterium, and N the total 
number of active aromatic hydrogens.

Results of these calculations (Table II) show that 
two types of ortho deactivations occur in platinum- 
catalyzed deuterium oxide-alkylbenzene exchange. 
“ Complete”  ortho deactivation was found in (-butyl- 
benzene, trifluorobenzene, and m-xylene, each com
pound possessing only three reactive aromatic hydrogen 
atoms, while mesitylene has all three aromatic hydrogen 
atoms deactivated. Mass spectrometric evidence for 
complete deactivation is somewhat inconclusive with 
m-xylene because of the low deuterium content in the 
molecule. Under conditions of multiple exchange, this 
produces considerable deviations from the calculated 
deuterium distribution. Another difficulty with m- 
xylene is the presence of a small d4 peak in the mass 
spectrum. Since o- and p-xylenes deuterate appreci
ably in the methyl groups, the d4 peak in m-xylene may

(21) C. P. Rader and H. A. Smith, J . A m . Chem. Soc., 84, 1443 
(1962).
(22) G. V. D. Tiers, Ph.D. Dissertation, University of Chicago, 
Chicago, 111., 1956.
(23) L. J. Bellamy, “ The Infrared Spectra of Complex Molecules,” 
Methuen and Co., Ltd., London, 1954, p. 45.
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Table II : O bserved  and C alcu lated  M ass Spectra o f D eu tera ted  A lkylbenzenes

Aro
matic
deute-
rium, Spectrum ---------Isotope distributicin, % --------- ------------,

Run“ Compound % type6 do d\ di dz di ds dz dn dz

2B E thylbenzene 5 8 .5 0 2 .6 7 .8 2 0 .7 2 8 .4 2 2 .1 1 1 .5 4 .7 1 .7 0 .5 0
3B o -X y len e 4 8 .7 0  * 4 .4 2 4 .9 4 7 .8 1 7 .9 3 .4 0 .4 8 0 .3 8 0 .2 2 0 .1 2
4B Isoprop ylbenzene 0 6 .2 1 6 .7 3 9 .0 3 3 .2 3 .8 0 .7 6 0 .4 0 0 .2 5 0 .1 6

(cum ene) 4 2 .9 C -3 H 7 .9 3 1 .5 4 2 .0 1 8 .5
C -5 H 6 .0 2 2 .7 3 4 .0 2 5 .8 9 .6 1 .5

5B T olu en e 3 5 .1 0 9 .4 3 0 .3 3 8 .4 1 9 .3 2 .2 0 .3 0
C -5H 1 1 .5 3 1 .3 3 4 .0 1 8 .2 4 .9 0 .5 0

C T rifluorobenzene 7 4 .0 0 2 .7 1 4 .6 4 2 .0 4 0 .4 0 .3 0
C -3 H 1 .8 1 5 .4 4 2 .9 4 0 .0
C -5 H 5 .4 2 1 .5 3 4 .0 2 6 .8 1 0 .6 1 .7

8B m -X y len e 2 7 .9 0 3 1 .6 5 5 .4 11 .1 1 .7 2 0 .2 4
C -3 H 3 7 .5 4 3 .5 1 6 .8 2 .1 6
C -4 H 3 9 .4 4 1 .4 1 6 .4 2 .8 0 .1 9

9B p -X y le n e 1 3 .7 0 7 0 .9 1 9 .3 4 .4 1 .6 0 .9 0 0 .8 7 1 .5 4 0 .5 4 0 .1 5
11D f-B u ty lben zen e 4 7 .1 0 1 1 .9 4 4 .4 3 3 .7 9 .9 0 .4 0

C -3 H 1 4 .8 4 0 .0 3 5 .0 1 0 .4
12D 1,2,3 -T rim eth y l- 0 7 4 .4 2 3 .8 1 .6 0 .2 5 0 .1 8 0 .0 8

benzene 9 .2 C -3 H 7 4 .7 2 2 .9 2 .8 0 .0 8

“ N um bers refer to  sam ples in  T a b le  I I I .  b O, refers to  the experim en ta lly  observed  sp ectru m ; C -n H , to  th e ca lcu lated spectrum  on 
the basis o f  n a ctive  aromatic h ydrogen  atom s. '  P rod u ct o f  an exchange reaction  w ith  a higher deuterium  con ten t th an  th a t listed in 
T a b le  I I I .

be attributed to methyl deuteration rather than to deu
tération of the doubly flanked ring position.

In toluene, ethylbenzene, o-xylene, p-xylene, and
1,2,3-trimethylbenzene, both infrared and mass spectro
métrie evidence show the occurrence of “ severe”  but 
nevertheless incomplete ortho deactivation. Thus, 
“ complete”  deactivation occurs when the ortho position 
is adjacent to a very large and inert substituent or when 
it is flanked by two smaller methyl groups; “ severe”  
deactivation results when the ortho position is flanked 
by only one methyl group.

The severity of the ortho deactivation effect sup
ports the importance of the dissociative x-complex 
substitution mechanism. This follows from the fact 
that a bulky substituent may exercise two different 
steric hindrance effects. Thus, in the dissociative 
mechanism, a methyl group may hinder x-complex 
adsorption as well as u-bonded chemisorption in the 
ortho position ; the former type of hindrance determines 
essentially the reactivity of sterically unhindered ring 
position while the latter gives rise to the orientation 
effect. Figure 4a shows how the ortho position is 
prevented from a-bond formation when it is adjacent 
to a bulky i-butyl group or when it is flanked by two 
methyl groups. However, such bonding is possible 
when only one methyl group is involved (Figure 4b),

Figure 4. C ata lyst surfaces show ing steric h indrance to  
d issociative chem isorption  (a )  in  th e d ou b ly  flanked ortho 
position  o f  m -xylene resulting in  “ com plete”  ortho 
d eactivation  and (b )  in  the ortho position  o f  toluene 
resulting in  “ severe”  ortho deactivation .

but steric hindrance is still sufficiently effective in the 
latter case to produce “ severe”  deactivation. An alter
nate explanation that ortho deactivation is caused by 
inductive effects of the substituents is excluded by 
“ complete”  ortho deactivation in trifluorobenzene and 
“ severe”  deactivation in the halobenzenes.2a

The severity of ortho deactivation is difficult to ex
plain by the associative x-complex substitution mech
anism since the ortho positions of flatly adsorbed mole
cules appear almost as accessible to hydrogen attack as 
the meta and para positions. In this respect the situa
tion resembles the acid-catalyzed alkylbenzene ex
change24 where only very small steric hindrance effects 
were observed during the attack of the D 30 +  species.
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Table III : D euteriu m  O xid e-A lk y lben zen e  E xchange a t 120°

% D in

Run“ Substance

Reaction
time,
hr. D

active
aromatic

hydrogenB
kn,

hr.-1

Active
aromatic

hydrogens

Retarded
reactivity,

X e

Ionization
potential,

e.v.

I A B enzene 2 6 3 .0 5 2 .0 0 .8 7 6 1 9 .2 4
2B E thylben zen e 4 6 5 .0 5 8 .5 0 .5 8 5 3 .0 8 .7 6
3B o-X y len e 4 7 1 .5 4 8 .7 0 .2 8 4 6 .1 8 .5 5
4B Isoprop ylbenzene (cu m en e) 4 6 6 .6 4 2 .9 0 .2 6 3 -5 6 .7 8 .6 8
5B T olu en e 4 6 6 .6 3 5 .1 0 .1 9 5 9 .3 8 .8 2
6C Trifluorobenzene 2 7 7 .0 1 4 .0 0 .1 0 3 13 9 .6 8
7C T olu en e (reference sam ple 2 6 6 .6 1 6 .0 0 .1 4 5

8B
for  run 6 C ) 

m -X ylen e 4 7 7 .0 2 7 .9 0 .1 1 3 15 8 .5 6
9B p -X y len e 4 7 1 .5 1 3 .7 0 .0 5 3 4 33 8 .4 4

10B i-B utylbenzene 4 7 7 .0 1 .7 4 0 .0 0 5 3 350 8 .6 8
11D i-B uty lbenzene (reference 24 7 7 .0 4 7 .1 0 .0 3 9 3

12D
sam ple fo r  run 12D ) 

H em im ellitene 1 ,2 ,3 -T ri- 24 7 7 .0 9 .2 0 .0 0 6 3 2400

13D
m ethylbenzene

M esity leae 24 7 7 .0 0 .0 0 0 0 00 8 .3 9

“ Letters den ote  th e reaction  con d ition  as show n in  tex t. 6 F orm u la  listed  in  T a b le  IV . ° X  =  kn (ben zen e)/kn (su b sta n ce), w here 
k n are rate constants, standardized fo r  different ca ta ly st/rea gen t ratios and different reaction  con ditions (A , B , C , D ) ;  th e  la tter was 
ach ieved b y  the inclusion  o f  reference sam ples.

Trends in Aromatic Hydrogen Exchange. Results of 
high temperature exchange reactions between deu
terium oxide and alkylbenzenes are listed in Table III 
in decreasing order of molecular activity. The pre
vious discussion has shown that the reactivity of aro
matic molecules is determined by (i) the ease of x- 
complex adsorption, (ii) absence of steric hindrance 
effects in <r-bonded chemisorption, and (iii) absence of 
reagent water displacement effects.

Condition iii was found to be unimportant in alkyl- 
benzene exchange, while allowance can be made for (ii) 
from the observed orientation effect. Thus, trends in 
the over-all exchange rate of unhindered aromatic hy
drogens should be mainly determined by the strength 
of x-complex adsorption. In this respect the relative 
adsorption strengths of the alkylbenzenes determined 
by Rader and Smith in their hydrogenation studies21 
provide a useful standard for comparison. Rader and 
Smith observed the following trend in relative adsorp
tion strengths: benzene, 1.0; toluene, 0.8; o-xylene,
0.33, m-xylene, 0.22; p-xylene, 0.16; 1,2,3-trimethyl- 
benzene, 0.08; 1,3,5-trimethylbenzene, 0.02. These 
results may now be readily interpreted in terms of steric 
hindrance to x-complex adsorption by bulky metal 
substituents since this reduces the contact of the plane 
of the benzene ring with the catalyst surface and, con
sequently, the magnitude of the overlap and resonance 
integrals. In this respect the symmetry of methyl sub
stitution is also of importance since it is difficult for the

aromatic ring of a molecule such as 1,3,5-trimethyl
benzene to tilt towards the catalyst surface. Tilting is 
important since recent results24 25 26’26 show that x-complex- 
ing is not necessarily symmetrical but may only involve 
part of the ring.

The effects of steric hindrance in x-complex adsorp
tion are reflected in the exchange rates of the aromatic 
hydrogens of the alkylbenzenes (Table III). For 
molecules exhibiting “ complete”  ortho deactivation, 
rate constants were calculated on the basis of active 
aromatic hydrogens; however, only qualitative allow
ance could be made in cases of “ severe”  deactivation. 
Thus, the most reactive species, ethylbenzene, o-xylene, 
isopropylbenzene, and toluene, are molecules which are 
hindered to approximately the same extent in x-com- 
plex adsorption. This is evident from the fact that the 
ability to tilt towards the catalyst surface is approxi
mately equal in all species, i.e., all contain at least one 
hydrogen atom on the a-carbon which can be directed 
towards the catalyst surface. Results with f-butyl- 
benzene show the importance of this effect. The reason 
for the trends in reactivity within the highly reactive 
group is not so clear, but these appear to be related to 
the inductive effects of the alkyl group.

(24) W. M. Lauer and G. Stedman, J. A m . Chem. Soc., 80, 6433 
(1958).
(25) R. S. Mulliken, J. Chem. P hys., 23, 397 (1955).
(26) J. Collins and L. D’Or, ibid., 23, 397 (1955).
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Table TV: R e la tive  A liphatic a -H y d rog en  A ct iv ity  in  D euterium  O xide E xchange

ethylbenzene 1 ,2 ,4-trim ethylbenzene «  p -xy len e  >  isoprop ylben zen e (cu m en e) >  o-xylen e {-o lu en e  »  m -xylene «  m e s ity le n e «  
i-buty lbenzene «  1 ,2 ,3 ,-trim ethylbenzene (h em im elliten e)}

The reactivities of 0 -, m-, and p-xylenes are consistent 
with the established adsorption strengths (i.e., with tilt
ing difficulties) as well as “ severe”  steric hindrance to 
c-bonding in all four ring positions of the para isomer. 
Reaction rates of m-xylene and 1,2,3-trimethylbenzene 
follow the trends of relative adsorption strength. The 
reaction rate is reduced in the latter compound as a re
sult of internal steric repulsion of the adjacent methyl 
groups, so that the position of minimum external steric 
strain where both hydrogen atoms of a methyl group 
rest simultaneously on the catalyst surface cannot be 
attained.

The considerably weaker adsorption strength of 1,3,5- 
trimethylbenzene is consistent with the inability of the 
ring to make contact with the catalyst surface; how
ever, the absence of exchange may be attributed to 
“ complete”  ortho deactivation of the three doubly 
flanked ring positions.

Trends in Aliphatic Exchange. The reactivity se
quence of aliphatic hydrogens in the alkylbenzene series 
(Table IV) was estimated from infrared and mass spec- 
trometric analyses of reaction products. /3-Hydrogens 
in ethylbenzene and isopropylbenzene were less reactive 
than those in the a-position, while /3-hydrogens in t- 
butylbenzene are the least active of the three com
pounds. /3-Hydrogen exchange, although very much 
smaller than ring-hydrogen exchange, was more ex
tensive than in aliphatics such as n-octane. It would 
thus appear that activation via the stronger interaction 
from the v-complex adsorption of the ring is relatively 
unimportant in hydrogen exchange when an abstrac
tion mechanism is involved.

By contrast, the considerably higher reactivity of a- 
hydrogens (Table IV) seems to be mainly determined 
by conjugation, hyperconjugation, and inductive 
effects. The importance of the inductive effect is 
demonstrated by the greater reactivity of «-hydrogens 
in ethylbenzene than in toluene. The transition state 
may be similar to the one postulated by Huyser27 for 
an electrophilic radical abstraction process, viz.

CH3
Cl

Ar— C + -- -H - - -P t -  

H

since this is assisted by electron-donating methyl 
groups. Gonjugational and hyperconjugational ac
tivation effects explain the greater reactivity of a- 
hydrogens in o-xylene, p-xylene, and 1,2,4-trimethyl
benzene. Consistent with this view, meta substitution 
in m-xylene and mesitylene has no activating effect.

Conclusion

The dual aim of the paper has been (i) to present for 
the first time a detailed account of the theoretical basis 
of v-complex adsorption and the reaction mechanisms 
based on this mode of interaction and (ii) to test further 
the theory by exchange experiments with a series of 
alkylbenzenes.

It is shown in the section concerning v-complex ad
sorption that the theory was originally proposed to ex
plain exchange reaction data for a number of homolo
gous aromatic series2-5’15-18’21 as well as to resolve the 
difficulties associated with conventional associative 
and dissociative mechanisms recently reviewed by Tay
lor.28 The strength of v-complex adsorption increases 
with a decrease in (i) ionization potential, (ii) orbital 
complexity of bonding and antibonding orbitals, (iii) 
steric repulsion between the catalyst surface and bulky 
substituents, and (iv) with an increase in electron affin
ity. The rate of exchange between an aromatic and 
heavy water may be unfavorably affected by strong 
v-complex adsorption because of water displacement 
effects. Alternatively, strong v-complexing can also 
assist exchange by decreasing the activation energy of 
the reaction.

Applying the theory to the exchange reaction data of 
the alkylbenzenes and other alkyl aromatics it was found 
to explain the over-all low “ toxicity”  of those reagents 
as well as the trends in “ toxicity”  within the series. 
The low exchange rate and high toxicity of naphthalene 
in contrast to the low toxicity and high exchange rate 
of 2,6-dimethylnaphthalene further suggests the exist
ence of two kinds of adsorption. In the presently pro
posed theory these are (i) v-complex adsorption leading 
to the displacement of the water and (ii) dissociative 
chemisorption leading to exchange. The slow exchange 
of /3-aliphatic hydrogens in spite of the possibility of closer

(27) E. S. Huyser, J . A m . Chem. Soc., 82, 394 (1960).
(28) T. I. Taylor, Catalysis, S, 257 (1957).
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approach to the catalyst surface through 7r-complex 
adsorption suggests that the main cause for the faster 
aromatic exchange is due to a substitution process. 
The dissociative ir-complex substitution mechanism is 
further supported by the observed “ complete”  and 
“ severe”  ortho deactivation effects.
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The Radiolysis of Aqueous Nitrate Solutions1

by M . L. Hyder

Savannah River Laboratory, E . I .  du P on t de N em ours and C om pany, A iken , South Carolina  
{R eceived Novem ber %6, 1964)

The production of nitrite from neutral and alkaline solutions of sodium nitrate by Co60
7-radiation was measured over a range of nitrate concentrations from 10~3 to 4.0 M. The 
production of 0 2 from these solutions at pH 13 was also measured, and the origin of the 0 2 
was determined by labeling the water with O18. The effect of scavengers, particularly 0 2 
and I - , on the nitrate reduction was determined. From these studies, and from com
parisons with ultraviolet photolysis and with previously published work, the radiolysis of 
N 03~ in neutral solutions was concluded to involve three effects: (1) reduction of N 0 3~ 
by electrons and H atoms, (2) direct excitation by radiation, and (3) an effect possibly due 
to excited water molecules or spur reactions. In alkaline solutions an additional contribu
tion is found, probably from the reaction of O- . The data allow a determination of 
Gem- =  3.8 and G L h 2o =  4.5 at pH 13.

Introduction

Interest in the chemical behavior of aqueous nitrate 
solutions undergoing radiolysis derives both from the 
use of such solutions in handling highly radioactive 
materials and from the inconsistent results of published 
studies on this system. Data from various investi
gators are often in disagreement and have led to some 
unusual and differing conclusions, i.e., that OH radi
cals react with nitrate,2 that large yields of chemically 
active excited water are produced by radiolysis,3 or 
that in moderately concentrated solutions the con
ventional free-radical theory becomes invalid.4 5 As an 
example, conflicting values for Gj$o,- have been re

ported. At pH 7, values of GWa- ° f 2-34’6 and o r
5-63-6 have been found, and values ranging up to 6 
have also been found in alkaline solutions.3’6 These

(1) Work performed under Contract No. AT(07-2)-l with the IT. S. 
Atomic Energy Commission.
(2) (a) G. E. Challenger and B. J. Masters, J . A m . Chem . Soc., 77 , 
1063 (1955); (b) A. 0. Allen, “The Radiation Chemistry of Water 
and Aqueous Solutions,” D. Van Nostrand Co., Inc., Princeton, 
N. J„ 1961, p. 101.
(3) M. A. Proskurnin and V. A. Sharpatyi, Russ. J . P h ys. Chem ., 34, 
1009 (1960).
(4) J. Bednif and S. Lukâc, Collection Czech. Chem. Com m un., 29, 
341 (1964).
(5) V. A. Sharpatyi, V. D. Orekhov, and Ya. Karpov, N u k leon ik a , 5,
12 (1959).
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observations are difficult to reconcile with established 
measurements of radical production.6 7 Reported values 
of Go/’9 and of GH!o29’10 are also in disagreement, but it 
has been established that H2, 0 2, H20 2, and N 02_ 
are the only significant products of radiolysis.9-11 
Other published information on nitrate radiolysis, 
including studies which gave evidence of a direct de
composition of nitrate by radiation8 and measurements 
of the effect of nitrate on the radiolysis of other 
ions,2a'8-12 is also difficult to reconcile with many of the 
previously cited reports.

The work reported here was performed (1) to re
solve the discrepancies in the literature and (2) to 
determine the reactions involved in the y-radiolysis 
of nitrates. For this purpose, an extensive series of 
measurements of nitrite production was made over a 
range of nitrate concentrations from 10-8 to 4 M  and 
from pH 7 to 13. Particular emphasis was placed on 
the alkaline solutions because (1) relatively few 
radiolysis studies have been made in such solutions 
and (2) most of the unusually high radiation yields 
of nitrite had been reported at high pH. The effects 
of radical scavengers on nitrite yields were investi
gated—particularly I -  and 0 2, but also Br~ and H20 2. 
The formation of the other radiation products was also 
studied; in particular, the origin of the 0 2 formed in 
alkaline nitrate solutions was determined by irradia
tion of solutions made from 0 18-enriched water, as 
was done by Mahlman8 in neutral solutions. Studies 
were also made of the photochemical decomposition of 
nitrate.

Experimental

All y-irradiations were made with a Co60 source pro
viding a maximum dose rate of 1.8 X  10e rads/hr. 
Irradiations were made at or near this dose rate, except 
for those studies where the effect of dose rate was of 
primary importance. Dosimetry was carried out with 
the Fricke dosimeter, assuming a G value for Fe3 + 
production of 15.6. Sample positioning methods 
fixed the precision of the dose at ± 2 % . Irradiations 
with ultraviolet light were made with unfiltered mercury 
lamps or mercury-xenon lamps. The data were cor
rected for variations in absorbed dose with solution 
concentration.

Solutions were prepared from triple-distilled water, 
boiled to remove C 02, and pre-irradiated to destroy 
organic materials, and from reagent grade LiN03, 
H20 2, NaOH, NaBr, KI, and NaN03. The last three 
were recrystallized from triple-distilled water. Na2C 03 
was removed from NaOH by precipitation from a 
saturated NaOH solution and in some cases by pre
cipitation of BaC03; the concentration of C 082- in

the resulting solutions was less than 10-4 M. O18 
water (1.6%) was obtained from the Oak Ridge Na
tional Laboratory and was filtered and distilled be
fore using. Alkaline solutions were prepared and 
stored in an argon atmosphere to avoid contamination 
by C 02. In addition, oxygen was removed from the 
samples by extensive argon purging or by freezing, 
pumping under vacuum, and thawing, followed by 
irradiation under vacuum. Oxygen-saturated samples 
were prepared by purging with oxygen at 1 atm. for 
approximately 20 min.

These precautions sufficed to make the data re
producible to a reasonable degree. The maximum 
error of the reported values of Gn o 2-  was estimated to 
be less than ±10% . The actual fluctuations were 
generally much lower, except for some cases that will 
be noted. In alkaline solutions it was possible to ob
tain dose vs. N 02~ production curves that were close 
to linear at the doses used; in neutral solutions, how
ever, the data represent lower limits as the accumulating 
nitrite appeared to be removed by a secondary reaction 
at very low concentrations. In the presence of I -  
or 0 2 scavengers linear slopes were obtained. All 
measurements of N 0 2~ production were made at total 
absorbed doses close to 104 rads. No effect of dose 
rate was observed in the range 10® to 106 rads/hr.

The analyses for N 02_ were made by automatic 
colorimetric methods described by Britt.13 This 
method was accurate to ± 5 %  in the range of a few 
parts of nitrite per million parts of solution. When 
materials were present that interfered with the ana
lytical method, such as peroxide or iodide, appropriate 
standards were prepared and analyzed in order to make 
the necessary corrections. H20 2 was analyzed by a 
method developed in this laboratory.14

Measurements of the gaseous products were made on 
samples that had been outgassed and sealed under 
vacuum; the gases which were recovered after irradia
tion were measured with a McLeod gauge, and their

(6) A. M. Kabakchi, V. A. Gramolin, and V. M. Erokhin, Proceedings 
of the First Ail-Union Conference on Radiation Chemistry, Moscow, 
1957, II, Radiation Chemistry of Aqueous Solutions (Inorganic and 
Organic Systems), 1959, p. 45.
(7) A. O. Allen, Radiation Res. Suppl., 4, 54 (1964).
(8) H. A. Mahlman, J. Phys. Chem., 67, 1466 (1963).
(9) N. A. Bakh, V. I. Medvedovskii, A. A. Revina, and B. D. Bitui- 
kov, Proceedings of the First All-Union Conference on Radiation 
Chemistry, Moscow, 1957, II, Radiation Chemistry of Aqueous 
Solutions (Inorganic and Organic Systems), 1959, p. 39.
(10) J. Bednâr, Collection Czech. Chem. Commun., 27, 2204 (1962).
(11) J. W. Boyle and H. A. Mahlman, Nucl. Sci. Eng., 2, 492 
(1957).
(12) T. J. Sworski, J. Am. Chem. Soc., 77, 4689 (1955).
(13) R. D. Britt, Jr., Anal. Chem., 34, 1728 (1962).
(14) E. K. Dukes and M. L. Hyder, ibid., 36, 1689 (1964).
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chemical and isotopic compositions were determined 
by mass spectrometry. Samples required about 107 
rads in order to generate enough gaseous products 
for analysis; radiolytically produced nitrite could be 
measured after only about 104 rads.

Results

Repeated determinations were made of the produc
tion of N 0 2-  in neutral and alkaline nitrate solutions. 
Some of the data, covering the range of nitrate con
centration from 10-3 to 4 M  and pH 7 to 13, are shown 
in Figures 1 and 2. These data are from the most 
carefully prepared samples and represent the trends 
observed in sets of samples prepared from the same 
stock solutions. There was some variation among 
sets. In particular, there was a pronounced tendency 
for the data to scatter in the concentration range 0.1 to 
1 M  I\r0 3-  in the alkaline solutions, where the slope of 
the curve is the greatest (Figure 1). The general 
trend, however, was quite reproducible.

The G values shown in these figures agree with some 
of the previous work; that at pH 7 is in rough agree
ment with ref. 4 and 5 and is consistent with established 
radical yields. The G value at pH 13 confirms the 
unexpectedly high yields of nitrite previously re
ported.3-5 Figure 2 shows the dependence of the ni
trite yield on pH ; the yield rises above pH 10, which is 
consistent with data reported in ref. 5.

The effect of radical scavengers on the nitrite yields 
was investigated to establish which radicals were in
volved in the reduction. The effect of oxygen (shown 
in Figure 3) decreases the nitrite yield to a low value 
which is approximately independent of pH. I -  and 
Br~ were added to the solution to scavenge the OH 
radical and to eliminate its reactions; however, the 
product of the reaction of Br-  and OH reacted with 
N 0 2~, making it difficult to draw any conclusions. 
Results obtained in the presence of 0.10 M  I -  are 
shown in Figure 3; in both alkaline and neutral solu
tions G'no2 - is increased to the same high value by I - .

The addition of H20 2 to scavenge OH was also in
vestigated. However, even 10-3 M  H20 2 interfered 
with the analysis for nitrite, producing low results. 
In a few scouting experiments, very little effect of H20 2 
on the nitrite yield was observed.

We have also measured the hydrogen peroxide pro
duction in deaerated nitrate solutions. Our measure
ments in neutral solutions are consistent with those of 
Bednaf and Lukâc,4 showing (th2o2 in the range 0.6-
1.0; however, at pH 13, GHlo2 was found to be less 
than 0.05. Although peroxide is unstable in these 
solutions, our analyses were made within 5 min. or less 
following irradiation. By adding small amounts of

Figure 1. V ariation  o f (?n-o2-  w ith  n itrate 
con centration  a t p H  7 and 13.

F igure 2. V ariation  o f G uor  w ith  p H , in  
1.0 M  solutions o f N aN Cb.

------So lutions contain ing  ne ith e r O jn o r I " ( F r o m  F ig .l )  j
-— • O x y g e n -F re e  S o lu tio n s co n ta in in g  I “  |

3 .
b ‘ n ,  

a  \  a

----- O xy g e n -So tù ro fed  S o lu t io n s  ( n o I ~ ) , - J
O  p H  13 •  pH 7  ✓ '

1
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Figure 3. E ffect o f added  K I  (0 .10  M ) and o f  ad d ed  0 2 (1  
a tm .) on  the variation  o f C?no2-  w ith  n itrate con centration .

H20 2 to the solution before irradiation or by saturating 
the system with 0 2 to produce it during irradiation, 
we confirmed that this species would be detected if
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formed. Therefore, we conclude that no significant 
quantity of peroxide is produced at pH 13 in deaerated 
solutions.

Experiments with O18 labeling, similar to those by 
Mahlman,8 were performed at pH 13 to determine the 
origin of the 0 2 produced by radiolysis. In these 
solutions 0 2 is the only oxidized product in appre
ciable quantity. At the high dose rates required to 
accumulate sufficient oxygen for mass spectrometric 
analysis, the considerable back reaction between the 
accumulating oxygen and nitrite in both neutral and 
alkaline solution precluded the direct determination of 
Go,. However, the 0 18/ 0 15 16 ratio was determined, 
and the total amount of 0 2 formed was calculated by 
stoichiometry (1) from determined at low doses
and (2) from published values of Gh>. The results 
of these measurements, shown in Table I, indicate that 
most 0 2 originates from water in dilute solutions, with 
an increasing fraction originating with nitrate at higher 
nitrate concentrations; this result will be discussed 
in detail later. Hart, Gordon, and Hutchison16 
have discovered a radiation-induced chain exchange

Table I : Production of 0 2 from N 03 in Solutions 
Containing 0  “ -Enriched H20 “

Salt
N O i-

M

%  O18 found 
in O2

Fraction 
of O2

from NO3 “
G o , .

calcd.
G o ,  from

NOs-

y-Irradiations
NaNOs 0 .1 2 1 .4 9 6

1 .6 3
0 .0 3 2 .0 0 .0 6

NaNOs 0 .5 0 1 .4 5
1 .5 0

0 .0 9 2 .3 5 0 .2 1

NaNOs 1 .0 1 .3 6
1 .3 8

0 .1 6 2 .4 0 0 .3 8

NaNOs 2 .5 1 .1 6
1 .2 1

0 .3 0 2 .3 5 0 .7 0

NaN03 4 .0 1 .0 7
1 .0 6

0 .3 9 2 .3 0 0 .9 0

LiN03 0 .2 5 1 .6 0
1 .4 7

0 .0 5 2 .2 0 0 .1 1

LiNOs 1.0 1 .3 4
1 .3 5

0 .1 9 2 .4 0 0 .4 4

LiNOs 2 .0 1 .1 9
1 .2 1

0 .2 9 2 .3 5 0 .6 7

Ultraviolet irradiations
NaNOs 1.0 0 .5 4 0 .7 6

0.53

“ Original concentration of O18 in water was 1.6%; samples 
were 0.10 M  in NaOH. b Results of duplicate experiments.

reaction between 0 2 and water at high pH; since, 
however, we find the 0 18/ 0 16 ratio in the 0 2 to vary 
widely and reproducibly with nitrate concentration, 
it does not seem to be occurring here. Either the 
oxygen escapes to the relatively large void space in 
the vessel quickly, or else the chain is broken by nitrate. 
Since 0 “  was postulated as the chain initiator, and we 
have evidence for reaction of this species with nitrate, 
the latter case is probable.

We also carried out some photochemical studies in 
an attempt to characterize the “ direct effect”  of radia
tion on dissolved nitrate ion. It had been shown by 
Cultrera and Ferrari16 that ultraviolet light decom
poses nitrate to nitrite. Reasoning that the mecha
nisms of decomposition by radiolytic or photolytic ex
citation should be similar, we irradiated nitrate solu
tions containing radical scavengers with light from a 
mercury lamp. Absolute quantum yields were not 
determined, but care was taken to reproduce irradiation 
time and intensity. Increasing pH was found to in
crease the yield of nitrite, as previously reported16; 
Br~ had less effect, and 0 2 virtually none (see Table
II). In separate irradiations it was found that no 
H20 2 could be detected in the alkaline solutions— 
either it was never formed, or it was efficiently photo- 
lyzed. The 0 2 produced originated mainly from ni
trate ion (see Table I).

Table I I : Production of Nitrite by the Ultraviolet 
Irradiation of Aqueous Nitrate Solution

Relative yield of nitrite, 
arbitrary units

Composition of sample Nj purge O2 purge

1.0 ili NaNOa 38 32
1.0 M  NaNOs, 0.10 M  NaOH
1.0 M  NaNOs, 0.10 M  NaOH, 0.10 M

68 62

NaBr 81, 83“ 80, 71“

“ Results of duplicate experiments.

Discussion

The basic question to be answered in the study of 
nitrate radiolysis is whether the behavior of this sys
tem can be explained by a theory of free-radical inter
mediates alone or whether additional processes are in
volved. The radical theory predicts that in dilute

(15) E. J. Hart, S. Gordon, and D. A. Hutchison, J . Am. Chem. Soc., 
75, 6165 (1953).
(16) R. Cultrera and G. Ferrari, Ann. Chim. (Rome), 47, 1321 
(1957).
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solutions the reduction of nitrate17 should take the 
course

H20  — eaq_ , H, OH, etc. (1)

NOs-  +  eaq-  — ► N 02aq +  2 0 H - +  aq. (2) 

or

N 0 3-  +  H — > N 0 2aq +  O H -

2NOfaq +  H20  — > N 0 2-  +  N 03-  +  2H+ (3)

The result of these reactions would be 0.5 molecule of 
N 0 2_ per solvated electron or H atom. Thus, these 
reactions could account for values of ( 7 n o 2 -  up to 0.5- 
G _ h 2o  or between 2 and 2.5. An additional process 
must be found to account for the greater amount of 
N 0 2_ found in alkaline solutions.

Four additional processes that may occur during 
radiolysis of nitrate solutions have been proposed:
(a) the excited water theories of Proskurnin and 
Sharpatyi,3’18 (b) the theory of Bednar and LukaiS,4 
which suggests preferential radiolysis of the solute in 
concentrated solutions, (c) Mahlman’s8 hypothesis of 
direct excitation of nitrate ion, and (d) suggestions of 
the reaction of OH radicals with N 0 3- .2 The nature 
of these processes and their possible importance are 
briefly described in the following paragraphs.

The “Excited Water” Explanation. Proskurnin and 
Sharpatyi3'18 have suggested that excited water mole
cules are responsible for the high yields of nitrite. 
Their reasoning is based on the hypothesis that the 
initial processes in the radiolysis of water should be the 
same in the liquid and vapor phases although the re
ported values of ( 7 _ h 2o  are about 4.57 and 11.719 in the 
two phases. It is suggested that the difference is due 
to excited water molecules, normally unreactive in 
the liquid phase, which react with concentrated nitrate. 
The excited water molecules are postulated (1) to be 
primarily radical pairs trapped by the solvent cage 
and (2) to undergo typical radical reactions.

Several arguments against this theory may be 
presented. There are theoretical objections to the 
basic hypothesis that the primary radiolytic processes 
should be the same regardless of state20; this is par
ticularly true when considering very concentrated 
ionic solutions. Also, it is not clear why only nitrate 
and perhaps a few other materials18 should show a 
high reactivity toward the excited water that is not 
observed in other irradiated systems.21 In addition, 
some of the results of Proskurnin and Sharpatyi could 
not be duplicated in this and other investigations,4’5 
including in particular their reported value of Gncu- 
approaching 6 at pH 7. This theory therefore appears 
somewhat tenuous.

Bednar and Lukdc’s Theory. The theory of Bednar 
and Lukafi4 is based on the nature of the radiolysis 
process in concentrated solutions. They reason that 
in sufficiently concentrated solutions the initial exci
tation would be delocalized enough for the solute to be 
involved in a large fraction of the primary excitations. 
They therefore propose that in concentrated solutions, 
reactions 1-3 should be replaced by a series of reactions 
including

(H20 , N O »-)-------->  N 03aq* +  eaq-  (4)

N 0 3aq* — ► N 02aq +  0  (5)

N 03-  +  0  — ► N 02-  +  0 2 (6)

0  +  H20  — ► 20H (7)

From their experiments, Bednar and Lukac derived 
from reaction 4 a maximum G =  3.04 for very high 
nitrate concentrations. They also postulated the 
formation of excited water, which undergoes the re
action

H20* +  N 03-  — »■ H20 2 +  N 02-  (8)

The G value for the formation of H20* from their data 
analysis is in the range 1.2 to 1.5.

This theory would account for the production of 
very large amounts of nitrite in the radiolysis of con
centrated solutions. The maximum ( 7 n o 2 -  would be
0.5G(2) -f- 0.5(7(4) 0.5(7(5) ~b (7(6) +  (7(8), which in
the limit of very concentrated solutions would be equal 
to 2(7(4) +  (7(8) =  7.6. The theory does not provide 
for a dependence of (7No2- on pH. These authors be
lieve that the direct effect of Mahlman,8 described 
next, is not due to the direct excitation of nitrate by 
radiation but rather to a competition between reac
tions 6 and 7.

The Direct Effect. Mahlman8 observed that in 
neutral nitrate solutions 0 2 was produced from the 
nitrate ion, in an amount roughly proportional to the 
nitrate concentration. This he assigned to the direct 
excitation of the nitrate by radiation. The “ direct”  
(?o2 measured by Mahlman is, however, only of the 
order of tenths, so that this “ direct effect” cannot by 
itself account for the very high nitrite yields observed.

Reactions of OH Radicals. The suggestion that OH 
radicals might react with nitrate ion2 could also ac

(17) The amount of solvation of the hypothesized “ NO2”  inter
mediate is unknown; to distinguish this species from the gaseous 
molecule it is denoted NCbaq in the subsequent discussion.
(18) Y. A. Sharpatyi, Russ. Chem. Rev., 30, 5, 279 (1961).
(19) R. F. Firestone, / .  Am. Chem. Soc., 79, 5593 (1957).
(20) U. Fano, “ Comparative Effects of Radiation,” John Wiley and 
Sons, Inc., New York, N. Y., 1960, p. 14.
(21) M. S. Matheson, Radiation Res. Suppl., 4, 1 (1964).
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count for a high value of Gno2-. If the OH radicals 
could serve as one-electron reducing agents, then the 
nitrite yield might be approximately doubled.

Implications from Radical Scavenging Studies. The 
results obtained in this work with radical scavengers, 
particularly 0 2 and I - , are to be examined with respect 
to the preceding theories.

As shown in Figure 3, the presence of 0 2 during the 
irradiation drastically lowers the Gno2-. Generally, 
such an effect is attributed to the reaction

eaq”  +  0 2 — 0 2-  +  aq. (9)

which removes the solvated electrons and thereby 
prevents reaction 2. However, it is now known that 
the reaction constants for eaq_ with 0 2 and with N 0 3~ 
are very nearly the same.7 Therefore, the drastic 
reduction of Gno2- produced by 10 ~3 M ()■> in much 
more concentrated nitrate solutions would not be ex
pected. If the 0 2 is not reacting with the primary 
species, then it is evidently reacting with the inter
mediate, “N 0 2aq,”  to oxidize it back to nitrate.

It can be inferred that N 0 2aq is oxidized equally well 
at all concentrations of nitrate by 10~8 M  0 2. In the 
more dilute solutions G W - is decreased by this process 
almost to zero, which indicates very efficient oxidation 
of N 02aq. However, in the more concentrated solu
tions for which the value of Gno2~ is appreciable even 
in the presence of oxygen, some of the nitrite is evi
dently produced by processes in which N 02ag is not an 
intermediate. Reactions 6 and 8 are of this type, and 
a limit can be set on the extent to which such reactions 
are involved.

The studies of G W - in the presence of I -  provided 
additional information. I~ is known to undergo the 
reaction22

I -  +  OH — >  O H - +  I (10)

and the I or species formed from it did not react with 
N 02-  under our conditions. The presence of 1“  should 
therefore eliminate any reactions in which OH radicals 
are involved. As shown in Figure 3, addition of 1“  
increased the yield of N 0 2_ , in both neutral and alka
line solutions, to a value that shows little dependence 
on pH. (The very low values of G W - observed in 
neutral lO“ 8 M  nitrate solutions containing I -  are not 
understood; they may be due to more complex equi
libria, such as those described by Allen.22) With I~ 
present, even in quite dilute solutions, G W - still 
reaches 3.8. We concluded from this that N 02aq 
was reduced by I - ; the alternative possibilities would 
require a G value for reducing radicals of at least 7.6, 
and this is unreasonable in these solutions. GN02aq 
must be at least as great as the value 3.8 of G W -

found in the presence of I - ; in view of the high con
centration of reducing agent present, it is probably 
equal to this value. These data allow some quanti
tative calculations of radical yields. G W - formed 
with I2 present, shown as the upper curve in Figure 3, 
includes both N 0 2~ formed from N 0 2aq and produc
tion of that nitrite which is unaffected by radical 
scavengers and therefore does not derive from N 02aq 
(lower curve in Figure 3). By subtraction of these 
two curves, a measure of GN02aq and thus of G(H+eaq-) 
may be obtained; this subtraction is shown in Figure
4. GN02aq is seen to rise with nitrate concentration 
slowly to about 1 M  nitrate, above which it drops off 
sharply to lower values. This is consistent with what 
is known about the system; Mahlman23 has shown 
that Gh2 drops from about 0.36 in 10 -2 M  NO3- to 
<0.10 in solutions above 1 M  NO3-. H2 is believed 
to be produced by combination of reducing species,24
i.e.

eaq“  +  eaq-  — H2 -f- 20H~ +  aq. (11)

so that the participation of these solvated electrons in 
reaction with N 0 3_ would be expected to raise GN02aq 
by approximately 0.6 in solutions above 10-2 M. 
The decrease in Gno2m in more concentrated solutions 
would appear to be due to the increasing complexity 
of behavior of these solutions; much of the water is 
involved in hydration of the solute and thereby likely 
to react somewhat differently upon excitation or de-

Figure 4. Détermination of (?No2aa as a function 
of nitrate concentration.

(22) A. O. Allen, “ The Radiation Chemistry of Water and Aqueous 
Solutions,” D. Van Nostrand Co., Inc., Princeton, N. J., 1961, p. 109.
(23) H. A. Mahlman, Chemistry Division Annual Progress Report 
for Period Ending June 20, 1963, U.S.A.E.C. Report ORNL-3488, 
Oak Ridge National Laboratory, Oak Ridge, Tenn., p. 45.
(24) E. Hayon, Nature, 194, 737 (1962).
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composition. Also, an appreciable fraction of the 
primary excitation comes to involve the nitrate ion 
itself at these concentrations.

The above results may now be compared to the pre
dictions of the several theories previously described. 
First, it may be noted that the excited water theory of 
Proskurnin and Sharpatyi predicts that the reactions 
of excited water will resemble those of radicals and 
therefore involve N 02a,  intermediates. There should 
then be an increase in G^o2n between 0.1 and 1 M  
NOg~ amounting to a factor of about 2; this increase is 
not observed. Likewise, the theory of Bednar and 
Lukac predicts a steady increase in CrN02aa with increas
ing nitrate concentration, due to reactions 4 and 5; 
this increase also is not observed.

There remains to be explained the high yields of 
N 0 2~ in alkaline solution above pH 11, shown in 
Figures 1 and 2. At high pH there is an unexpectedly 
high production of N 02~ even at 10-3 M  concentrations 
of nitrate—2.3 compared to 1.9 which would be pro
duced by the measured yield of (H +  eaq-). The only 
plausible explanation for this effect in such a dilute 
solution would seem to be that OH radicals are acting 
as reductants toward nitrite. Mahlman25 has pub
lished evidence that OH and NOg-  do not react in 
sulfuric acid solutions; however, the oxidizing radical 
in such solutions may actually be HS0426 and in the 
present studies it may be 0 “ .

The best available estimate is that OH ionizes to 
0~  at pH values above 11.27 The high yields of N 0 2~ 
are found only above pH 11; at lower pH the yields 
are significantly less than could be accounted for by 
the measured G(H +  eeq~). These results strongly sug
gest that a reaction of O-  with »N03-  is responsible for 
the anomalously high Gno2-. The difference in the 
reactions of OH and O-  could therefore account for 
the observed pH effect. The fact that H20 2 is not ob
served as a product in the radiolysis of these alkaline 
solutions also suggests that its radical precursors are 
being scavenged by nitrate.

The reactions of 0 “  have not been thoroughly in
vestigated, but it has been postulated before that 
0 “  can behave as a reducing agent28 although this 
particular case was later questioned.27 The principal 
■uncertainty in postulating the reduction of N 03-  by 
0 _ is whether the process of electron transfer is exo
thermic; the energy required to produce a hydrated 
oxygen atom may be too high. If this is so, an alterna
tive possibility would be the reaction sequence

NOg- +  0 -  +  H20  — >  NOg +  2 0 H - (12)
and

2N 03 ■ >■ 2N 02 T  0 2 (13)

However, such a sequence is inconsistent with data 
from studies with 0 18-labeled water (Table I) because 
it would produce 0 2 from the nitrate ion. Another 
possibility is the formation of an intermediate com
pound from NO3- and 0 “ , which could subsequently 
react to yield oxygen and N 02aq. The net yield of 
N 02-  would then depend on the relative rates of the 
reactions involving the species N 0 2aq and the N 0 3- : 0 “ , 
which can be written NO42- ,  such as

NO*2"  +  N02aq —> 2N0g- (14)
2N042_ -)- 2H20 ■ ■ > 2N02aq T  0 2 T  40H— (15)

Depending on the relative rates of reactions 14, 15, 
and 3, the yield of N 02aq could therefore range from 
(Geaq- +  Go-) to (Geaq- — Go-)- The observed 
results are well within this range. It seems, therefore, 
that the high yields may be accounted for by reactions of 
0 “  though the exact mechanism remains obscure.

The Effects Not Involving lV02aq. Those effects not 
involving N 02aq, that is, the portion of the N 0 2“  yield 
which is insensitive to the presence of 0 2, I~, Br~, and 
other radical scavengers, still need explanation. As 
shown in Figure 5, the electron fraction of N 0 3~ in 
fairly concentrated solutions of NaNOg is quite large, 
approaching 19% for a 4 M  solution. It would be 
expected that a proportional amount of primary exci
tation by radiation would be imparted to the nitrate 
ion. The decomposition of nitrate by radiolytic ex
citation should proceed similarly to the photolytic de
composition; hence, it should be insensitive to the pres
ence of oxygen. This implies that N 0 2aq or other oxy
gen-sensitive intermediates are not involved. A  mech
anism consistent with the data would consist of the 
dissociation reaction

N03-  — NOg- * -----^  N 02-  +  0  (16)
followed by reaction 6. This would produce oxygen 
from nitrate; in view of the high nitrate concentration, 
it would be rather insensitive to other radical scav
engers.

A  direct effect of radiation on nitrate of this type 
should be detectable by two measurements: (a) a
measurement of the oxygen produced from nitrate ion 
and (b) a measurement of the nitrite produced in the 
presence of oxygen. These two quantities are plotted 
against nitrate concentration in Figure 5, with the 
oxygen yield multiplied by 2 so as to correspond quan
titatively to the nitrite yield. If the only effect which

(25) H. A. Mahlman, J. Phys. Chem., 64, 1598 (1960).
(26) J. W. Boyle, Radiation Res., 17, 427 (1962).
(27) J. H. Baxendale, Radiation Res. Suppl., 4, 114 (1964).
(28) F S. Dainton and S. A. Sills, Proc. Chem. Soc., 223 (1964).
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Figure 5. Comparison of quantities involved in establishing 
the “ direct effect”  of radiolysis on nitrate ion.

produces N 02~ in the presence of 1 atm. of 0 2 is this 
direct effect, then the two curves should coincide; 
actually, the nitrite production is higher by about 0.5 
molecule/100 e.v. above 0.5 M  nitrate, but it falls off 
at lower concentrations. The general behavior of 
these two curves supports the “ direct effect”  concept 
as outlined above although the two are not exactly 
proportional to electron fraction of nitrate, and some 
additional process must be found to account for the 
difference between the two curves. The simplest 
explanation for this difference, incomplete scavenging 
of N 02aq by 0 2, is not satisfying because 0 2 is such a 
good scavenger at low nitrate concentrations; more 
likely, the difference is due to reactions in the spurs, 
reactions of excited water, or some other unusual proc
ess which can be observed in these concentrated solu
tions.

One problem in the above interpretation is that the 
nitrite production in 0 2-saturated solutions is inde
pendent of pH, while the measurement of 0 2 produc
tion from nitrate reported here is much higher than 
that previously reported for pH 7.8 However, this 
last number is based on values of (?o2 which are not 
primary yields, owing to the reaction of N 02aq with the

accumulating 0 2; published measurements of Go, 
at low doses9 are considerably higher. It is therefore 
possible that this apparent discrepancy is not real.

Other Relevant Data. The significance of some of the 
other published data on the effect of scavengers on the 
radiolysis of nitrate is uncertain. As mentioned pre
viously, the effect of H20 2 is uncertain and small. No 
obvious explanation for the reported lack of influence 
of added H26 on the reaction is at hand; this deserves 
further study. The effect of formic acid and other 
organic compounds in increasing (7no2- 3,4 is probably 
due to their behavior as reducing agents toward N 0 2aq, 
in a manner similar to I - , or else to the reducing action 
of radicals formed by the action of OH on the organic 
materials.

S u m m a r y  a n d  C o n c l u s i o n s

The radiolytic reduction of nitrate ion in dilute aque
ous solution may be accounted for by conventional 
reactions 1-3 of H and eaq- in neutral solution. How
ever, above pH 11 there is an increase in the yield of 
N 0 2~ which is most likely due to a reaction of O-  by 
reactions such as (15). In solutions of higher nitrate 
concentrations, the direct excitation of nitrate by 
radiation (reactions 6 and 16) becomes important, and 
there is also a possible additional contribution from 
the reaction of 'excited water or some other process.

From Figure 4 it is possible to establish ((?eaq- +  
On) as approximately 3.8 in dilute alkaline solutions. 
From the value of G-r, =  0.36 given by Mahlman for 
10-2 M  N 0 3~, GLh2o, exclusive of the formation of ex
cited water, may be calculated as approximately 4.5. 
This is in reasonably good agreement with values ob
tained by Dainton and Watt29 in their studies of alkaline 
solutions of hexacyanoferrates but is higher than the 
values found in alkaline solutions by other investi
gators.7
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(29) F. S. Dainton and W. £. Watt, Nature, 195, 1294 (1962).
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The Effect of Galvinoxyl on the Radiolysis of Benzene-Butene-2 Mixtures

by R. B. Cundall and P. A. Griffiths

Department of Chemistry, The University, Nottingham, England (.Received March 1, 1965)

By the use of galvinoxyl it has found that the scavengable radical yield (Gn) in 7-irradiated 
benzene is 0.74, but no reaction with excited states is detectable. The effect on the geo
metrical isomerization of cfs-butene-2 shows that the stable free radical is able to quench 
the excited triplet state of benzene with high efficiency. An estimate of about 4 for the triplet 
G value in irradiated benzene is quoted. The lifetime of this state is short, ca. 10-8 sec., 
under the conditions of the experiments.

Previous work1 has indicated that the cis-trans isom
erization of butene-2 in irradiated benzene solutions 
proceeds via an excited-state mechanism with electronic 
energy transfer from the triplet state of benzene. Al
though tests for a free-radical mechanism for the reac
tion were made, it was desirable to examine the effect 
of a free-radical scavenger more effective than any used 
in the earlier investigation. Galvinoxyl (2,6,3',5'- 
tetr a-i-butyl-4 '-phenoxy-4-methylene -2,5- cy clohexadi- 
ene-l-one) was selected for this purpose.

Relatively high concentrations, much in excess of 
those required to scavenge the bulk of the free radicals 
formed in the solution, caused a considerable decrease 
in the isomerization yield comparable to that observed 
with oxygen. Galvinoxyl is known to react efficiently 
with free radicals,2 but the question arises whether 
galvinoxyl can quench excited states by a purely physi
cal process or a chemical process in which there is a reac
tion between the glavinoxyl and excited benzene as re
ported by Griffith3 for DPPH (diphenylpicrylhydrazyl) 
and triplet benzene. The work described here pro
vides some information on this problem.

Experimental

Benzene was purified by the method previously de
scribed.1 cis-Butene-2 (Phillips research grade) was 
used without further purification other than vacuum 
distillation. Galvinoxyl was prepared by the oxidation 
of 3,3,,5,5'-tetra-(!-butyl-4,4'-dihydroxydiphenyLmetli- 
ane with lead dioxide.4 Solutions of galvinoxyl 
were very readily oxidized in air and were deaerated 
by the addition of fragments of sublimed solid carbon 
dioxide. Two-milliliter portions of solutions were 
thoroughly degassed in tubes fitted with break-seals. 
A  known amount of cis-butene-2 was condensed into

the tubes and irradiated with Co60 7-rays (at 22 ±  1°). 
After irradiation, the tubes were opened under vacuum 
and the butene-2 was extracted for analysis by gas 
chromatography. Galvinoxyl was estimated by meas
uring the absorbance at 474 mg (e 145,000) and also 
iodometrically.2 The former method appeared pref
erable because of the difficulty in obtaining a satisfac
tory end point with the latter. In the determination 
of galvinoxyl consumed, the tubes were opened under 
an atmosphere of carbon dioxide.

Results and Discussion
The experiments were carried out at a constant cis- 

butene-2 concentration (0.21 M) and dose rate (3 X 
1014 e.v. g.-1 sec.-1). For convenience, ((risom)-1
values are plotted against the concentration of gal
vinoxyl (moles 1.-1) (see Figure 1). The linearity of the 
plot is consistent with the scheme

C6H6 ----------   C6H6* (1)

C6H6* +  cA-CTR — >  C6H6 +  C4H8* (2)

C4H8* -— *■ cis- or trans-CJIs (3)

C6H6* — > C6H6 (4)

S +  radicals •— > products (5)

S +  C6H6* — > S +  C6H6 (6)

S +  C6H6* — > addition products (7)

(1) R. B. Cundall and P. A. Griffiths, J. Am. Chem. Soc., 85, 1211 
(1963); Discussions Faraday Soc., 36, 111 (1963).
(2) F. D. Green, W. Adam, and J. E. Cantrill, J. Am. Chem. Soc., 83, 
3461 (1961).
(3) L. R. Griffith, U. S. Atomic Energy Commission, U.C.RX. 3422 
(1956).
(4) G. M. Coppinger, J. Am. Chem. Soc., 79, 501 (1957); M. S. 
Kharasch and B. S. Joshi, J. Org. Chem., 22, 1435 (1957).
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Figure 1. Plot of l/GlBom vs. concentration of 
galvinoxyl (mole l . -1) in benzene solution.

C6H6* and C4H8* are the triplet states of benzene and 
butene-2. Evidence for stages (1) to (4) has been pre
sented elsewhere.1 In the presence of galvinoxyl (S), 
the process (6) to (6) are also possible and a steady-state 
treatment yields

l/Giaom = 1 /V  +  fa/k'fa [C4H8] +
(fa +  fc7)[S]/fc'fc2[C4H6]

where A;' is a constant at fixed dose rate involving the 
efficiency of benzene excitation. From the plotted 
data (fa +  fa)/fa is found to be 9.6 (k' = 0.38100 e.v. 
molecule-1) .1’6 A value of 2 X 10-2 for the fa/fa 
ratio can also be derived in good agreement with the 
value of 1.8 X 10-2 derived from data better suited for 
this purpose.5 The ratio of (fa +  fa)/fa is comparable 
with 9.0 for oxygen and 3.2 for both naphthalene and 
anthracene.6 Apart from oxygen, nitric oxide, and 
other triplets, paramagnetic molecules are less effective 
quenchers of the triplet state than those in which an 
exothermic triplet-triplet energy interchange is pos
sible.6

Information on the relative importance of reactions 
6 and 7 can be obtained from the results in Table I. 
At the lower galvinoxyl concentrations, the G value 
agrees well with other estimates for free-radical yields 
in irradiated benzene. Cherniak, Collinson, and 
Dainton7 have measured and listed values for (^radi
cals) obtained with a variety of scavengers, the most re-

Table I

Total dose, Observed
Concn. of galvinoxyl, e.v. X IO“«» decrease

mole 1._1 (in 2 ml.) G( — galvinoxyl) in (iisom

2.5 X 10~3 0.138 0.74 0.22
1.42 X IO" 2 1.66 0.63 0.83

liable of which lie between 0.70 and 0.75. If the isom
erization method is valid for the estimation of the 
triplet yield in benzene

(7 (triplet C6H6) Gcis~̂ irans -j— G¿rans~.c{s ^  4

where the G¡som values are limiting ones in the presence 
of 0.2 M  olefin. The only comparable data are those 
of Cherniak, Collinson, and Dainton,7 who have ob
tained a value of about half this using ferric chloride as 
scavenger. If excited states were chemically scav
enged, than G(—galvinoxyl) should increase with gal
vinoxyl concentration up to about 5. This is not 
found, i.e., fa <C fa, and it is possible that the slight de
crease observed may be due to some deactivation of a 
radical-forming excited state. Although galvinoxyl 
quenches excited triplet states in irradiated systems, it 
only disappears through free-radical, as distinct from 
excited-state, attack; i.e., reaction 5 alone is responsible 
for galvinoxyl disappearance.

The value of fa/fa is 4.8 X 102 and, if fa is about 1010
1. mole-1 sec.-1 as expected for a diffusion-controlled 
reaction, fa must be 2.1 X 107 sec.-1. This implies that 
the lifetime of the benzene triplet is surprisingly short, 
(5 X  10-s sec.). If a longer lifetime for the benzene 
triplet is assumed, the value of fa becomes less than 
that for a diffusion-controlled reaction, which is anti
cipated from the close similarity in behavior between 
oxygen and galvinoxyl.

The identity of the absorption spectra of galvinoxyl 
in benzene and chloroform suggests that a solvent- 
solute complex is not responsible for the benzene triplet 
state quenching by galvinoxyl as could be the case with 
DPPH in benzene.

Acknowledgments. The authors are indebted to Dr.
G. B. Gill for his invaluable assistance and comments. 
Thanks are due to the Petroleum Research Fund of the 
American Chemical Society for support.

(5) R. R. Cundall and P. A. Griffiths, to be published; the data 
quoted differ somewhat from those given in ref. 1.
(6) G. Porter and M. R. Wright, Discussions Faraday Soc., 27, 18 
(1959).
(7) E. A. Cherniak, E. Collinson, and F, S. Dainton, Trans. Faraday
Soc., 60, 1408 (1964).

Volume 69, Number 6 June 1965



1868 Y. C. W u, M . B. Smith, and T. F. Y oung

Heats of Mixing of Electrolytes Having Common Ions

by Y. C. W u, M . B. Smith, and T. F. Young1

George Herbert Jones Chemical Laboratory, University of Chicago, Chicago, Illinois, and Argonne National 
Laboratory, Argonne, Illinois (.Received November 30, 196If)

Heats of mixing of 24 pairs of 1 m aqueous solutions of 1-1 electrolytes having an ion 
common to the pair have been measured at 25°. Heats of mixing of NaCl and Na2S04, 
each in an aqueous solution of unit ionic strength, have also been determined. The effect 
of the substitution of one common ion for another has been investigated for five homoionic 
pairs. The maximum effect observed is about 3 cal./mole of electrolyte. The heats of 
mixing of HC1 with the alkali metal chlorides differ from the heats of mixing of LiCl with 
the same respective electrolytes by approximately a constant amount, ca. 13 cal./mole of 
solute.

When aqueous solutions of two strong electrolytes 
are mixed, the changes in the volume of the system 
and in the enthalpy of the system are small, or zero, 
if the two solutions and the ternary solution produced 
are of the same ionic strength and if the ionic strength 
is not too large.2-5 Likewise, the changes in total ex
cess free energy6’6 and in the total excess entropy6 pro
duced by the mixing of strong electrolytes at constant 
ionic strength are zero or small.

The change in excess volume or excess enthalpy 
during mixing is the increment in the total volume or 
total enthalpy. Both are, of course, extensive quan
tities. It is convenient to state the results of mixing 
processes in terms of the increment divided by n2 +  n%, 
the total number of moles of solute in a mixture of elec
trolytes of the 1-1 charge type. The symbols ATln and 
A w i l l  denote the increments in the respective inten
sive quantities. They are equal, respectively, to in
creases in the mean apparent molal (excess) volume and 
the mean apparent molal (excess) enthalpy.2 (The 
word excess, of course, may be omitted in statements 
concerning volume and enthalpy. It may be included, 
as it is here, to stress the similarity of increments in 
apparent molal volume and in apparent molal enthalpy 
to increments in apparent molal excess free energy and 
apparent molal excess entropy.)

For mixings at constant ionic strength of electrolytes 
of the 1-1 charge type, AHm and AVm can usually be 
represented by simple power-series equations. Most 
authors2’3 4 5'7'8 have chosen to use explicit functions of the

solute mole fractions x2 and xz. The following is such 
an equation.

AHm/x2xz =  a +  bx3 +  . . .  (1)

The symbol x% represents the solute mole fraction n%/ 
(n2 +  n-.t) of one of the solutes. The symbols a, b, 
etc., denote empirical constants; n2 and n%, etc., de
note the respective numbers of moles of the solutes.

An alternative equation

AH,n/x2Xi =  a +  0(xi — xs) +  . . .  (2)

offers the advantages that the first empirical constant, 
a, is related very simply to an important geometrical 
feature of the curve representing the equation; it is 
four times the ordinate at x2 =  0.5 =  x%.

A very careful study of changes in volume has 
recently been described by Wirth, Lindstrom, and 
Johnson.7 They used a very precise differential ex
perimental method capable of delineating in detail the

(1) The Argonne National Laboratory, Argonne, 111.
(2) T, F. Young and M. B. Smith, J. Phys. Chem., 58, 716 (1954); 
M. B. Smith, Ph.D. Thesis, University of Chicago, 1942.
(3) T. F. Young, Y. C. Wu, and A. A. Krawetz, Discussions Faraday 
Soc., 24, 37, 77, 80 (1957); Y. C. Wu, Ph.D. Thesis, University of 
Chicago, 1957.
(4) R. M. Rush and G. Scatchard, J. Phys. Chem., 65, 2240 (1961).
(5) H. S. Harned, ibid., 63, 1299 (1959); 64, 112 (1960); 67, 1739 
(1963).
(6) H. A. C. McKay, Discussions Faraday Soc., 24, 76 (1957).
(7) H. E. Wirth, R. E. Lindstrom, and J. N. Johnson, J. Phys. 
Chem., 67, 2339 (1963).
(8) J. H. Stem and A. A. Passchier, ibid., 67, 2420 (1963).
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shapes of the curves showing the variation of AFm 
with xs. For six pairs of 1-1 electrolytes in 4 m solu
tions, they found two empirical constants in the volume 
analog of eq. 1 to be adequate. For each of the same 
six pairs in 1 m solutions, a single constant sufficed.

In their studies of the heats of mixing of 1-1 elec
trolytes in 1 m solutions, Young and Smith2 and Young, 
Wu, and Krawetz3 found two constants to be adequate 
for each of the pairs of electrolytes for which they had 
obtained enough experimental points to make a study 
of eq. 1 significant. Assuming that the two-constant 
equation would be adequate for the mixing of pairs of 
other similar salts, they measured two heats of mixing 
for each of numerous other pairs of 1-1 electrolytes. 
Young, Wu, and Krawetz were thus enabled to include 
(in their Figure 2) curves for the heats of mixing of all 
pairs of the alkali metal chlorides (except some in
volving RbCl) with one another and with HC1.

Although Young, Wu, and Krawetz had obtained 
equations sufficiently accurate for the plotting of the 
curves in their Figure 2, their equations were not de
finitive and were not published. The availability of 
electronic computing facilities at the Argonne National 
Laboratory has made feasible the evaluation of the con
stants of the equations by a least-square procedure. 
This paper contains equations for the mixing of 25 pairs 
of electrolytes with one ion common to each pair.

Experimental

Calorimeter. The general design of the calorimeter 
has been described.2’9 The pipet and the stirrer were 
made of tantalum. The case of the heater was con
structed of platinum and platinum-iridium alloy brazed 
with gold. During the latter part of the work, the 
stirrer design was modified to reduce the time required 
for mixing. The end of each blade was bent downward. 
The bend was closer to the hub at the trailing edge of 
the blade than at the leading edge. Much of the fluid 
moved by the stirrer was drawn inward from the sides 
of the calorimeter instead of being thrown toward the 
sides. Consequently, more of it was impelled down
ward than by the unmodified stirrers.

The time required for mixing by the improved stirrer 
was studied in the following manner. The calorimeter 
dewar flask was replaced by a transparent glass vessel 
of nearly the same shape and internal dimensions. 
An alkaline solution containing a little phenolphthalein 
was then put into the vessel. The pipet had been filled 
with a quantity of acid solution slightly in excess of the 
amount required to neutralize the base. Time was 
measured from the instant at which the pipet was 
opened until all of the indicator color disappeared.

When the excess acid was about 0.2%, the time ob
served was 40-60 sec.

Solutions. Large quantities of stock solutions were 
prepared and diluted by weight to the compositions re
quired. The stock solutions of salts were analyzed by 
evaporation-residue methods10 or (usually) by silver 
halide precipitation.

Materials. Stock solutions were made from con
ductivity water and available reagent grade chemicals. 
CsCl and RbCl were not obtainable as reagent grade 
materials. The reagent grade substances and CsCl, 
all of which melted sharply, were not purified further. 
The purity of the RbCl, however, was not satisfactory. 
It did not melt sharply; moreover, when an aqueous 
solution of the RbCl sample was evaporated to dryness, 
a thin yellow layer appeared on the surface of the 
salt next to the bottom of the flask. (Spectrographic 
analysis revealed a trace of iron in the layer.)

To purify the RbCl, it was dissolved in conductivity 
water and most of it was “ salted out”  with hydrogen 
chloride gas. The purified material did not form the 
yellow layer. It also melted sharply. Unfortunately, 
the quantity of the purified salt was insufficient for a 
repetition of all of the mixing experiments with NaCl, 
KC1, and CsCl. The heats of mixing reported for 
RbCl with these salts are to be regarded, therefore, 
as tentative, although the impurities may not have af
fected the determinations. The equations for RbCl 
and HC1 and for RbCl and LiCl were determined from 
experiments with the purified RbCl.11

Calculations. The objective of a set of mixing experi
ments is the determination of the functional relation
ship of Affm to x%. The calculation of a series of co
ordinates from the mixing experiments is somewhat 
complex but has been explained in detail.3 The series 
of coordinates determined for each pair of electrolytes 
was submitted to an IBM 704 calculator whose program 
directed it to determine the empirical constants of eq. 1 
or 2. The machine minimized the sum of the squares 
of the differences between the calculated and experi
mental values of AHm. When only two “ points”  were 
supplied to the machine, it determined values of the 
constants which made the calculated and experimental 
values exactly equal. No change in the programming 
was necessary.
Results

1-1 Electrolytes. Constants of eq. 2 for 24 pairs 
of 1-1 electrolytes are in Table I. Column 1 shows for

(9) T. F. Young and J. S. Machin, J. Am. Chem. Soc., 58,2254 (1936).
(10) T. W. Richards and L. P. Hall, ibid., 51, 707 (1929).
(11) The new equation for LiCl and RbCl differs significantly from 
the one used for the calculation of the coordinates of the LiCl-RbCl 
curve in Figure 2 of Young, Wu, and Krawetz.
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each equation the pair mixed; column 2 shows the 
number of experimental points; columns 3 and 4 
contain the empirical constants a and P; column 5 lists 
the value of a /4  which is Affm at x3 =  0.5; and the last 
column shows the abscissa of each maximum or mini
mum AHm. The symbol x3 denotes the solute mole 
fraction of the electrolytes of larger formula weight.

Constants for eq. 1 are readily determined from
Table I since

a =  a +  P (3)

and

b =  - 2  p (4)

Table I : Heats of Mixing of 1-1 Electrolytes with
Common Ions (I =  1 .00:1 t =  25°; cal. mole

No. of Affm at xz of
Electrolytes points OC £ xz =  0.5 max. or min.

Pairs with common anions
HCl-LiCl 2 52.0 - 2.8 13.01 0.51
HCl-NaCl 4 130.1 13.3 32.52 0.47
HC1-KC1 10 -1 5 .0 1.7 -3 .7 4 0.53
HCl-RbCl 2 -8 2 .2 - 1 .6 -20 .55 0.50
HCl-CsCl 10 -136 .0 -1 5 .9 -34 .01 0.47
LiCl-NaCl 12 84.6 6.6 21.15 0.48
LiCl-KCl 4 -6 4 .2 - 3 .0 -16 .05 0.49
LiCl-RbCl 2 -135 .3 - 10.6 -33 .83 0.48
LiCl-CsCl 2 -194 .6 - 8 .9 -48 .65 0.49
NaCl-KCl 12 -3 8 .3 0.5 -9 .5 8 0.50
NaCl-RbCl 2 -4 9 .5 3.3 -12 .36 0.52
NaCl-CsCl 2 -3 4 .8 - 0.2 -8 .6 9 0.50
KCl-RbCl 2 9.6 1 .2 2.40 0.47
KCl-CsCl 2 6.4 - 0 . 1 1.59 0.50
RbCl-CsCl 3 1.5 0.3 0.38 0.45
LiBr-NaBr 2 82.7 7.5 20.67 0.48
LiBr-KBr 2 - 68.2 0.4 -17 .05 0.50
NaBr-KBr 2 -3 7 .7 1 .0 -9 .4 3 0.51
NaN03-K N 0 3 2 -5 0 .3 - 1 .7 -12 .57 0.49

Pairs with common cations
LiCl-LiBr 2 3.2 0 . 1 0.81 0.50
NaCl-NaBr 2 3.2 - 0 . 1 0.79 0.50
KCl-KBr 2 3.2 1 . 0 0.80 0.43
NaCl-NaN03 2 12.4 1.4 3.10 0.47
KCl-KNOa 2 1.4 0.6 0.34 0.40

NaCl-N(hSOi Mixings. Enthalpy changes were 
measured for a series of twelve mixings of NaCl and 
Na2S04. Throughout the series the ionic strength of 
each solution was unity. The binary Na2S04 solu
tions were therefore 1/t to and hence 2/s (weight) N. 
From the twelve measurements two equations were 
derived by the least-squares procedure described above. 
Equation 6 shows the relation of the heat absorbed in

calories per ionic strength unit, I.u., to the ionic strength 
fraction, y3. Note that y3 is defined by

AHm/y2y3 =  — 27.1 +  S.0(y2 — y3) cal. I .u .-1 (6)

Equation 8 is the relation of the heat absorbed in 
calories per equivalent to z3, the equivalent fraction,
i.e., the (weight) normality fraction

, n3= — q -77-  (7)n2 +  2 n3

AHm/z2z3 =  —33.2 — 3.1(22 — zz) cal. equiv.-1 (8)

According to eq. 6, AHm at y3 =  0.5 is —6.76 cal.
I.u.“ 1; the derivative at y3 =  1.0 is +30.1, and the 
minimum is at y3 =  0.53. According to eq. 8, AHm at 
z3 =  0.5 is —8.29 cal. equiv.-1 ; the derivative at z3 =
1.0 is +30.1 and the minimum is at z3 =  0.48.

The mixing of 0.2 mole of NaCl (1 to) and 0.1 mole of 
Na2S04 (Vs to) may be used to illustrate the applica
tion of both equations. In the ternary solution there 
are 500 g. of H20  and 0.3 mole of salt, which 
is 0.4 equivalent of salt and 0.5 I.u. of salt. The 
solute mole fraction of Na2S04 is 0.333, its equivalent 
(or normality) fraction is 0.5, and its ionic strength 
fraction is 0.6. According to eq. 6, AHm is —6.63 
cal. I.u.-1 ; according to eq. 8, AHm is —8.30 cal. 
equiv.-1. According to either, the heat absorbed in 
the specified process is —3.32 cal. Note that the quan
tity —8.30 cal. equiv.-1 is a verification of —8.29 cal. 
equiv.-1 in the preceding paragraph. The quantity 
—6.76 cal. I.u.-1 in the preceding paragraph, for the 
mixing of 0.3 mole of NaCl and 0.1 mole of Na2S 0 4, 
may be verified by the use of either eq. 6 or eq. 8.

Discussion
Symmetry. For a symmetrical curve 13, which equals 

6/2, is zero and the maximum or minimum lies at x3 =
0.5. The slope of such a curve at x3 =  1 is the negative 
of the slope at x3 =  0. (These slopes are, respectively, 
P — a =  6 — a and (3 +  a = a.) Most of the curves 
are nearly symmetrical; the maxima and minima of all 
but three lie between x3 =  0.47 and 0.53. The heat 
effects for those three are very small; AHm at x3 =
0.5 is less than 1 cal/m ole of solute.

Role of Common Ion. It has been pointed out3 that 
the heat of mixing of Cl-  and Br-  is nearly the same 
whether the mixing is done in the presence of Li+, 
Na+, or K+. This is an interesting result because it 
suggests that the interactions between a pair of the 
same charge sign are typically affected relatively little 
by the common ion. Nine such changes of common
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Table II : Effect on the Heat of Mixing of Variation of the 
Common Ion ( /  =  1.00; t = 25°; cal. mole-1)

Heteroions Common ion 

Common anions

AHm at xz = 0.5

Li+-Na+ c i - 21.15
Li+-Na+ Br" 20.67
LÌ+-K+ c i - -1 6 .0 5
LÌ+-K+ B r- -1 7 .0 5
Na+-K  + c i - -9 .5 8
Na+-K + B r- -9 .4 3
Na+-K+ n o 3-

Common cations

-12 .57

C l--B r- Li + 0.81
C l--B r" Na+ 0.79
C l--B r- K+ 0.80
CI--NO3 - Na+ 3 .10
c i- - n o 3- K+ 0.34

ion are shown in Table II. The largest difference in 
AHm produced by a change in the homoion is about 3 cal. 
mole-1. In the two comparisons in which this rela
tively large difference occurs, the N 0 3~ ion is involved. 
The 3 cal. mole-1 may be contrasted with the full range 
of the heats of mixing themselves. The heat of mixing 
of LiCl varies from 21 cal. mole-1 for the mixing of LiCl 
with NaCl to —49 cal. mole-1 for the mixing of LiCl 
with CsCl. This range for LiCl (the maximum range 
in Table I) is 70 cal. mole-1.

It has been pointed out by Friedman12 13 that the cluster 
theory of Mayer18 and others is in accord with the ob
servation that a change in the homoion has relatively 
little effect upon the heat of mixing of any specified 
pair of heteroions.

The H +: Li+ Difference. The numerous thermal data 
now available, including those associated with RbCl, 
reveal an interesting regularity. The heat of mixing 
of HC1 and NaCl, at x3 =  0.5, is 32.52 cal. mole-1. 
For LiCl and NaCl the corresponding value is 21.15 
cal. mole-1 ; see Figure 1. The difference between 
the two is 11.37 cal. mole-1. Five such differences 
are plotted at the bottom of Figure 1. All of them are 
in the range 11.4 to 14.6 cal. mole-1 and vary from 
electrolyte to electrolyte in a regular manner.

Relations to Other Properties of Solutions. The prin
cipal ultimate objective of these studies of electrolyte 
mixtures is the development and improvement of 
methods for the estimation of activity coefficients of 
electrolytes in the presence, and also in the absence, of 
other electrolytes. The activity coefficients are re
quired for an understanding of the effects of salts upon 
chemical equilibria. The prediction of such effects 
remains one of the most important problems in the

HCl L iC l NaC l KCI RbC l CsC l

Figure 1. Heats of mixing of some chlorides ( /  =  1.00, 
t = 25°, and x3 = 0.5): top line, heats of mixing of HC1 with 
alkali metal chlorides; middle line, heats of mixing of LiCl with 
alkali metal chlorides; bottom line, ordinates of top line (for HC1) 
minus ordinates of middle line (for LiCl).

physical chemistry of solutions. A second major ob
jective in the study of activity coefficients is an im
proved understanding of interactions between ions. 
For each of these purposes it is important to discover the 
relations between the enthalpies of mixing and various 
properties of solutions. Too few data are available 
for a fully satisfying study, but some interesting rela
tions have come to light, e.g., the difference in behavior 
between structure makers and structure breakers.3 
This grouping of electrolytes has been shown by Frank 
and Evans14 and by Frank and Wen15 * to be related to 
numerous properties of solutions.

The sharp peaks in Figure 1 preclude the existence 
of a simple relation between the heats of mixing shown

(12) H. L. Friedman, “ Ionic Solution Theory,” Interseience Pub
lishers, Inc., New York, and London, 1962.
(13) J. E. Mayer, J. Chem. Phys., 18, 1426 (1950).
(14) H. S. Frank and M. W. Evans, ibid., 13, 507 (1945).
(15) H. S. Frank and W. Y. Wen, Discussions Faraday Soc., 24, 133
(1957).
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in the figure and the radius of the ion in crystals.16’17 
It is obvious that there is no general simple relation 
between the heat of mixing and any property which is 
a monotonie function of atomic number. Excluded 
from a simple relationship with the heat of mixing is the 
radius of the hydrated ion, whether determined from 
transport properties by the method of Robinson and 
Stokes18 and modified by Nightingale,19 or from acti
vity coefficients by the method of Stokes and Robin
son.20'21

Figure 2. Excess free energies (from calculations of M cKay6 
and Earned5) of mixing of some chlorides (7 =  1.00, 
t — 25°, and x3 =  0.5): top line, excess free energies of 
mixing of HC1 with alkali metal chlorides; middle 
line, excess free energies of mixing of LiCl with 
alkali metal chlorides; bottom line, ordinates of the top line 
(for HC1) minus ordinates of middle line (for LiCl).

Partial Molal Volumes. There is a property, how
ever, whose variations are qualitatively much like the 
variations in the heats of mixing shown in Figure 1: 
namely the limiting partial molal volume at zero molal
ity. Some values of that function are now known 
very precisely.7’22’23 The similarity is most simply 
and beautifully shown by comparison of AHm with the 
partial molal volumes “ assigned”  to the various in

dividual ions. For the H+ ion, the assigned value is 
small and usually negative.24-28

For the L i+ ion, the value is more negative (larger 
absolutely) and for Na+, it is still more negative. 
For the larger ions (structure breakers), the partial 
molal volumes are positive and increase in the order: 
K+, Rb+, and Cs+. (See Figure 1.)

Comparison with other properties must await further 
experimental work on those properties. Adequate 
comparisons will also require calorimetric investiga
tions of electrolytes and solvents of more varied types. 
Work with other temperatures and concentrations is 
needed. Fortunately, investigations of these two vari
ables have been included in recent work by Stern and 
Passchier.8 Especially interesting will be salts of 
other charge types. Probably the most interesting 
extension of the investigation will be the inclusion of 
pairs of electrolytes which do not possess ions common 
to the pair. The behavior of a few pairs is described 
in the following paper.

Molal Excess Free Energy. A different type of com
parison may be made between the change in enthalpy 
produced by mixing and the change in some other 
property produced by the same mixing. McKay6 cal
culated, from available data, changes in the molal 
excess free energies of mixing of ten pairs of alkali 
metal chlorides. Some of his results have been con
firmed by Hamed6 using measurements previously 
contributed from his own laboratory. Graphs (see 
Figure 2) for the excess free energy are similar to those 
in Figure 1. From the changes in excess free energy 
and the changes in excess enthalpy, the increases in 
excess entropy have also been calculated. Again, 
graphs similar in general form to the fines shown in 
Figure 1 were obtained. 16 17 18 19 20 21 22 23 24 25 26

(16) L. Pauling, “ The Nature of the Chemical Bond,” 3rd Ed., 
Cornell University Press, Ithaca, N. Y., 1960.
(17) “ Handbook of Chemistry and Physics,”  45th Ed., Chemical 
Rubber Publishing Co., Cleveland, Ohio, 1964, p. F89.
(18) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,” 
2nd Ed., Butterworth and Co., Ltd., London, 1959.
(19) E. R. Nightingale, Jr., J. Phys. Chem., 63, 1381 (1959).
(20) R. H. Stokes and R. A. Robinson, J. Am. Chem. Soc., 70, 1870 
(1948).
(21) See ref. 18, p. 246.
(22) O. Redlich and J. Bigeleisen, J. Am. Chem. Soc., 64, 758 (1942).
(23) O. Redlich and D. M. Meyer, Chem. Rev., 64, 221 (1964).
(24) O. K. Rice, “ Electronic Structure and Chemical Binding,” 
McGraw-Hill Book Co., Inc., New York, and London, 1940.
(25) C. B. Monk, “ Electrolytic Dissociation,” Academic Press, Lon
don and New York, 1961.
(26) R. M. Noyes, J. Am. Chem. Soc., 86, 971 (1964).
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Heats of Mixing of Electrolytes of the 1 -1  Charge Type

by Y. C. W u, M . B. Smith, and T. F. Young1

George Herbert Jones Chemical Laboratory, University of Chicago, Chicago, Illinois, and Argonne National 
Laboratory, Argonne, Illinois (Received December S, 1964)

Heats of mixing of eight pairs of 1 m aqueous solutions of 1-1 electrolytes not having an 
ion common to the pair have been measured at 25°. The average of the absolute values of 
the molal heats of mixing is somewhat larger than the average of the absolute values of the 
heats of mixing of pairs of the same electrolytes so grouped that there is a common ion 
within each pair. The thermochemical relation between the heats of cross mixing and 
the heats of common-ion mixing (the cross-square rule) has been tested by application to 
four systems. The rule fits the data remarkably well. The purely thermodynamic, and 
hence exact, relation between heats of dilution and heats of cross mixing has been pointed 
out and its application illustrated. Work with relatively dilute solutions is not in accord 
with the Brpnsted principle of specific ionic interaction.

Aqueous solutions of four electrolytes are indicated 
at the comers of the square in Figure 1. If 0.5 mole of 
LiCl is mixed with 0.5 mole of LiBr (each in a 1 m solu
tion at 25°), the heat absorbed is 0.81 cal./mole of elec
trolyte as indicated on the left side of the square.2 
The mixing of 0.5 mole of NaCl and 0.5 mole of NaBr 
causes the absorption of 0.79 cal./mole. The mixing of
0.5 mole each of LiCl and NaCl is accompanied by the 
absorption of 21.15 cal./mole as indicated on the upper 
side of the square; the mixing of 0.5 mole each of LiBr 
and NaBr is accompanied by the absorption of 20.67 
cal./mole.

Let Tu represent one-half of the ternary solution 
produced by the mixing of the solutions of LiCl and 
NaCl. It contains 0.25 mole of Li+, 0.25 mole of Na+,
0.5 mole of Cl- , and 500 g. of H20. It is shown in 
Figure 1 at the middle of the upper side of the square. 
Similarly, let Tb on the bottom side of the square 
represent one-half of the solution formed by the mixing 
of the solutions of LiBr and NaBr. It contains 0.25 
mole of Li+, 0.25 mole of Na+, 0.5 mole of Br- , and 500
g. of H20. The fact that the heat of mixing of the C l" 
and Br-  ions in the presence of Li+ (0.81 cal. mole-1) 
differs but little from the heat of mixing of these anions 
in the presence of Na+ (0.79 cal. mole-1) suggests that 
the heat of mixing of Cl-  and Br-  ions in the presence 
of an equimolal mixture of Li+ and Na+ should be 
approximately 0.80, the mean of 0.81 and 0.79. (The 
numbers 0.79 and 0.81 are used here, partially, as sym

bols for the respective heat effects; there is no implica
tion that the small difference between them is experi
mentally significant.) Denote the difference between 
the actual AHm and 0.80 by e. Then

Tu +  Tb ■> Qmìx (A-ffm = 0.80 +  e) (1)

The abbreviation, Qmìx, is used to designate the solu
tion containing equal quantities of the four ions (i.e., 
containing equal quantities of the four electrolytes) in 
an aqueous solution of unit ionic strength. Formed 
from the four electrolytes and water, it may be re
garded as a quintuple mixture.

Now the heat of mixing of Li+ and Na+ ions in the 
presence of Cl-  (21.15 cal. mole-1) differs by a rela
tively small amount from the heat of mixing of Li+ and 
Na+ ions in the presence of Br-  (20.67 cal. mole-1). 
It seems probable, therefore, that the heat of mixing of 
Li+ and Na+ in the presence of an equimolal mixture 
of Cl-  and Br-  would differ very little from 20.91, 
the mean of 21.15 and 20.67 cal. mole-1. Define e' by 
the equation

Tr +  T, — >  Qxix (AH'm =  20.91 +  e') (2)

The quintuple mixtures produced in processes 1 and 2 
are identical. The two processes are the respective

(1) The Argonne National Laboratory, Argonne, 111.
(2) Y. C. Wu, M. B. Smith, and T. F. Young, J. Phys. Chem., 69, 
1868 (1965), and T. F. Young, Y. C. Wu, and A. A. Krawetz, Dis
cussions Faraday Soc., 24, 37, 77, 80 (1957).
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LiCl Tu NaCl

Figure 1. Heats of mixing of four pairs of electrolytes. Each 
number is the heat (cal./mole of solute) absorbed during the 
mixing of 0.5 mole each of two electrolytes having a common ion. 
The ionic strength of each solution is unity. Ti represents 
a solution containing one-half of the ternary mixture produced 
by the mixing of the ith pair. The lower case letters u, r, b, 
and 1 denote, respectively, the mixings indicated along the upper, 
the right, the bottom, and the left sides of the square.

The postulate that e is often very small leads to the 
corollary

y » s n  s  y » 2 x  (5)

This approximate equation is referred to below as the 
cross-square rule.3 4 Experiments carried out to test 
the rule determine values of e. Experimental proce
dures and methods of calculation have been described.2

Results
Table I contains constants, empirically determined, 

for equations of the type

kHm/xiXz =  a +  /3(x2 — x3) +  . . .  (6)

final steps of two paths each of which starts with 0.25 
mole of each of the four electrolytes and ends with the 
quintuple solution. The quantities of heat absorbed 
along the two complete paths are necessarily equal. 
Hence

V ,[21.15 +  20.67] +  0.80 +  e =

y,[0.81 +  0.79] +  20.91 +  e' (3)

It follows that € =  e'. The magnitude of e for each 
set of four electrolytes can be determined experi
mentally. The most direct method would be a cal
orimetric measurement of the heat absorbed either in 
the mixing of Tu and Tb or in the mixing of Tr and Ti. 
Substitution of the observed enthalpy increase AHm in 
eq. 1, or AiT'm in eq. 2, would yield e.

There is a third path by which the same quintuple 
solution may be obtained from the identical set of four 
initial solutions. The mixing of 0.5 mole of LiBr and
0.5 mole of NaCl produces the same quintuple solution 
produced by processes 1 and 2.3 Likewise, the mixing 
of 0.5 mole each of LiCl and NaBr produces that same 
quintuple solution. These two mixings are represented 
by the respective diagonals of the square in Figure 1. 
To distinguish such mixings from common-ion mixings, 
they will be referred to as cross mixings. The third 
path mentioned above is one-half of the sum of the two 
cross mixings. Therefore, one-half of the sum of the 
heats of the two cross mixings must be equal to each 
of the sums indicated in eq. 3. Each of these sums 
may be described as e plus one-half the sum, 2D , of 
the four heats of common-ion mixing shown along the 
respective sides of the square. The sum of the two 
heats of cross mixing will be represented by 2 X . 
Hence

x/ 22 n +  € = y ,2 x  (4)

Table I : Heats of Mixing of 1-1 Electrolytes without
Common Ions (cal. mole' t = 2 5 °; I  = 1.00)

xz of
No. of Affm Sit max. or

Electrolytes points a ß xz = 0.5 min.

LiCl-NaBr 2 1 1 0 .8 5 .8 2 7 .7 0 0 .4 9
LiCl-KBr 2 1 .4 - 0 . 9 0 .3 5 0 .6 3
LiBr-NaCl 2 6 2 .4 - 4 . 5 1 5 .59 0 .5 2
LiBr-KCl 2 -12 7 .1 3 .5 - 3 1 . 7 8 0 .5 1
NaCl-KBr 2 4 .8 1 .1 1 .2 1 0 .4 4
NaCl-KNCh 2 3 1 6 .7 17 .9 7 9 .2 0 .4 9
NaBr-KCl 2 - 7 4 . 8 - 0 . 8 - 1 8 . 7 1 0 .5 0
N aN 03-K C l 2 -4 0 0 .7 5 .1 - 1 0 0 . 2 0 .5 0

The symbol xz denotes the solute mole fraction of the 
salt of larger formula weight, and x3 the solute mole 
fraction of the other electrolyte.

Discussion
Symmetry. Most of the curves represented by the 

equations of Table I are nearly symmetrical; the 
maximum AHm of each (with two exceptions) lies be
tween Xz =  0.49 and 0.52. The heat effects of the 
exceptional two are small, the AHm values at xz =  0.5 
are 1.21 and 0.35 cal. mole-1.

The Cross-Square Rule. In the diagram at the top 
of Figure 2 are the AHm values, at x;i =  0.5, for the six 
possible mixings of the four electrolytes represented 
at the corners of the square in Figure 1. In addition 
to the heats of common-ion mixing shown along the 
sides of the square, the heats of cross mixing are shown 
near the respective diagonals. Note that y 22 D  is

(3) Produced in this way, the solution Qmix may be regarded as a 
ternary solution. We shall refer to it as Qmix because that name is a 
reminder that the solvent and all four ions are present. In this 
paper we are interested particularly in quintuple solutions in which 
the molality of each ion is 0.5 mole/kg. of solvent.
(4) A formal derivation of eq. 5 was given by C. J. F. Böttcher, 
Discussions Faraday Soc., 24, 78 (1957).
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LiCl KC1

NaBr KBr

7s2 X = 
7*2 □  =

7 iS  X  =  
7*2 □  -

V?2 x  — 
7*2 □  =

Figure 2. Comparison of heats of cross mixing 
with heats of common-ion mixing at x3 =
0.5 (cal. per mole of quintuple mixture).

21.645
21.71
-O.O65

-15 .715
-15 .745
0.03

-8 .7 5
-8 .7 1
-0 .0 4

-1 0 .5
-9 .4
- 1.1

21.71 cal. and VS2 X  is 21.645 cal. The difference, e, 
is therefore — O.O65 cal.

In Figure 2 are four diagrams illustrating the opera
tion of the cross-square rule. For each of the first three 
systems, e is surprisingly small, probably smaller than 
the experimental uncertainty.

The deviation for the fourth system is considerably 
larger. The larger e is presumably the result of special, 
and relatively large, interactions between the alkali 
metal ions and the nitrate ion. It is possible, however, 
that the larger e is due to experimental error. The 
most important source of experimental uncertainty is 
probably not in the calorimetric measurements them
selves, although the two heats of cross mixing are so 
large that a 1% error in either one would account for 
nearly half of e. More important sources of experi
mental uncertainty are probably impurities in the salts 
and the methods of analysis. Evaporation to dryness 
was the sole analytical method used. It may be neces
sary in future work to prepare standards with which to 
compare the residues from evaporation and to purify 
the standards by means of zone refining.5 6 Because of 
the large magnitudes of AHm, it will also be necessary 
to determine more points on the AHm vs. x curves and to

use one or two additional constants in each of the 
empirical equations (eq. 6) .6

Relation of Heats of Dilution to Heats of Mixing. 
The difference between the two heats of cross mixing 
of a set is related to and can be calculated from the 
integral heats of dilution of the four binary solutions. 
The integral heat of dilution, to m =  0, of a mole of 
solute in a binary solution is the negative of <j>L, the 
relative apparent molal enthalpy of the solute in that 
solution. The relation of <f>L to the difference between 
the heats of cross mixing will be introduced with an 
illustration. Consider the set: NaCl, KC1, NaN03, 
K N 03. The relative apparent molal enthalpy of the 
Qmx produced by one of the cross mixings is given by

4>L (Qitix) = AHm +  y 2tfL (NaCl) +  7 2<f>L (K N 03) (7)

The relative apparent molal enthalpy of the Qmix 
produced by the other cross mixing is given by

4>L (QjtiX) =  AH'm +  7 rfL  (KC1) +
7**L (NaN03) (8)

Since the compositions of the two Qmix’s are identical 
subtraction of eq. 8 from eq. 7 leaves

AH'm -  AHm =  7 rfL (NaCl) +  7 2<j>L (KNOs) -
7 xt>L (KC1) -  7 (NaN03) (9)

This equation is based upon the first law of thermo
dynamics and the fact that the enthalpies of ions in 
infinitely dilute solutions are additive. It requires no 
proof or demonstration.

The illustration of eq. 9 requires knowledge of 4>L 
of the solutes in the binary solutions. Until recently, the 
available tables of (j>L have been of inferior accuracy7 
largely because of faulty extrapolations to infinite dilu
tion.8’9 For 16 salts of the 1-1 and 1-2 charge types, 
Young and Seligmann used procedures similar to those 
of Young and Groenier8 and Young and Machin9 to rec
tify the extrapolations and determine new empirical 
equations.10 Their equations were intended to be valid 
only for very dilute solutions. Now, however, an 
extensive study of the apparent molal enthalpies of

(5) P. Sue, J. Pauly, and A. Nouaille, Compt. rend., 244, 1505 (1957).
(6) Cf. H. E. Wirth, R. E. Lindstrom, and J. N. Johnson, J. Phys. 
Chew.., 67, 2339 (1963).
(7) For example, “ International Critical Tables,”  McGraw-Hill 
Book Co., Inc., New York, N. Y., 1925-1933; B. E. Conway, “ Elec
trochemical Data,” Elsevier Publishing Co., Amsterdam and Houston, 
1952.
(8) T. F. Young and W. L. Groenier, J. Am. Chem. Soc., 58, 187 
(1936).
(9) T. F. Young and J. S. Machin, ibid., 58, 2254 (1936).
(10) T. F. Young and P. Seligmann, ibid., 60, 2379 (1938) ; cf. 
A. L. Robinson and W. E. Wallace, ibid., 63, 1582 (1941).
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aqueous solutions of numerous 1-1 electrolytes has 
been made at the U. S. National Bureau of Stand
ards by Dr. Vivian Parker. In Table II are the 
values of <f>L taken from her compilation11 12 13 14 15 that are 
needed for the illustration of the use of eq. 9. The 
difference, AH'm — AHm, calculated from the <j>L values 
is

Vs [—23 -  715 +  15 +  367] =  -1 7 8  cal./mole of QMix

The difference calculated from the heats of cross mixing 
is —179.4 cal. mole-1. The agreement is excellent; 
indeed, it is fortuitous.

Table II: Relative Apparent Molal Enthalpies“ (cal. mole b 
t =  25°; m = 1.0 mole kg.-1)

NaCl KNOs KCI NaNOs

-2 3  -715  -1 5  -367
“ See ref. 11.

Ionic Interactions. In each of the four systems repre
sented in Figure 2, the common-cation mixings are 
associated with relatively small heat effects. The 
two common-anion mixings are somewhat larger and, 
as noted earlier, are approximately equal. The sum 
of the two is, of course, very nearly equal to the sum 
of the heats of cross mixing. The two heats of cross 
mixing are in general not equal; indeed, one may be 
very much larger than the other, or the two may be of 
opposite algebraic sign. It is normal then that the 
largest AHm (at x3 =  0.5) in a set of six for a system of 
four electrolytes be one of the heats of cross mixing. 
The system, NaCl, KCI, NaN03, K N 03, is an interest
ing illustration. The heats of common-ion mixing are 
relatively small. Hence the heats of cross mixing are 
approximately equal in magnitude but of opposite 
algebraic sign (+ 79  and —100 cal. mole-1).

Br0nsted’s Principle of Specific Ionic Interaction. The 
application of Br0nsted’s theory of specific ionic inter
action12-17 to the enthalpies of mixtures suggests that 
the heat of a homoionic mixing is zero or very small. 
Application of the cross-square rule to a system obey
ing the Br0nsted principle suggests that the heats of 
cross mixing (at xz =  0.5) should be equal in magnitude 
but of opposite algebraic sign. This conclusion is im
plicit in the discussion by Scatchard and Prentiss of the 
Br0nsted theory.16 17

Scatchard and Breckinridge18 have pointed out that 
the “ fundamental assumption of Br0nsted cannot be”  
of “ universal”  validity. It is important that the 
theory be tested much more extensively than has been

done. Direct measurements of changes in properties 
occurring during mixing are especially effective for this 
purpose. Heats of mixing of 1 m solutions, however, 
are not suitable because Br0nsted himself has called 
attention to the limitation of his theory to dilute solu
tions19 (ca. 0.1 to).

In Table III are a few values of AHm for the mixing of 
LiCl and NaCl at various ionic strengths. As the ionic

Table III: Heat of Mixing of LiCl and NaCl at Various 
Ionic Strengths (cal. mole-1; t =  25°; x3 =  0.5)

I Aflm A Hm/I

2.0 34.08 17.04
1 .0 2 1 . 15 21.15
0.75 16.10 21.47
0.50 10.7 21.4

strength is decreased, A d e c r e a s e s  but the quotient 
AHm/I does not decrease as the Br0nsted principle re
quires. It does not seem likely that the quotient can 
decrease very much as / ,  the ionic strength, is reduced 
to 0.1. Professor R. H. Wood and Mr. Ronald Smith20 
have extended determinations of heats of mixing of 
LiCl and NaCl to /  =  0.1 to. The quotient AHm/I may 
have decreased slightly between I  = 0.5 and /  =  0.1, 
but it is probable that the decrease is smaller than the 
small uncertainties in the experimental work.

Mixings have also been made21 of NaCl and Na2S04 
solutions of ionic strengths from 5.0 to 0.2. For this 
pair of electrolytes, AHm/I actually increases as /  is 
decreased. Obviously, much is yet to be learned from 
further work. At present, however, the heat-of-mixing 
measurements do not support the “ Br0nsted Principle 
of Specific Ionic Interaction.”

(11) V. B. Parker, “ Thermal Properties of Aqueous Uni-univalent 
Electrolytes,”  NSRDS-NBS 2, National Bureau of Standards, Wash
ington, D. C., 1965.
(12) J. N. Br0nsted, J. Am. Chem. Soc., 44, 877, 938 (1922).
(13) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,” 3rd Ed., Reinhold Publishing Corp., New 
York, N. Y., 1958, pp. 515, 605-607, 613.
(14) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,”  2nd 
Ed., Butterworth and Co., Ltd., London, 1959, p. 436.
(15) E. A. Guggenheim, Phil. Mag., [7] 19, 588 (1935).
(16) G. Scatchard and S. S. Prentiss, J. Am. Chem. Soc., 56, 2320 
(1934).
(17) G. Scatchard, Chem. Rev., 19, 309 (1936).
(18) G. Scatchard and R. G. Breckenridge, J. Phys. Chem., 58, 596 
(1954).
(19) J. N. Br0nsted, J. Am. Chem. Soc., 45, 2898 (1923).
(20) R. H. Wood, personal communication, 1964.
(21) M. B. Smith, Ph.D. Thesis, University of Chicago, 1942.
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Kinetics of the Reaction of Cyclopropane with Hydrogen over a

Series of Silica-Supported Metals

by J. H . Sinfelt, D . J. C. Yates, and W . F. Taylor

Process Research Division, Esso Research and Engineering Company, Linden, New Jersey 
CReceived December 4, 1964)

The kinetics of the reaction of cyclopropane with hydrogen were investigated over a series 
of silica-supported metal catalysts: nickel, cobalt, platinum, and copper. The catalysts 
all contained 10 wt. %  of metal, and values of the metal surface area were available from 
previously reported hydrogen chemisorption measurements. Over nickel and cobalt, 
the reaction products included methane and ethane in addition to propane. Over plati
num and copper, the only product observed was propane. Since the surface areas of the 
metals were known, it was possible to determine specific catalytic activities and hence to 
allow for differences in activity arising from variations in the degree of metal dispersion on 
the support. The order of catalytic activity of the metals for the hydrogenation of cyclo
propane to propane is Ni >  Pt >  Co >  Cu.

The reaction of cyclopropane with hydrogen has 
been investigated over a variety of supported metal 
catalysts, primarily nickel1'2 3 4 5 6 and certain of the noble 
group VIII metals,3-6 including rhodium, palladium, 
iridium, and platinum. The reaction product ob
served in all these studies was limited to propane, there 
being no evidence for the formation of other prod
ucts such as methane and ethane. However, recent 
studies on nickel films7 and platinum blacks8 have dis
closed the formation of the latter products as well as 
propane.

Recently, we have been interested in the kinetics of 
the reaction of cyclopropane with hydrogen over a 
series of silica-supported metals. Kinetic data have 
been obtained over two of the previously studied 
metals, nickel and platinum, and have been extended 
to include cobalt and copper. Values of the surface area 
of each of the supported metals have been obtained by 
hydrogen chemisorption measurements,9 and it has been 
possible to determine the specific catalytic activity (ac
tivity per unit surface area) of each of the metals. Con
sequently, the catalytic activities have been compared 
on a more fundamental basis than is commonly done 
since effects due to differing degrees of metal dispersion 
on the support are taken into account.

A previous study of the reaction of cyclopropane with

hydrogen over supported nickel catalysts has shown 
that the products of the reaction include methane and 
ethane, as well as propane.10 Therefore, an item of 
some interest in the present work was the effect of 
varying the metal on the distribution of reaction 
products. In this paper the reaction leading to the 
formation of propane is termed hydrogenation, while the 
reaction yielding methane and ethane is termed hy- 
drogenolysis. Kinetic information on both reactions, 
including pressure dependencies with respect to cyclo
propane and hydrogen as well as the dependence on 
temperature, have been obtained. The results have 
extended our knowledge of the interaction between 
cyclopropane and hydrogen over metal catalysts and

(1) G. C. Bond and J. Sheridan, Trans. Faraday Soc., 48, 713 (1952).
(2) J. E. Benson and T. Kwan, J. Phys. Chem., 60, 1601 (1956).
(3) J. Addy and G. C. Bond, Trans. Faraday Soc., S3, 368 (1957).
(4) J. Addy and G. C. Bond, ibid., 53, 383 (1957).
(5) G. C. Bond and J. Turkevich, ibid., 50, 1335 (1954).
(6) G. C. Bond and J. Newham, ibid., 56, 1501 (1960).
(7) Z. Knor, V. Ponec, Z. Herman, Z. Dolejsek, and S. Cerny, J. 
Catalysis, 2, 299 (1963).
(8) D. W. McKee, J. Phys. Chem., 67, 1336 (1963).
(9) J. H. Sinfelt, W. F. Taylor, and D. J. C. Yates, ibid., 69, 95 
(1965).
(10) W. F. Taylor, D. J. C. Yates, and J. H. Sinfelt, J. Catalysis, in 
press.
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have given some further insight into the nature of 
catalysis over supported metals.

Experimental

Apparatus and Procedure. The kinetic data were 
obtained in a flow reactor system at atmospheric 
pressure, using a vertically mounted stainless steel 
reactor tube 1.0 cm. in diameter and 8.0 cm. in length. 
Details of the reactor assembly, flow rate measure
ments, and the gas chromatographic analysis of the 
reaction products have been reported previously.11 
The cyclopropane and hydrogen were mixed with helium 
and passed downflow through a bed containing 0.20 g. 
of catalyst diluted uniformly with 0.50 g. of ground 
Vycor glass. By appropriate adjustment of the 
helium flow rate, it was possible to vary the partial 
pressures of cyclopropane and hydrogen individually. 
The total gas flow was maintained at 1 l./min. through
out. In a typical run, the reactant gases were passed 
over the catalyst for 3 min. prior to sampling products 
for analysis. The cyclopropane was then cut out and 
the hydrogen flow continued for 10 min. prior to another 
reaction period. As an insurance against possible 
complications due to changing catalyst activity, most 
of the reaction periods were bracketed by periods at a 
standard set of conditions, so that the kinetic data 
could be expressed as rates relative to the rate at the 
standard conditions. Prior to any reaction rate meas
urements, the catalysts were reduced overnight in 50 
cc./min. of flowing hydrogen at 370° in the reactor.

The surface areas of the supported metals used in 
this work were obtained from hydrogen chemisorption 
data and also carbon monoxide chemisorption in the 
case of the copper catalyst. The metal areas have been 
reported previously.9 Details of the chemisorption 
measurements used to estimate the metal surface 
areas can be obtained from previous papers by the 
authors.9-12 The surface areas were determined after 
the catalyst had been reduced at the same conditions 
employed in reducing the catalyst in the reactor.

Materials. The supported metal catalysts used in 
this work all contained 10 wt. %  of metal and were 
prepared by impregnation of silica (Cabosil) with the 
nitrate salt of the metal or, in the case of platinum, 
with Pt(NH8)2(N 02)2. The details of preparation of all 
of these catalysts have been reported previously.9

The cyclopropane was obtained from the Matheson 
Co.; a chromatographic analysis showed no detectable 
impurities. It is estimated that an impurity, e.g., 
methane, would have been detected by the chroma
tographic analysis if it were present at a concentration 
above 0.01 wt. % . High purity hydrogen was ob
tained from the Linde Co., Linden, N. J. It was fur

ther purified in a Deoxo unit containing palladium 
catalyst to remove trace amounts of oxygen. The 
water formed was then removed by a molecular sieve 
dryer.

Results
As pointed out in the previous section of the paper, 

values of the metal surface areas of the catalysts were 
available from hydrogen chemisorption measurements. 
Expressed per gram of catalyst, the surface areas are: 
Ni, 13.6 m.2; Co, 5.6 m.2; Pt, 4.4 m.2; Cu, 3.3 m .l

The reaction of cyclopropane with hydrogen was 
studied at low conversion levels (0.1 to 10%). Rates 
were calculated from the relation

r = (F/W)x (1)

where F represents the feed rate to the reactor in 
moles of cyclopropane per hour, W  represents 
the weight in grams of the catalyst, and x represents 
the fraction of cyclopropane converted. In the de
termination of the rate of hydrogenation, x represents 
the fraction converted to propane, whereas, in the case 
of hydrogenolysis, x represents the conversion to 
methane and ethane. Reaction rates are correspond
ingly expressed as moles of cyclopropane converted 
per hour per gram of catalyst to propane or to methane 
plus ethane.

In the case of the hydrogenolysis reaction, which was 
observed only over the nickel and cobalt catalysts, 
the methane and ethane were formed in equimolar 
portions. This is shown by the typical data in Table 
I giving the distribution of methane and ethane in the
products. Since the methane and ethane are formed

Table I : Distribution of Methane and Ethane in Products

Total Distribution of methane
conversion of and ethane, mole % a
cyclopropane, Methane Ethane

Catalyst Temp., "C. %

N i-S i02 40 2.2 48.4 61.6
C o-S i02 121 4.6 50.5 49.5

“ Cyclopropane pressure 0.030 atm. ; H2 pressure 0.20 atm.

in equimolar proportions, the rate of hydrogenolysis 
can be determined simply from the amount of either one 
of these compounds in the product. The methane and 
ethane appear to be primary reaction products, rather

(11) J. H. Sinfelt, J. Phys. Chem., 68, 344 (1964).
(12) D. J. C. Yates, W. F. Taylor, and J. H. Sinfelt, J. Am. Chem. 
Soc., 86, 2996 (1964).
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1000/T  (°K .).

Figure 1. Effect of temperature on rate of hydrogenation 
of cyclopropane to propane at pa =  0.20 atm., pc =
0.030 atm.: •, Ni; A, Pt; ■, Co; O, Cu.

than secondary products arising from a further reaction 
of the propane formed. Data obtained on the hy- 
drogenolysis of propane over the nickel catalyst10 
have shown that the rate of conversion to methane and 
ethane is much too low to account for the rate of forma
tion of these products from cyclopropane via a gas 
phase propane intermediate.

In a run to measure reaction rates, the catalyst was 
first prereduced with hydrogen overnight at 370°. 
Then the temperature was lowered in flowing hydrogen, 
and at a standard set of hydrogen and cyclopropane 
partial pressures (ps =  0.20 atm., pc = 0.030 atm.) 
the activity of the freshly reduced catalyst was meas
ured. Then rates were measured at a series of tempera
tures in a rising temperature sequence. The data for 
the four catalysts are shown in the Arrhenius plots in 
Figures 1 and 2. The data in Figure 1 are for the 
hydrogenation to propane, while the data in Figure 2 
are for the hydrogenolysis to methane plus ethane. 
As already pointed out, the hydrogenolysis to methane 
and ethane was not observed over the platinum and 
copper catalysts over the range of temperatures studied. 
The order of catalytic activities for hydrogenation 
to propane is clearly Ni >  Pt >  Co >  Cu. In the case 
of the hydrogenolysis reaction to methane and ethane, 
the order is Ni >  Co >  Pt or Cu. In the measure
ment of the catalytic activities of the various supported 
metals, there was some overlap in the temperature 
ranges in which the platinum, cobalt, and copper 
catalysts were investigated, so that part of the data on 
each of these catalysts was obtained at about the same 
temperature. In the case of the nickel catalyst, how
ever, there was no overlap in temperature range with 
the other catalysts, the temperatures being lower

Figure 2. Effect of temperature on rate of hydrogenolysis 
of cyclopropane to methane and ethane at p a  =  0.20 
atm., p c  =  0.030 atm.: •, Ni; ■, Co.

Table II: Effect of Cyclopropane and 1I2 Pressures 
on Rates of Hydrogenation and Hydrogenolysis

Catalyst atm. VS., atm.
Hydro

genation
Hydro

genolysis

Ni-SiCh (27°) 0.030 0 .1 0 1.13 1 .21
0.030 0 .2 0 1.00 1 .0 0
0.030 0.40 0.95 0 .7 7
0.010 0.20 0.41 0.63
0.030 0.20 1.00 1.00
0.100 0.20 2.59 1.36

C0-SÌO2 (121°) 0.030 0 .10 1.03 1 .2 1
0.030 0.20 1.00 1.00
0.030 0.40 0.93 0.89
0.010 0.20 0.48 0.47
0.030 0.20 1.00 1.00
0.100 0.20 1.77 1.81

Pt- SÌO2 (79°) 0.030 0 .10 1.33
0.030 0.20 1.00
0.030 0.40 0.70
0.010 0.20 0.30
0.030 0.20 1.00
0.100 0.20 2.83

Cu-SiCh (146°) 0.030 0 .10 1 . 1 1
0.030 0.20 1.00
0.030 0.40 1.00
0.010 0.20 0.48
0.030 0.20 1.00
0.100 0.20 2.44

“ Rate relative to the rate at standard conditions (p c  = 0.030 
atm., pa  = 0.20 atm.) for the particular catalyst and tempera
ture in question. The r/r0 values cannot be used by themselves 
to compare the activities of the catalysts.
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Table III: Summary of Kinetic Parameters for the Reaction of Cyclopropane with H2 over the Various Supported Metals

Catalyst
Temp, range, 

°C. E c n*
-Hydrogenation®—  

me r'r E c
------------ Hydrogenolysis®—

nd me r'S

Ni on Si02 32-42 13.0 0.8 - 0 . 1 2.8 X 1022 16.0 0.4 - 0 .3 3.0 X 1024
Pt on Si02 72-109 12 .2 1 .0 - 0 .5 1.0 X 1021
Co on Si02 93-158 10.7 0.6 - 0 . 1 1.6 X 1019 18.7 0.6 - 0.2 1.1 X 1023
Cu on Si02 113-207 10.9 0.7 - 0 . 1 4.1 X 10“

° Hydrogenation of cyclopropane to propane. b Hydrogenolysis of cyclopropane to methane and ethane. c Apparent activation 
energy, kcal./mole. d Exponent on cyclopropane pressure. 6 Exponent on hydrogen pressure. 1 Pre-exponential factor in the ex
pression, r  =  r '  exp( — E / R T ) ,  which expresses the temperature dependence of the rate r  at standard conditions (ph =  0.20 atm., pc = 
0.030 atm.). The units in which r '  is expressed are molecules/(sec. cm.2).

throughout the range investigated. This itself attests 
to the high activity of the nickel catalyst. If we 
compare the temperatures required to obtain a given 
measured rate over the various catalysts (by simply 
drawing a horizontal line across the Arrhenius plots in 
Figures 1 and 2 and noting the temperatures at the 
points of intersection with the experimental lines for 
each of the catalysts), it is clear that nickel is by far 
the most active of the metals.

After determining the effect of temperature on rates, 
the temperature was lowered to an intermediate value, 
and a series of measurements using the “ bracketing 
technique”  was made to determine the effects of the 
partial pressures of hydrogen and cyclopropane, pn and 
p c ,  respectively, on the rates. For each set of condi
tions the rate r relative to the rate r0 at the standard 
conditions (pc =  0.030 atm., pn =  0.20 atm.) was ex
pressed as a ratio r/r0. These data are presented in 
Table II.

For all four catalysts the data in Table II show that 
the rate of hydrogenation to propane increases with in
creasing cyclopropane partial pressure but decreases 
slightly with increasing hydrogen partial pressure. 
In the case of hydrogenolysis, observed only over the 
nickel and cobalt catalysts, similar dependencies on 
the cyclopropane and hydrogen partial pressures are 
observed, except that the inverse effect of hydrogen 
pressure is somewhat greater than is found for the 
hydrogenation. The dependence of the rates of hy
drogenation and hydrogenolysis on the partial pressures 
of cyclopropane and hydrogen can be expressed in the 
form of a simple power law, r - k p c n p s m . Approxi
mate values of the exponents n and m are given in 
Table III. The uncertainty in these exponents is 
estimated to be ±0.1. Values of the apparent activa
tion energy E and the pre-exponential factor r' in the 
expression r =  r' exp (—E/RT), representing the 
temperature dependence of the rate r at standard 
conditions (pH = 0.20 atm., p c  =  0.030 atm.), are also

listed in Table III. The values of the pre-exponential 
factor r' are expressed as molecules/(sec. cm.2). The 
apparent activation energies vary only slightly from 
metal to metal, and the differences may not be signif
icant. The uncertainty in the activation energies is 
estimated to be about 1 kcal./mole except for the 
nickel catalyst. The activation energy in the case 
of the nickel is probably less precise since the data on 
nickel were obtained over a rather narrow tempera
ture range compared to the data on the other metals.

Discussion
The order of catalytic activities of the silica-sup- 

ported metals for the hydrogenation of cyclopropane 
to propane is Ni >  Pt >  Co >  Cu. While there is a 
slight variation in the apparent activation energy over 
these metals, the differences in activity are due primarily 
to differences in the pre-exponential factor of the rate 
expression, as shown in Table III. This is analogous 
to results reported13 for the hydrogenation of ethylene 
over a series of silica-supported metals, in which the 
variation in activity was also due to differences in the 
pre-exponential factor. The order of activities of the 
metals for cyclopropane hydrogenation is roughly 
similar to the order observed for ethylene hydrogena
tion, except that nickel and platinum have been found 
to have about the same activity for the hydrogenation 
of ethylene. In the current work, it should be noted 
that the catalysts were prepared to contain the same 
amount of metal by weight, whieh means that the 
number of metal atoms per gram of silica support in 
the case of the platinum is less than one-third that of 
the other three catalysts. The nickel, cobalt, and 
copper catalysts all contain about the same number of 
metal atoms per gram of silica support, the variation 
among them amounting to less than 10%. While the 
catalytic activities have been determined per unit

(13) G. C. A. Sehuit and L. L. van Reijen, Advan. Catalysis, 10, 242 
(1958).
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metal surface area, it is possible that the activity per 
unit area increases with the amount of platinum present. 
This type of effect has been reported in the literature14 15 
and has also been observed recently by us for similar 
supported metals. Thus, it may be that the specific 
activity of the platinum would be closer to that of the 
nickel if the catalysts were compared at the same con
centration of metal atoms per unit weight of silica 
support.

The observation that the order of catalytic activities 
of the various supported metals for cyclopropane hy
drogenation is roughly similar to the order which has 
been reported for ethylene hydrogenation suggests that 
the underlying factors determining the catalytic ac
tivities of the metals for these reactions are similar. 
Cyclopropane thus appears to behave somewhat as 
an olefin in its properties, which is consistent with other 
evidence, both experimental and theoretical,16 at
testing to the unsaturated nature of the cyclopropane 
ring. While the hydrogenation of cyclopropane is 
somewhat analogous to the hydrogenation of ethylene, 
there is a distinct difference in the detailed kinetics of 
the reactions, as pointed out by Bond and Sheridan.1 
Thus, while ethylene hydrogenation is usually observed 
to be zero order in ethylene and first order in hydrogen, 
the hydrogenation of cyclopropane shows a definite 
positive dependence on cyclopropane pressure and is 
either independent of, or decreases slightly with, hy
drogen pressure. These results indicate that cyclo
propane is adsorbed less strongly than ethylene on 
metal catalysts. It seems reasonable that the lower 
strength of adsorption of cyclopropane relative to 
ethylene is related to the idea that the delocalized 
electrons of the cyclopropane ring are less available 
for bonding with orbitals of the metal than are the t~ 
electrons of the ethylene.

While the order of activities of the various metals 
for the hydrogenation of cyclopropane to propane is 
roughly similar to the order for ethylene hydrogenation, 
this is not the case for the hydrogenolysis reaction 
leading to methane and ethane. Here the cobalt 
catalyst ranks second to nickel, and the hydrogenolysis 
reaction is not even observed over the platinum and 
copper catalysts. These results closely parallel our 
previous findings on ethane hydrogenolysis,9 in which 
nickel was found to be more active than cobalt, which 
in turn was much more active than either platinum or 
copper. The activity of nickel for ethane hydro
genolysis was found to be as much as 105 to 106 times 
as high as that of platinum or copper, but the relative 
activities did vary substantially with temperature.

It would seem that for the hydrogenation reaction 
the cyclopropane behaves like an olefin with regard to

the activities of the various metals, whereas, in the 
case of the hydrogenolysis reaction, it appears to be
have like a paraffin. It is conceivable that the cyclo
propane is adsorbed in different forms on the surface 
and that the hydrogenation and hydrogenolysis reac
tions involve different adsorbed species. Possibly, the 
hydrogenation reaction might proceed through a 
7r-bonded intermediate,6 while the hydrogenolysis 
could conceivably involve a dissociative adsorption 
step prior to rupture of carbon-carbon bonds, analogous 
to the dissociative chemisorption which appears to be 
the initial step in the hydrogenolysis of paraffins such as 
ethane and propane over metals.16 The possibility 
that cyclopropane is chemisorbed in several configura
tions on the surface is not unreasonable in view of the 
fact that evidence exists for both associative and dis
sociative adsorption of a molecule such as ethylene on 
metal surfaces.17

It is interesting that ihe supported copper catalyst 
shows significant activity for the hydrogenation of 
cyclopropane to propane although it is less active than 
the other metals. A commonly held impression of hy
drogenation catalysis over metals is that the catalytic 
properties are due to the existence of partly filled d- 
bands which are available for bonding,18’19 which ef
fectively limits hydrogenation catalysts to the transi
tion metals. Since copper does not have a partly 
filled d-band, its activity as a hydrogenation catalyst 
appears to be somewhat inconsistent with this hy
pothesis. However, copp er immediately follows a transi
tion metal series in the periodic table, and it may be 
that electrons can be promoted from 3d to 4s states20’21 
at conditions under which chemisorption and catalysis 
take place.

In previous studies1’2’6 on the hydrogenation of cyclo
propane to propane over supported metals, it has been 
concluded that the rate-limiting step in the reaction 
involves the interaction of an adsorbed cyclopropane 
molecule with an adsorbed hydrogen atom. It has 
also been concluded that hydrogen is more strongly 
adsorbed than cyclopropane. In the present work it

(14) F. N. Hill and P. W. Selwood, J . A m . Chem. Soc., 71, 2522 
(1949).
(15) M. Yu Lukina, R uss. Chum. R ev., 31, 419 (1962).
(16) A. Cimino, M. Boudart, and H. S. Taylor, J . P h y s . Chem., 58, 
796 (1954).
(17) G. C. Bond, “ Catalysis by Metals,” Academic Press, New York, 
N. Y., 1962, pp. 229-236.
(18) M. Boudart, J . A m . Chem . Soc., 72, 1040 (1950).
(19) O. Beeck, D iscussions F araday Soc., 8, 118 (1950).
(20) M. Boudart, J . A m . Chem. Soc., 74, 1534 (1952).
(21) B. M. W. Trapnell, “ Chemisorption,”  Butterworth Scientific 
Publications, London, 1955, p. 174,
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is interesting that the inverse dependence of the rate 
on hydrogen pressure is greater for the platinum catalyst 
than for the other catalysts. This suggests that the 
strength of adsorption of hydrogen on the platinum 
catalyst is greater than on the other catalysts.

To summarize briefly, the results of the present 
work have made it possible to compare the catalytic

activities of a series of supported metals for the reaction 
of cyclopropane with hydrogen in a more fundamental 
manner than has been done previously since the metal 
surface areas were known from chemisorption measure
ments. In addition, it has been shown that the selec
tivity of conversion of the cyclopropane depends 
markedly on the particular metal chosen as a catalyst.

Kinetics of the Zinc Fluoroborate and Hydrogen Ion Catalyzed Hydrolyses of 

the Diglycidyl Ether of 1,4-Butanediol and of Diglyeidyl Etherla

by Ralph J. Berni, Ruth R. Benerito, and Hilda M . Ziifle

Southern Regional R esearch Laboratory ,lb N ew  Orleans, L ouisiana  (.Received Decem ber 7, 1964)

Kinetics of hydrolyses of the diglycidyl ether of 1,4-butanediol (DGEBD) and of diglycidyl 
ether (DGE) at less than 1.0 M concentrations catalyzed by HC1 (pH 3.25) and by 0.05 M  
Zn(BF4)2 from 25 to 90° have been investigated. Semilogarithmic plots of changes in 
oxirane content with time indicated pseudo-first-order kinetics with both catalysts. Statis
tical evaluation indicated different rate constants for the opening of the first (ki) and second 
(fc2) oxirane rings with Zn(BF4)2 catalysis but equivalent rates with HC1 catalysis. Analysis 
of data by the modified Swain method confirmed consecutive first-order kinetics for the 
two diepoxides with both catalysts. Further analysis of data with HC1 catalysis confirmed 
equivalent rate constants for both ring openings. With the exception of DGE at 90°, 
relative rates (fe/fci) for the over-all reaction with Zn(BF4)2 catalysis were less than unity 
at all temperatures. These over-all rate constants could not be corrected for the H+ ion 
rate due to similarity in rates of ring opening with both catalysts. Enthalpies, entropies, 
and free energies of activation for ring openings were calculated. Large negative entropies 
of activation indicated ring openings by Sn2 mechanisms at these low levels of catalysts.

Introduction
Specific reaction rate constants for the hydrolyses of 

the diglycidyl ether of 1,4-butanediol (DGEBD) and of 
diglycidyl ether (DGE) at less than 1.0 M  concentra
tions in the presence of 0.05 M  zinc fluoroborate, Zn- 
(BF4)2, were not available in the literature, nor were 
such data for the H+ ion catalyzed hydrolyses of these 
diepoxides at pH 3.25, which was the pH value of the 
Zn(BF4)2-diepoxide solutions. Knowledge of these 
rates and their temperature coefficients was essential

to the elucidation of certain cellulose diepoxide reac
tions which are catalyzed by dilute Zn(BF4)2 but not by 
dilute HC1. This paper presents a study of the kinetics 
of hydrolysis of the DGEBD and DGE when catalyzed 
by Zn(BF4)2 at pH 3.25 and by HC1 at pH 3.25. Rates 1

(1) (a) Presented in part before the Division of Inorganic and 
Physical Chemistry at the Southeastern Regional Meeting of the 
American Chemical Society, Charleston, W. Va., Oct. 16—17, 1964. 
(b) One of the laboratories of the Southern Utilization Research and 
Development Division, Agricultural Research Service, U. S. Depart
ment of Agriculture.
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of hydrolyses were measured at temperatures ranging 
from 25 to 90°. Enthalpies, entropies, and free ener
gies of activation have been calculated.

Experimental

Materials. The DGEBD was obtained from the 
Ciba Products Co.2 and was fractionally distilled. 
That fraction collected at 125-127° (5.0 mm.) had an 
epoxide value of 0.98 equiv. of acid/100 g. (calcd.,
0.99) as determined by the Durbetaki method3 and 
characteristic infrared absorption bands at 10.96 and
11.82 n. Infrared spectra of this diepoxide have been 
published previously.4 That portion of DGE (Shell 
Development Co.) boiling at 82° (5 mm.) was used. 
It had an epoxide value of 1.53 equiv./lOO g. (calcd.
1.54) as determined by the method of Durbetaki and 
absorption bands characteristic of the infrared spectra 
reported previously.4 The Zn(BF4)2 was obtained 
from the Harshaw Chemical Co. as a 40% aqueous 
solution (d264 1.0466 g./cc.).

Procedure. For the Zn(BF4)2-catalyzed rate studies, 
known weights (approximately 5 g.) of the diepoxide 
were dissolved in 45.00 ml. of conductivity water con
taining 0.5626 g. of Zn(BF4)2 and shaken in closed flasks 
immersed in an oil bath thermostatically controlled 
to ±0.05°. The pH values of the reaction mixtures, 
measured with a Beckman Model GS pH meter to 
±0.02 pH unit, were found to be constant throughout 
the timed reactions. The pH values, followed from 0 
to 24 hr. for the reaction mixtures at 25, 40, 60, 75, and 
90° were 3.25 ±  0.02. Concentrations of water and 
catalyst were constant throughout each reaction.

For controlled rate studies in the absence of Zn(BF4)2, 
known weights (approximately 5 g.) of the diepoxide 
were dissolved in 45.00 ml. of conductivity water which 
was adjusted to a constant pH of 3.25 with HC1 at 
each temperature.

Aliquots were withdrawn with 1-ml. serological pipets 
at timed intervals and transferred to tared erlenmeyer 
flasks. Weighed samples were analyzed for oxirane 
oxygen by the method of Durbetaki8 and corrected 
for blank determinations, including water and catalyst 
in every case. The HBr reagent was standardized 
periodically.

Treatment of Data. Cartesian graphs of the change 
in concentration of oxirane oxygen, T, expressed as 
milliequivalents per gram of solution, with reaction 
time for each catalyst at each temperature showed a 
change in slope beyond the half-concentration point. 
Initially, semilogarithmic graphs of the data were 
plotted in attempts to detect changes in slope beyond 
the half-concentration point by the method of least 
squares. However, unlike hydrolyses of vinylcyclo-

hexene dioxide,6 in which the rates of opening of the 
first and second oxirane rings were 50:1 at 25° in the 
presence of Zn(BF4)2, the rates of opening of the two 
oxirane rings of DGEBD and DGE with Zn(BF4)2 
catalysis were not different enough to allow for the 
determination of fci and k2 by statistical evaluation of 
the linear semilogarithmic plots. Nevertheless, this 
study indicated that two linear portions were obtained 
with Zn(BF4)2 catalysis and only one with HC1 catal
ysis. That is, a statistical analysis of the diepoxide- 
HC1 data at each temperature showed that the slopes 
obtained when the first and second halves of the semi
logarithmic plots were considered independently were 
not significantly different from the slope obtained by 
consideration of the entire line.6 Data obtained with 
each catalyst were also analyzed by the modified Swain 
method,7-8 which has been previously described.6

Earlier investigations of the hydrolyses of vinylcyclo- 
hexene dioxide6 and of butadiene diepoxides9 under 
similar conditions of Zn(BF4)2 and HC1 catalysis at 
like pH showed that the rates of hydrolyses of each of 
these diepoxides were very different in the presence of 
each catalyst. In fact, the over-all reaction rates for 
opening of both rings with Zn(BF4)2 catalyst could be 
corrected for the rates of opening due to H+ ion cataly
sis at like pH for both diepoxides. In contrast, in this 
study, the over-all rates of ring openings of DGEBD 
and of DGE in the presence of Zn(BF4)2 at pH 3.25 were 
essentially equal to the respective rates of ring openings 
in the presence of HC1 at pH 3.25. Therefore, the 
over-all rates could not be corrected for rates of ring 
openings due to H+ ion catalysis. Therefore, the 
enthalpies, entropies, and free energies of activation 
for all ring openings were computed for the HC1- 
catalyzed reactions and for the observed over-all re
actions with Zn(BF4)2 catalyst at pH 3.25.

Results and Discussion
Figure 1 shows typical Cartesian graphs of oxirane 

oxygen content of DGEBD vs. reaction time at 75° 
and indicates a change in rate beyond the half-concen-

(2) The mention of trade names and firms does not imply their en
dorsement by the U. S. Department of Agriculture over similar prod
ucts or firms not mentioned.
(3) A. J. Durbetaki, Anal. Chem., 28, 2000 (1956).
(4) W. A. Patterson, ibid., 26, 823 (1954).
(5) R. R. Benerito, H. M. Ziifle, R. J. Berni, and B. M. Banta, J. 
Phys. Chem., 67, 1750 (1963).
(6) J. C. R. Li, “ Introduction to Statistical Inference,”  Edwards 
Brothers, Inc., Ann Arbor, Mich., 1957, p. 344.
(7) C. G. Swain, J. Am. Chem. Soc., 66, 1696 (1944).
(8) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism,” 
John Wiley and Sons, Inc., New York, N. Y., 1953, p. 158.
(9) H. M. Ziifle, R. J. Berni, and R. R. Benerito, J. Appl. Polymer 
Sci., 9, 169 (1965).
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Figure 1. Concentration of oxirane oxygen, T ,  in 
milliequivalents per gram of solution v s .  time in minutes for 
approximately 1 M  diglycidyl ether of 1,4-butanediol catalyzed 
by 0.05 M  Zn(BF4)2 and by HC1 of pH 3.25 at 75°.

tration point with each catalyst. Figure 2 is the 
semilogarithmic representation of these same data and 
indicates two intersecting linear segments with Zn- 
(BF4)2 catalysis but only one straight line with HC1 
catalysis. The observed change in slope beyond the 
half-concentration point and the linear relationships 
obtained upon semilogarithmic treatment of the data 
indicate consecutive pseudo-first-order reaction kinet
ics. However, it should be noted that, with Zn(BF4)2 
catalysis, the over-all rates of opening of the first (fclz) 
and second (fc&) oxirane rings were not sufficiently 
different to allow their determination by the usual 
statistical evaluation of the semilogarithmic plots.6 
Because of this, use of slopes of lines, as shown in 
Figure 2, for evaluation of reaction rate constants 
would lead to erroneous results in this instance. Hence 
the data were analyzed by the modified Swain method,7’8 
and pseudo-first-order reaction kinetics was confirmed.

The fact that only one line was obtained when HC1 
catalyzed the reaction (see Figure 2) suggested equiva
lent rates for the opening of the first (km) and second 
( / c2h )  oxirane rings. Subsequent analysis by the modi
fied Swain method7'8 showed the ratio of fc2h : km to be 
unity, confirming equal rates of opening for both rings.

Cartesian graphs of changes in oxirane oxygen con
tent of DGE vs. time at each temperature with both 
catalysts indicated a change in slope beyond the half
concentration point and semilogarithmic plots of the 
data were linear. Statistical analyses of the log con
centration-time data indicated kiz and fc2z were different 
while fciH = fc2H- Analysis of the data by the modified 
Swain method7-8 confirmed the assumption of consecu
tive first-order kinetics and of equivalent rates of ring 
opening with HC1 catalysis.

Figure 2. Log of concentration of oxirane oxygen, T ,  in 
milliequivalents per gram of solution v s .  time in minutes for 
approximately 1 M  diglycidyl ether of 1,4-butanediol 
catalyzed by 0.05 M  Zn(BF4)2 and by HC1 of pH 
3.25 at 75°.

For diepoxide reactions, consecutive first-order re
actions may be represented as follows

where A is the molar concentration of the diepoxide, B 
is the molar concentration of monoepoxide after hy
drolysis of the first oxirane ring, and C is the molar 
concentration of the final product after opening of both 
epoxide rings. Experimentally, C bears a direct rela
tionship to total oxirane content, T, which is measured 
in this study as milliequivalents per gram of solution. 
The following equations, in which zero subscripts denote 
initial concentrations, are for those instances, as with
Zn(BF4)2 catalysis, where ^  fc2. If h  =  k2 =  fcH, as 

A =  A0e~klt (1)

B =  [e~u  -  e~hA] (2)
fc2 — «i

T =  2A +  B (3)

is indicated with HCh catalysis, B and T can be repre
sented by the following equations.

B = kutAoe kBt (4)

T =  A0e - toi(2 +  M  (5)
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Values of &lz> and relative rates k2z:ku are given 
in Table I. With the exception of the ratio for DGE 
at 90°, each ratio was less than unity, indicating that the 
first oxirane ring opens more rapidly than the second, as 
was observed, but to a greater degree with vinylcyclo- 
hexene dioxide.6 However, with the butadiene diepox
ides, k2z:klz was greater than unity.9

Table I : Rate Constants for Opening of the First and 
Second Oxirane Rings in Zn(BF4)2-Catalyzed Hydrolyses

✓—Specific reaction rate constants—>
Temp., hiz X 10S X 104, Relative rates

°C. min._1 min.-1 kiz : Jciz

Diglycidyl ether of 1,4-butanediol
25 3.92 3.13 0.79
40 8.07 7.96 0.99
60 94.77 53 00 0.56
75 173.27 93 73 0.54
90 496.95 319 54 0.64

Diglycidyl ether
25 3.98 1.67 0.42
60 77.57 66.70 0.86
75 213.81 152.64 0.71
90 509.79 783.35 1.55

Values of kn are given in Table II. To determine 
&h, use was made of the experimentally derived rela
tionship

T = T0e~bt (6)

where Tq is the initial concentration of oxirane oxygen, 
T is the concentration at any time, t, and b is the slope 
of the semilogarithmic plot. The least-squares equation

Table II: Rate Constants for Opening of the First and 
Second Oxirane Rings in Dilute HC1 Catalyzed Hydrolyses

Specific reaction rate constants (&ih = &l>h)
/----------------------&h X 1C4, min.

Diglycidyl ether of
Temp., °C. 1,4-butanediol Diglycidyl ether

25 1.95 2.64
60 44.10 51.32
75 124.88 181.30
90 299.83 511.89

of the semilogarithmic line at each temperature was 
calculated, and the slope, b, was used to determine the 
specific reaction rate constant, ks, at each temperature. 
The relationship between ku and b, determined by

equating eq. 5 and 6 and making use of the fact that 
To = 2A0, is given by eq. 7. Since this relationship is

= b (7) 
2(2.3026) 8(2.3026) '

time dependent, ku was taken as the average of values 
obtained at t =  0 and t =  maximum time.

Comparison of with ku and fc2z values at the re
spective temperatures for each diepoxide shows them 
to be approximately the same order of magnitude.

Figures 3 and 4 are typical of plots of the calculated 
concentrations of A, B, and T as functions of time with 
Zn(BF4)2 and HC1 catalysts, respectively. For Figure 
3, experimentally determined rate constants for 
DGEBD at 75°, ku and k2z, were substituted in eq. I, 
2, and 3. For Figure 4, the experimentally determined

Figure 3. Plot of calculated concentrations of diepoxide (A ), 
monoepoxide ( B ) ,  and total oxirane oxygen ( T )  as a function 
of time at 75° for diglycidyl ether of l,fPbutanediol catalyzed 
by 0.05 M  Zn(BF4)2. For convenience, concentrations of A  

are in millimoles and B  and T  are in milliequivalents per 
gram of solution. Curves are calculated on the assumption 
of consecutive first-order reaction; circles are 
experimentally determined values of T .

rate constant at 75°, fcH, for DGEBD was substituted in 
eq. 1, 4, and 5. Experimental values of T are indicated 
by circles. Standard errors of estimate were computed 
to be 0.03 and 0.02 for Zn(BF4)2 and HC1 catalysts, 
respectively. Figure 5 gives similar curves for A, B, 
and T calculated from experimentally determined 
rate constants for DGE at 60° with Zn(BF4)2 catalysis. 
In this figure, curve Tr is that calculated for DGE at 
60° with HC1 catalysis, and the shaded circles are the 
experimentally determined values with HC1 catalysis. 
In this figure, the latter values are included for compar
ative purposes and the A and B curves with HC1 
catalysis are omitted for the sake of clarity. Extent
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Figure 4. Plot of calculated concentrations of diepoxide (A), 
monoepoxide (B), and total oxirane oxygen (T) as a function 
of time at 75° for diglycidyl ether of 1,4-butanediol 
catalyzed by HC1 at pH 3.25. For convenience, concen
trations of A are in millimoles and B  and T  are in 
milliequivalents per gram of solution. Curves are 
calculated on the assumption of consecutive first-order 
reaction in which fci = ic2; circles are experimentally 
determined values of T .

of agreement of experimental points (circles) with theo
retical curves are given by the standard errors of esti
mate of 0.03 for Zn(BF4)2 catalysis and 0.05 for HC1 
catalysis. Agreement between theoretical and experi
mentally observed data confirmed the assumption of 
consecutive first-order reactions for both diepoxides at 
each temperature.

Calculated enthalpies, entropies, and free energies of 
activation for hydrolyses of oxirane rings in DGEBD 
and in DGE with both catalysts are recorded in Table 
III. Arrhenius plots of log k vs. l/T were linear. The

Table III : Enthalpies, Entropies, and Free Energies of 
Activation of Oxirane Ring Openings in Zn(BF4)2- and 
HCl-Catalyzed Hydrolyses

Diglycidyl ether of
1,4-butanediol Diglycidyl ether

Ring opening

AH*,
kcal./
mole

A S*,
cal. /mole 

deg.

Af*25,
kcal./
mole

A H*, 
kcal./ 
mole

AS*,
cal./mole 

deg.

AF*26,
kcal./
mole

1 st oxirane 18.0
Zn(BF4)2 

-2 4 .8  25.4 16.1 -3 0 .2 25.1
2nd oxirane 15.3 -3 3 .7 25.4 20.0 -1 9 .2 25.7

HC1
1 st and 2nd

oxirane 17.4 -2 6 .6 25.4 17.4 -2 6 .8 25.4

equation of each line was determined by the method of 
least squares and the slopes were used in the calculation

Figure 5. Plot of calculated concentrations of diepoxide (A), 
monoepoxide (B), and total oxirane oxygen ( T )  as a function 
of time at 60° for diglycidyl ether catalyzed by 0.05 M  

Zn(BF4)2. For convenience, concentrations of A are in 
millimoles and B  and T  are in milliequivalents per gram of 
solution. Curves are calculated on the assumption of 
consecutive first-order reactions; circles are experimentally 
determined values of T .  Curve T n  and shaded circles are 
for calculated and experimentally determined values, 
respectively, obtained at 60° for diglycidyl ether catalyzed 
by HC1 at pH 3.25.

of the enthalpy of activation, AH*. Entropies of 
activation, A<S*, were calculated from the equation

AS* = R In k — In +
AH*
RT (8)

where k is the hydrolysis rate constant in reciprocal 
seconds and R, K, and h are the molar gas, Boltzmann, 
and Planck constants, respectively. Free energies of 
activation, AF*, were calculated from the equation

AF* = AH* -  TAS* (9)

Intercomparison of AH* values for DGEBD shows 
that the values for the first ring opening with Zn(BF4)2 
and both ring openings under HC1 catalysis are approxi
mately the same while that for the second ring opening 
under Zn(BF4)2 catalysis is significantly smaller. How
ever, the more negative AS* for the second ring opening 
with Zn(BF4)2, indicative of a more ordered transition- 
state complex, results in equal AF* values for all ring 
openings.

In contrast, the AH* value for the second ring open
ing of DGE catalyzed by Zn(BF4)2 exceeds that for the 
first ring opening, and there is a greater decrease in 
entropy of activation for the latter than for the second 
ring opening. These results are similar to those ob
served with the hydrolysis of vinylcyclohexene dioxide.5 
With HC1 catalysis, AH* and AS* values are inter
mediate between those found for the first and second
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Table IV : Comparison of Specific Reaction Rate Constants'*

✓— Vinylcyclohexene dioxide----. -----------Butadiene diepoxide--------- . Diglycidyl ether of 1,4-butanediol ✓---------Diglycidyl ether-
Temp., °C. faz/*iH fez/fo h hz/kin foz/fon kiz/ki h foz/fo H fazAlH kiz/kia.

25 6 .6 2 .0 2 .5 1 6 .5 2 .0 1 .6 1 .5 0 .6
40 5 .0 2 .4 1 .6 2 7 .7
60 4 .2 4 .5 1 .5 1 1 .4 2 .1 1 .2 1 .5 1 .3
75 1 .6 4 2 .4 1 .4 0 .8 1 .2 0 .8
90 2 .3 7 6 .9 1 .7 1 .1 1 .0 1 .5

“ Subscripts 1 and 2 denote openings of the first and second oxirane rings; subscripts z and H denote Zn(BF4)2 and HC1 catalyst, 
respectively.

ring openings with Zn(BF4)2, but more nearly equal to 
those for the first. The AF* values for openings of both 
rings with either catalyst are essentially equal. It is of 
interest to note that with HC1 catalysis, AH*, AS*, 
and AF* values for DGE are identical with those found 
for DGEBD at the same pH, but the activation pa
rameters for these two diepoxides with Zn(BF4)2 cataly
sis differ.

Hydrolysis of epoxides occurs by either an Sn I or 
an Sn2 mechanism, and by both mechanisms the re
action would follow first-order kinetics under the ex
perimental conditions of this study. The epoxide re
acts instantaneously with the H+ ion or Zn2+ ion, but 
in the Sn I mechanism, the rate-determining step is the 
slow ring opening of the conjugate acid of the epoxide 
ring to form a carbonium ion, which then combines 
with the anion of the water molecule in the fast step to 
form the product. By an Sn2 mechanism, the conju
gate acid reacts bimolecularly with the solvent mole
cule and orientation is an important factor. Experi
mentally, the hydrolyses of DGEBD and DGE fol
lowed consecutive first-order reaction kinetics and ob
served large negative entropies, showing the impor
tance of the orientation factor, were interpreted as in
dicative of an Sn2 mechanism for the opening of both 
oxirane oxygen rings. These results are in agreement 
with those obtained in similar hydrolysis studies of 
vinylcyclohexene dioxide6 and butadiene diepoxide9 
when the concentration of epoxide was large with re
spect to concentration of catalyst. Recently, an Sn2 
mechanism was also indicated by the negative activa
tion volume AF*, for the hydrolysis of epichlorohydrin 
of approximately 0.5 M  in presence of 0.0635 M  per
chloric acid.10

A comparison of relative rates of the first and second 
ring openings with HC1 and Zn(BF4)2 catalysts for four 
diepoxides was made. Only with butadiene diepoxide 
was fc2z >  kn) with vinylcyclohexene dioxide, k2z «  fclz, 
and these constants were for rates corrected for H+ ion 
catalysis rates. With HC1 catalysis, km «  km for

vinylcyclohexene dioxide; k2h <  km for butadiene di
epoxide; and km — km for DGEBD and DGE. 
Data in Table IV are given to show the effect of change 
of catalyst with each diepoxide. While the pH (3.25) 
at which rates of DGEBD, DGE, and butadiene di
epoxide were measured differed from that employed with 
vinylcyclohexene dioxide (2.55), certain conclusions 
can nevertheless be drawn.

For DGEBD and DGE, the k2z: fan and klz: km 
ratios approximate unity and are not too different from 
k2z:k2h for vinylcyclohexene dioxide and the ratio of 
ku'.km for butadiene diepoxide. Unlike these ratios, 
ku : km for vinylcyclohexene dioxide is at least twofold 
greater, and k2z\km »  1 for butadiene diepoxide. Of 
the four diepoxides under discussion, only AF* values 
for km and km of butadiene diepoxide and for ku and 
km of vinylcyclohexene dioxide differed significantly 
from 25.4 kcal./mole, and these were 26.3, 27.5, 23.0, 
and 30.4, respectively. These data indicate the much 
greater effect of Zn(BF4)2 as compared to HC1 at like 
pH on the hydrolyses of vinylcyclohexene dioxide and 
butadiene diepoxide than on the hydrolyses of DGEBD 
and of DGE. Previously,9 it was postulated that with 
butadiene diepoxide and H+ ion catalysis, the hydroxyl 
group a to the second epoxide ring formed a five- 
membered ring through intramolecular bonding, thus 
making it more difficult for a H+ ion to protonate the 
oxirane ring of l,2-epoxy-3,4-butanediol and resulting 
in km «  fc1H. The finding that fc2z ku was said to be 
due possibly to coordination of Zn2 + ions with either the 
two oxirane rings of butadiene diepoxide or between 
the hydroxyl group a to the ring oxygen and the oxirane 
oxygen of l,2-epoxy-3,4-butanediol. With either DG
EBD or DGE, there were apparently little differences 
in rates or activation parameters with either catalyst, 
or, in other words, presence of Zn2+ ions did not sig
nificantly increase rates of ring openings over those ob

(10) W. J. le N oble and M. Duffy, J. Phys. Chem., 68, 619 (1964).
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served in the presence of H + ions as the only cations. 
In addition, the equal rates of ring openings of DGEBD 
and of DGE with HC1 catalysis as opposed to unequal 
rates observed for butadiene diepoxide and vinylcyclo- 
hexene dioxide suggest a greater independence of re
action of rings in DGEBD and DGE due to the greater 
spatial separation of epoxy groups in the latter com

pounds compared to the others. The fact that in 
general the ratio for the observed over-all rates, k2r„: 
ku is <1 for both DGEBD and DGE might be ac
counted for by the tendency of Zn2+ ions to complex 
preferentially with vicinal hydroxyl groups on the half- 
hydrolyzed molecule, thus lessening their ability to co
ordinate with the second oxirane ring.

High Resolution Nuclear Resonance Studies of the Chain Conformation 

of Polyethylene Oxide

by T. M . Connor and K . A. McLauchlan

The Basic Physics Division, The National Physical Laboratory, Teddington, Middlesex, England 
CReceived December 10, 1964)

The temperature dependence of the couplings in the 13C-H  proton satellite side bands in 
polyethylene oxide has been studied. Similar measurements have been made on some 
model compounds, namely, ethylene glycol, 1,2-dimethoxyethane, and 1,2-dichloroethane. 
In all cases, the sum of the rotationally averaged coupling constants, J +  •/', increases 
with temperature, apart from 1,2-dichloroethane, which shows no significant variation 
with temperature. This increase seems to indicate that in all cases the gauche con
formation is the most stable. Attempts to obtain the energy difference, AE, between 
the gauche and trans forms have not been successful since the theory used does not fit the 
experimental results obtained for reasonable values of the parameters involved. Reasons 
for this failure are discussed as is also the relationship of these results to other measurements 
of the conformation of polyethylene oxide chains.

High resolution nuclear resonance spectroscopy has 
found considerable use in studies of the stereoregularity 
of polymer chains and in favorable cases has proved 
a useful method for determining the proportions of 
isotactic, syndiotactic, and heterotactic placements 
in polymer chains,1-3 thereby characterizing the chain 
more fully. However, it does appear to be pos
sible to study other aspects of chain microstructure 
using high resolution techniques and to obtain informa
tion about the preferred conformations of the monomer 
units comprising the chain and the energy differences 
between these conformations. This work is a pre

liminary investigation of these possibilities for the ex
perimentally rather favorable case of polyethylene 
oxide, H [0 -C H 2-C H 2]„0H. The basis of the method 
is the study of the splittings in the 13C-H  proton 
satellite side bands and their variation with change of 
temperature and solvent. Very frequently, the high 
resolution spectra of polymers are complex due to the 1 2 3

(1) F. A. Bovey and G. V. D. Tiers, Fortschr. Hochpolymer. Forsch., 
3, 139 (1963).
(2) T. G Fox and H. W. Schnecko, Polymer, 3, 575 (1962).
(3) F. A. Bovey, E. W. Anderson, D. C. Douglass, and J. A. Manson, 
J. Chem. Phys., 39, 1199 (1963).
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spins being highly coupled, the spin-coupling constants 
often being of the same order of magnitude as the 
chemical shifts. This situation is aggravated by the 
large line widths observed (~1.25 c.p.s. in the present 
case) as compared with the spectra of small molecules, 
this being due to the less complete averaging out of 
dipolar interactions in polymers. The satellite side 
bands, however, are caused by less highly coupled 
nuclei since an effective chemical shift equal to half the 
13C-H  coupling constant is introduced which is con
siderably larger than the proton-proton couplings found 
in polymers. It is therefore expected that the proton 
satellite spectra may be more easily interpreted than 
their parent spectra. However, with conventional 
instrumentation this advantage may be to some 
extent nullified since the satellite side bands are of 
small intensity for polymers containing 13C in natural 
abundance. In the case of polyethylene oxide (PEO) 
there are no complicating effects due to stereoregularity 
of the polymer chain and in fact no information re
garding coupling constants can be obtained from the 
normal high resolution spectrum since this is a single 
line. However, in those monomer units of the chain 
which contain a 13C nucleus

- 13CH2-C H 2- 0 -

the 13C-H  coupling makes the two pairs of protons 
inequivalent which results in a spectrum which ap
proximates to half an A A 'X X ' spectrum from which it 
is possible to measure splittings accurately. Oxide 
polymers of the above type seem suitable for these 
studies since the long-range couplings through the oxy
gen atoms between protons in different monomer units 
are very small and can be neglected. This is an added 
simplifying feature which aids interpretation, although 
it appears that in other cases where there are no chain 
oxygen atoms such as polypropylene the high resolution 
spectrum is not as complicated as might be expected.4 5 
Hence, similar techniques may be applicable to this 
polymer and others without heteroatoms in the chain 
backbone.

Besides the polymer, a number of small molecules 
which are more or less satisfactory as model com
pounds have been studied, i.e., ethylene glycol, 1,2- 
dimethoxyethane, and 1,2-dichloroethane.

Experimental and Results

Spectra were obtained at 60 Mc.p.s. using a Varian 
DP 60 spectrometer with standard variable tempera
ture probe. The polymer was a sample of PEO of 
molecular weight 6000 (Carbowax) obtained from the 
Union Carbide Chemicals Co.6 This molecular weight 
was chosen since the chain, which contains about 136

monomer units, is sufficiently long to make end-group 
effects negligible but short enough to be soluble in the 
solvents employed. These were chloroform and water. 
Some measurements were also made on the melt al
though these could not be made accurately until a tem
perature of 150° (~80° above the melting point) had 
been reached, since the lines were too broad below this 
temperature. A sample spectrum is shown for a 
saturated aqueous solution of the polymer at 31.5° 
in Figure 1. The satellite spectrum and measuring 
side bands at 60 and 80 c.p.s. are recorded and show 
that the signal to noise ratio is sufficient for quite 
accurate measurements of the splitting, J +  J', 
between the outermost lines of the satellite spectrum 
to be made. J and J' are the two rotationally aver
aged coupling constants between the A and X  groups 
of nuclei.6'7 The value of J +  J' was recorded at 
a number of temperatures, the results obtained being 
shown in Figure 2, which shows J -\- J ’ measured

Figure 1. 13C-H side band of the proton spectrum of
polyethylene oxide in water at 31.5°. (Measuring 
side bands also shown at 60 and 80 c.p.s.)

(4) C. A. Reilly, private communication.
(5) “ Carbowax Polyethylene Glycols,”  Union Carbide Chemicals 
Co., 1958.
(6) J. A. Pople, W. G. Schneider, and H. J. Bernstein, “High Resolu
tion Nuclear Magnetic Resonance,” McGraw-Hill Book Co., Inc., 
New York, N. Y'„ 1959.
(7) N. Sheppard and J. J. Turner, Proc. Roy. Soc. (London), A252, 
506 (1959).
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T, °C.
Figure 2. J  +  J '  as a function of temperature for 
polyethylene oxide and related compounds.

for the polymer solutions and melt and also for the 
model compounds mentioned above. The figures 
quoted are average values of J +  J' resulting from at 
least ten readings and from sometimes as many as 30, 
the standard deviations obtained being shown in 
Figure 2 by the barred vertical lines. The central 
region of the satellite spectrum contains the splitting 
J — J' but for the polymer the resolution was not 
good enough to allow a complete analysis. This was 
not so for the model compounds, however, the spectra 
obtained being similar to those observed for 1,2-di- 
bromoethane, dioxane, etc. A first-order value for 
half the 13C~H coupling constant was determined for 
the polymer in chloroform solutions and was found, as 
expected, to be independent of temperature, having 
the value 70.39 ±  0.19 c.p.s. at 7° and 70.27 ±  0.14
c.p.s. at 125°. This is similar to the value found for 
dioxane where V2./i3c- h =  71.1 c.p.s.7

Discussion

Figure 2 shows that in all cases considered, J +  
J' increases as the temperature rises. This increase 
is fairly large for the two polymer solutions (~ 1  c.p.s. 
in 100°) and smaller for all the model compounds ex
cept 1,2-dimethoxyethane in chloroform, which has a 
similar variation to the polymer. J +  J' for 1,2- 
dichloroethane shows no change with temperature 
although the limits of error would allow a small posi
tive or negative trend with change in temperature. 
The value of /  +  J' for 1,2-dichloroethane is consider
ably larger than that for the other compounds studied 
so that in fact it seems unsuitable as a model compound 
in this instance. The constancy of J +  J' with tem
perature seems to be in accord with infrared experi
ments which indicate a very small energy difference,

AE, between the gauche and trans forms of this mole
cule in the pure state.7

These results can be interpreted using an approach 
applied in many previous instances.7-9 In the case of 
PEO monomer units and the model compounds there 
are three stable conformations, one trans and two equiv
alent mirror image gauche forms which are shown in 
Figure 3 with the appropriate coupling constants. It is 
assumed that ,/g =  JK' =  Js"  and that J t =  Jt where 
the Jg's and Jt's and are, respectively, the vicinal 
coupling constants expected for gauche and trans con
figurations of protons in the various isomers. J and J' 
may be expressed in terms of Jt, Je, and the occupation 
probabilities of the trans and gauche forms which are n t 
and ng, respectively. These are related by the ex
pressions7'8 9

nt +  n 

ns/nt =  2

and the sum

J  -{■ J' — l/i[Jt +  3</g +  nt(Jt — J e) ]  (2)

The sign of AE is determined by the relative stabilities 
of gauche and trans forms, being positive if the gauche 
form is most stable and negative if the trans form is most 
stable. Since in all the cases considered here (apart 
from 1,2-dichloroethane) J  +  J '  and therefore n t in
creases with temperature, the gauche form must be the 
most stable isomer. Equations 1 and 2 may be used to

GAUCHE n3 TRANS n t

Figure 3. g a u c h e  and t r a n s  forms of 
monomer unit of polyethylene oxide.

(8) H. S. Gutowsky, G. G. Belford, and P. E. McMahon, J. Chem. 
Phys., 36, 3353 (1962).
(9) R. J. Abraham and K. G. R. Pachler, Mol. Phys., 7, 165 (1963).
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obtain values of AE if assumptions are made about the 
values of J t and Jg. Alternatively, if values of AE 
are known from other sources, e.g., infrared studies J t 
and J g can be found. However, no independent esti
mates of AE are available, whereas information about 
possible values of Jt and Jg can be obtained. It has 
been shown that the quantity J t +  2 Jg should be a con
stant for a given compound and that for 2-methoxy- 
ethanol, which is a reasonable model compound, is equal 
to 15.8 c.p.s. This defines a range of values of J t and 
,/g and enables nt to be calculated. If the theory out
lined is applicable and correct values of J t and Jg have 
been chosen, by plotting In [(1 — nt)/nt] against 1/T 
X 103 a line of slope AE/R should be obtained, cutting 
the y axis at In 2 at infinite temperature. According to 
theoretical calculations,10 11 12 13 14 J t and ./g are of the same sign 
for internal rotation angles, <f>, of 60 and 180° (the 
eclipsed position corresponds to <f> = 0) in the H -C -C -H  
fragment and Jt ~  4,/g. However, the theoretical 
predictions in their simple form have been shown to be 
unreliable in a number of instances11-14 and seem a poor 
basis for choosing suitable values of J t and Jg.15 In 
fact, experimental results8 for the substituted ethane 
CHFC1CHC12 and for 1,2-disubstituted propanes,15 
when analysed on a similar basis, yielded negative 
values for Jg although the fact that no negative vicinal 
couplings have been observed in molecules of known 
fixed geometry, e.g., dioxane,7 must cast some doubt on 
this conclusion. Since the situation with regard to 
these quantities is none too clear, three choices of these 
parameters have been made subject to the restrictions 
Jt +  2Jg =  15.8 c.p.s. The chosen JK values are 2.5, 
0, and —1.5 c.p.s. Substantially higher values of Jg 
are ruled out since they lead to values of nt <  0. Lower 
values of Jg lead to extremely high values of J t; when 
Jg =  —1.5, J t = 18.8 c.p.s. so it seems unlikely that Jg 
<  —1.5. Values of In [(1 — nt)/nt] plotted against 
1/T X 103 for these parameters are shown in Figure 4 
for PEO and in Figure 5 for ethylene glycol. These 
figures also contain theoretical curves calculated for the 
values AE =  300 and 1000 cal. It can be seen that with 
all the values of the parameters chosen there is poor 
agreement between the theoretical and experimental 
results. The variation of In [(1 — nt)Au] is greater 
than that predicted by the theory and there is not a 
linear relationship between the experimental points and 
1/T for the polymer or for ethylene glycol, although the 
deviation from the theoretical curves is less for the 
small molecule. (The experimental points on Figures 
4 and 5 are for smoothed values of J  +  J ' taken from 
Figure 2. Also, the limits of error for In [(1 — nt) /n t] 
have been omitted for clarity. The error increases 
considerably as the temperature is lowered.) Similar

Figure 4. Plots of In [(1 — n t ) / n t ]  v s .  1/T X 103 for 
polyethylene oxide in chloroform. (Solid lines 
correspond to AE  values of 1000 and 300 cal./mole.)

l/T x 10».
Figure 5. Plots of In [(1 — nt)/n t v s .  l / T  X 103 for ethylene 
glycol. (Solid lines correspond to AE  values of 
1000 and 300 cal./mole.)

calculations for other values of J t +  2Jg, i.e., 16.8 and
14.8 c.p.s., the latter being the value found for dioxane,7 
also lead to deviations from the theoretical curves. 
For dioxane, the H -C -C -H  group is permanently in 
the gauche configuration since the ring is in the chair 
form. Consequently, this compound is probably not

(10) M. Karplus, J. Chem. Phys., 30, 11 (1959).
(11) R. J. Abraham and K. A. McLauchlan, Mol. Phys., 5, 513 
(1962).
(12) R. Lynden-Bell and N. Sheppard, Proc. Roy. Soc. (London), 
A269, 385 (1962).
(13) R. U. Lemieux, J. D. Stephens, and R. R. Fraser, Can. J. Chem., 
40, 1955 (1962).
(14) M. Karplus, J. Am. Chem. Soc., 85, 2870 (1963).
(15) H. Finegold, J. Chem. Phys., 41, 1808 (1964).
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as satisfactory as a model compound as 2-methoxy- 
ethanol, although it has the advantage in this respect 
that the values of Jt and Je can be obtained directly 
(Jt =  9.4 c.p.s. and Jg = 2.7 c.p.s.). Figure 2 also 
shows a theoretical curve calculated for AE =  1000 
cal. for the values Jt =  10 c.p.s. and Je =  3 c.p.s. This 
also shows a much smaller slope than any of the experi
mental curves. It thus appears that using reasonable 
values for Jt and Je it is not possible to derive AE 
values for any of these systems on the basis of the theory 
outlined above. This result is interesting in that it pos
sibly casts some doubt on other investigations where 
values of AE, Jt, and Jg have been obtained by fitting 
the experimental curves by repeated iteration.9 How
ever, although the theory does not fit the experimental 
data quantitatively, it is probable that the qualitative 
result mentioned above, i.e., that the gauche form is the 
most stable in all cases, holds. On steric grounds it 
would be expected that the trans isomer would be the 
most stable so this is to some extent a surprising result 
which also seems to apply in a variety of other cases. 
Thus, in 2-chloroethanal the gauche form is apparently 
the most stable in both the liquid and solid state.9’1' 
The same is also true for 2-chloroethyl acetate, which 
seems to indicate that hydrogen bonding effects are not 
important in determining the relative stabilities of the 
isomers, and for 2-methoxyethanol, the model com
pound considered above. Similar results have been 
found for a variety of 1,2-disubstituted propanes15 and
2,3-diacetoxybutanes.17 The reason for this is prob
ably that in the gauche form each molecule has its maxi
mum dipole moment and that this is the controlling 
factor in determining the most stable configuration in 
condensed phases. It is of interest that pure ethylene 
glycol and 1,2-dimethoxyethane show almost identical 
variation of J +  J' with temperature which might be 
taken as an indication that hydrogen bonding is of 
small importance in ethylene glycol. However, the 
situation is complicated since the two compounds have 
very different dielectric constants (e 3.5 for 1,2-dimeth- 
oxyethane and e 38 for ethylene glycol) and, as dis
cussed below,18 this may have a considerable influence 
on the observed values of J +  J'. The data exhibit 
marked solvent effects, particularly for the polymer, 
where changing from chloroform to water as solvent 
decreases J +  J' by ~ 0 .6  c.p.s., over the whole temper
ature range, the change being consistent with the sta
bilization of the gauche form by the solvent of highest 
dielectric constant. The large change in the coupling 
constant for 1,2-dimethoxyethane when measured in 
chloroform which again seems to stabilize the gauche 
form probably results to some extent from association 
effects since the change in dielectric constant is small in

this case (chloroform e 4.8 at 20°). The variations of J 
+  J' with solvent are in line with the general observa
tion that it is easier to change the rotational isomer 
populations by varying the solvent rather than the tem
perature, particularly in the case of the model com
pounds.

The failure of the theory in these cases may be due to 
a number of causes. The most likely seems to be the 
possibility that AE is temperature and solvent de
pendent.16’18 The dependencies of the observed cou
plings in l-chloro-2-bromoethane have been discussed in 
terms of changes in AE caused by a variation of di
electric constant with change of solvent and tempera
ture.18 The calculations, although made on a strictly 
classical electrostatic basis seem to work well for this 
one molecule. Insufficient data are available to allow 
similar calculations to be made for the small molecules 
considered here and it is not certain that such an ap
proach could be applied to a polymer molecule since 
one would be attempting to explain microscopic proper
ties of the monomer units in the chain in terms of mac
roscopic properties of the whole chain. A variation in 
AE with temperature for the polymer might also be ex
pected for a further reason. The magnitude of AE will 
depend largely on the properties of the monomer units 
themselves but also to some extent on the relative orien
tations of the neighboring chain units. Since these are 
dependent on temperature, AE itself may be tempera
ture dependent, the process of reorientation of the 
chain being a cooperative phenomenon. Also, the en
vironments of individual carbon-carbon bonds in the 
chain may be different leading to a distribution of AE 
values which should be taken into account in a theory 
of the variation of /  +  J' with temperature. A variety 
of other cooperative processes are observed in the 
study of polymers. It is frequently found that the mo
tion setting in at the glass transition temperature, for 
instance, is described by a correlation time, r, whose 
temperature dependence is not exponential but which is 
fairly accurately given by an expression of the form19’20

r =  r0 exp^y T J  (3)

where B and T„, are constants (T <  T,„) and t0 is an in
verse frequency factor. Such an expression is equiv
alent to an activation energy, Q, for the molecular 
process which decreases with temperature and is found

(16) S. Mizushima, “ Structure of Molecules and Internal Rota- 
tion,”  Academic Press, New York, N. Y., 1954.
(17) A. A. Bothner-By and C. Naar-Colin, J. Am. Chem. Soc., 84, 
743 (1962).
(18) R. J. Abraham, L. Cavalli, and K. G. R. Pachler, Proceedings 
S.I.P.S. Symposium, Sardinia, 1964.
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to describe the temperature dependence of the correla
tion time derived from dielectric measurements for 
PEO of molecular weight 200. In contrast to Q, the 
present results require that AE should increase with in
creasing temperature.

Other effects may influence the temperature depend
ence of J +  «/'. The parameters Jt and Je may them
selves be temperature dependent, such an effect having 
been found for acetaldehyde19 20 21 although the variations 
were small (of the order of 0.15 c.p.s. in the temperature 
range —100 to +50°). The calculations, which agreed 
with experiment, were carried out for a symmetrical 
three-.well potential which does not describe the present 
situations. The coupling for acetaldehyde decreased 
as the temperature was raised although in other cases an 
increase may occur.21 How such results would be 
modified for the unsymmetrical three-well potential con
sidered here is not known. The assumptions Jt = Jt 
and Jg = JB' = Jg"  probably also lead to some dis
crepancy. In other cases, results have been interpreted 
in terms of different gauche couplings which have op
posite signs8'16 although these were derived on the basis 
of constant AE values.

Investigations by a number cf other techniques lend 
support to the idea that the gauche form of the monomer 
unit is the conformation assumed by the chain in the 
solid state. Infrared studies22’23 of a highly oriented 
film of PEO 6000 indicate that the monomer unit bonds 
take the configurations

- o - c h 2- c h 2- o -
trans gauche trans
192° 60° 192°

with the values of <f> shown, giving rise to an arrange
ment of the form

. . .  T T G T T G T T G T T G . . .

This corresponds to a helical arrangement of the chain 
with a repeat distance of seven monomer units com
prising two helical turns. This structure has been 
confirmed by X-ray diffraction measurements.24 25 The 
trans angle apparently shows a considerable deviation 
from 180°. Dipole moment studies of PEO’s in solu
tion have been made, but their interpretation in terms 
of chain conformation is more equivocal.26'26

It thus seems that no satisfactory quantitative dis
cussion of the results obtained is possible on the basis of 
the theory outlined, and it is probable that similar in
terpretations suggested previously may be in error. 
It is hoped that further studies in progress may resolve 
some of the difficulties.
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The Dimeric State of Cyanine Dyes
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Dyes of the 3,3-diethylthiacyanine series dimerize over a certain concentration range, 
as shown by their adherence to the law of mass action for the monomer-dimer equilibrium. 
At higher concentrations, a more complex //-aggregate appears. The stability of the 
dimers, as measured by the free energy of dimerization, increases steadily with chain 
length. The dimeric spectrum consists of an intense P-branch, hypsochromic to the 
monomeric maximum, and a feeble, bathochromic W-branch. The monomers are linked 
with their molecular planes and chromophores approximately parallel. Mixed dimers, 
with relatively strong W-branches, are formed in aqueous solutions of certain dye pairs. 
The significance of dimerization with respect to fluorescence quenching, photochemical 
activity, and the “ excimer”  is discussed.

I n t r o d u c t i o n

It is well known that solutions of dyes in polar or
ganic solvents at room temperature follow Beer’s law 
over an extended concentration range, but that in 
water large deviations from the law are observed.1 2 3 
For many classes of dye in aqueous solution, the band 
of highest intensity in dilute solution becomes weaker 
as the concentration is increased, and new bands appear 
at other wave lengths. These spectral changes have 
long been attributed to aggregation of the dye mole
cules in water to form dimers and higher polymers 
under the influence of the strong dispersion forces 
associated with the high polarizability of the chrorno- 
phoric chain.2-4 The dominant role of water as the 
solvent most favorable to aggregation at room tem
perature is no doubt associated with the effect of its 
high dielectric constant in reducing the repulsive 
force between the similarly charged dye cations or 
anions in the aggregate; the absence of aggregation in 
organic solvents of high dielectric constant at room 
temperature suggests that solvation interferes with the 
aggregation, and in such solvents aggregates are stable 
only at low temperatures under conditions of high 
viscosity.1 *

The peculiar solvent effects of water on the absorp
tion spectra of dyes are illustrated in Figures 1 and 2, 
which show the visible absorption spectrum of 3,3'- 
diethylthiacarbocyanine p-toluenesulfonate (dye II, 
Table I) at 22°, dissolved in methanol and in water.

Alcoholic solutions follow Beer’s law over at least the 
hundredfold concentration range from 10~6 to 10-4
M. The shape of the spectrum in alcoholic solution 
is typical of the molecular spectrum of cyanine and 
other polymethine dyes; with rare exceptions, the 
band of longest wave length is the most intense, 
presumably representing approximately the 0 ■«- 0 
transition in a vibronic progression, whereas the pattern 
of subsidiary maxima or shoulders at shorter wave 
lengths, differing from dye to dye ir_ resolution and 
intensity, is set by the 1 ■*- 0, 2 •*- 0, etc., transitions 
of a dominant vibrational mode of frequency ap
proximately 1200 cm.-1. (See Table III, under 
A rv.)

In water, Figure 2, the aggregation of the dye with 
increasing concentration is shown by the reduction 
in intensity of the molecular maximum at wave length

(1) Deviations from Beer’s law have been observed for certain dyes 
of the triphenylmethane class in organic solvents of low polarity at 
room temperature, attributed to the appearance of contact ion pairs 
at high concentration: V. F. Feichtmeyer and J. Schlag, Ber. Bun- 
senges., 68, 95 (1963). Deviations attributed to dimerization have 
been observed for certain cyanine dyes dissolved in a rigid isopropyl 
alcohol-pentane solvent at 77°K. by G. Levinson, W. T. Simpson, 
and W. Curtis, J. Am. Chem. Soc., 79, 4314 (1957), and polymeriza
tion of 1,1'-diethyl-2,2'-cyanine chloride in ethanol at 90°K. has 
been recognized from spectral changes by H. Zimmermann and G. 
Scheibe, Z. Blektrochem., 60, 566 (1956).
(2) G. Kortdm, Z. physik. Chem., B33, 1 (1936); B34, 255 (1936).
(3) G. Scheibe, Z. angew. Chem., 49, 563 (1936); 50, 212 (1937); 
52, 631 (1939).
(4) E. Rabinowitch and L. Epstein, J. Am. Chem. Soc., 63, 69
(1941).

The Journal o f Physical Chemistry



T he D imeric State of Cyanine D yes 1895

Figure 1. Absorption spectrum of 3,3'-diethylthiacarbocyamne 
p-toluenesulfonate (dye II) in methanol.

Figure 2. Absorption spectrum of 3,3'-diethylthiacarbocyanine 
p-toluenesulfonate (dye II) in water.

Table I : Dye Formulas

C2H5 C2Hs

X

I 3,3'-Diethylthiacyanine ethylsulfate, n =  0 
II 3,3'-Diethylthiacarbocyanine p-toluenesulfonate or chloride, 

n =  1
III 3,3'-Diethylthiadicarbocyanine p-toluenesulfonate, n = 2
IV 3,3'-Diethylthiatricarbocyanine p-toluenesulfonate, n =  3

C2Hs C2Hs

Pinacyanol chloride, n = 1

c r

Methylene blue

553 mjj. and the appearance of a new maximum at 
about 510 m/t, somewhat shorter than the vibrational 
shoulder of the molecular band. Over a range of con

centrations, two isosbestic points appear in the family 
of absorption curves, one at shorter wave length and 
the other at longer wave length than the molecular 
maximum. Over this range of concentrations, there
fore, according to the well-known properties of the 
isosbestic point, two colored species are in equilibrium. 
The persistence of the monomeric band shows that one 
of these species is the dye monomer, and it will be 
shown that the other is a dimeric form of the dye.

As the concentration of dye is further increased, 
aggregation of cyanine dyes usually proceeds beyond 
the dimeric stage. At this stage, the absorption 
curve of the solution does not pass through the isos
bestic points characteristic of equilibrium between 
monomer and dimer alone, the dimeric maximum 
broadens and drifts to shorter wave lengths, and a more 
or less definite new band appears hypsochromic to the 
dimeric maximum. It seems reasonable to attribute 
such bands to a polymer of greater complexity than the 
dimer.5 6 This polymer has been called an “ H-polymer,”  
characterized by an H-absorption band.6 The 13- 
band of dye II, illustrated for the highest concentra
tion in Figure 2, is not well resolved from the dimeric

(5) G. Scheibe, Kolloid-Z., 82, 1 (1938).
(6) W. West and B. H. Carroll, J. Chem. Phys., 19, 417 (1951).
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maximum, but sometimes a definite II-peak can be 
observed, as in Figure 3 for dye V.

The existence of dimers in aqueous solutions of a 
number of dyes of the thiazine4’7'8 and xanthine classes,9 
of rhodamine B,9 acridine orange,10 proflavine,11 and 
other dyes has been proved by observations that as 
the total concentration of the dye is changed, the con
centrations of monomer and dimer, cm and c<j, respec
tively, adjust themselves in accordance with the law 
of mass action

C 2
—  =  K  (1)
Cd

where K  is the dissociation constant of the dimer. 
Among cyanine dyes, similar evidence has been found 
for the existence of the dimer of l,l'-diethyl-2,2'- 
pyridocyanine salts in a rigid glass of isopropyl alcohol 
and isopentane at 77°K.12 For aqueous solutions of 
1,1'-diethyl-2,2'-cyanine chloride and its next higher 
vinylog, pinacyanol chloride (dye V, Table I), Scheibe 
found satisfactory conformance to the law of mass 
action insofar as the plot of log Cd against log cm at 
various total concentrations was linear with a slope of
2. For a number of cyanine dyes in aqueous solution,

Figure 3. Absorption spectrum of pinacyanol chloride 
(dye V) in methanol and in water, showing dimeric 
and //-aggregate bands in water.

however, Sheppard and Geddes13 were unable to 
find strict quantitative adherence of their deduced 
concentrations of monomeric and aggregated dye to 
the requirements of the mass law for the monomer 
dimer equilibrium, although they concluded that their 
deviations arose, not because the dimerization hypothe
sis was in itself incorrect, but because certain activity 
factors must be taken into account. In the present 
communication, we report data derived from the spec
tra of aqueous solutions of the vinylogous series of 
thiacyanine dyes listed in Table I which are in quanti
tative agreement, within a reasonable limit of experi
mental error, over a restricted concentration range, 
with the requirements of the simple mass law applied 
to the monomer ^  dimer equilibrium.

Dimers of Thiacyanine Dyes. To find the con
centrations of monomer and dimer in an aqueous solu
tion, one must know in essence the molar extinction 
coefficient of the pure monomer at a suitable wave 
length, usually that of the absorption maximum and, 
since the absorption bands of the monomer and dimer 
overlap, one must also know the relative contributions 
of the monomer and dimer to the observed density at 
the measuring wave length. In principle, the molar 
extinction coefficient of the pure monomer in water 
can be found from measurements of the absorption 
spectra of solutions so dilute that dimerization is 
negligible. If the fraction of the total molar concen
tration c of the dye in solution present as monomer 
is a, the dimeric dissociation constant is

For cyanine dyes we find K  to vary from some 10_3 
to 10~6 mole l.“ 1. If a solution in which 95% of the 
dye is present as monomer is regarded as a tolerable 
approximation to a solution of the pure monomer, the 
concentration at which this condition prevails is found 
from eq. 2 to vary from 2.8 X 10-5 M  for K  = 10~3 
to 2.8 X 10-8 for K  =  JO-6. Aqueous solutions of 
cyanine dyes, especially those of longer chain length, 
are not stable in light or on heating, and, moreover, 
the dyes are adsorbed to the glass walls of volumetric

(7) R. Havemann, E. Nutsch, and H. Pietsch, Z. physik. Chem. 
(Leipzig), 219, 171 (1962).
(8) K. Bergmann and C. T. O’Konski, J. Phys. Chem., 67, 2169 
(1963).
(9) T. Förster and E. König, Z. Elektrochem., 61, 344 (1956).
(10) V. Zänker, Z. physik. Chem., 199, 255 (1952); 200, 250 (1952).
(11) G. R. Haugen and W. H. Melhuish, Trans. Faraday Soc., 60, 
386 (1964).
(12) See Levinson, Simpson, and Curtis, in ref. 1.
(13) S. E. Sheppard and A. L. Geddes, J. Am. Chem. Soc., 66, 2003 
(1944).
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apparatus and of the measuring cell. It is, therefore, 
difficult to make accurate measurements of aqueous 
dye solutions at concentrations of 10 ~6 M  and less, 
requiring cell lengths of 10 cm. or more, even when 
precautions are taken to exclude actinic light in the 
preparation of the solutions and to correct for adsorp
tion. Careful measurements of the absorption spectra 
of several cyanines in dilute aqueous solutions prepared 
with the exclusion of actinic light, rapidly made on an 
automatic spectrophotometer, gave values of the molar 
extinction coefficient at the monomeric maximum only 
slightly below that in methanol. Methanol solutions 
are considerably more stable than aqueous solutions, 
adsorption of dye to the glass walls is much reduced in 
these solutions, and, since Beer’s law is followed, the 
molar extinction coefficient can be measured at a con
centration allowing accurate measurement at a path 
length of 1 cm. Accordingly, vie have assumed that, 
in general, the molar extinction coefficient of the 
pure monomer in water is practically equal to its 
value in methanol and, in cases where the dimeriza
tion is so great as to require absorption measurements 
of solutions 10-6 M or less, we regard the value of the 
alcoholic extinction coefficient as probably a closer 
approximation to that of the monomer in water than 
one obtained by extrapolation from values observed 
at higher concentrations of aqueous solutions.

We have attempted to allow for the overlap of the 
dimeric band on the monomeric band by a series of 
successive approximations, assuming in the first 
approximation that the monomeric band does not over
lap the dimeric maximum and that the dimeric band 
is symmetrical about its maximum, overlapping the 
monomeric band. The contribution of the dimeric 
absorption to the observed optical density at the 
wave length of the monomeric maximum at any total 
concentration can therefore be read off, to a first ap
proximation, and, on the assumption of additivity of 
the densities of the monomer and dimer at any wave 
length, a first approximation to the density of the 
monomer at its maximum can be determined. Overlap 
of the monomeric band with the dimeric band is now 
considered. From the absorption spectrum of a dilute 
solution of the dye in which dimerization is negligible, 
the ratio of the monomeric densities at the wave lengths 
of the monomeric and dimeric maxima can be found, 
and, from the first approximation of the density of the 
monomer at the monomeric maximum, the approxi
mate contribution of the monomer to the density at 
the dimeric maximum can be calculated. A second 
approximation to the density of the dimer at its maxi
mum can therefore be found; hence a second approxi
mation to the density of the dimer at the monomeric

maximum can be made, and a second approximation 
to the monomeric density at its maximum is ob
tained. From this, as before, a third approximation 
to the density of the dimer at its maximum is made, 
and the process is repeated. The approximations 
rapidly converge after the fourth or fifth cycle, and 
values are obtained for the densities of the monomer 
and the dimer at their respective maxima. The molar 
concentration of the monomer, cm, at any total con
centration, c, can therefore be calculated from a knowl
edge of the molar extinction coefficient of the pure 
monomer and the cell thickness. The concentration 
of the dimer, a, is obtained from the condition

Data for the calculation of the dissociation constant 
of the dimer of dye II are listed in Table II; for the 
reasons already discussed, the molar extinction co
efficient of the pure monomer in water was taken as
16.2 X 104, the measured value in methanol. The 
total molar concentration, c, of the dye is listed in the 
first column; the thickness, t, of the cell used in the 
spectrophotometric determination of the monomeric 
and dimeric concentrations is given in the second 
column; the observed density, D obad, of the solution 
at the monomeric maximum in the third column; the 
corrected density, Dm, of the monomer at that wave

Table II : Dissociation Constant of the Dimer of 
3,3'-Diethylthiacarbocyanine p-Toluenesulfonate (Dye II) 
at 22°

C,

moles IlobBdi K  = cm!/ca.
1.-1 X 553 mole 1.-1
X 10* cm. m ft Dm Cm X 10s cd X io« X 105

1.00 1.0 1.19 1.13 0.70 0.15 3.28
1.93 0.5 1 .0 1 0.92 1.14 0.40 3.25
2.00 0.5 1.04 0.94 1.16 0.42 3.21
2.88 0 .1 0.28 0.24 1.48 0.70 3.12
3.00 0.2 0.58 0.52 1.60 0.70 3.66
4.00 0.2 0.71 0.63 1.94 1.03 3.66
5.00 0.2 0.86 0.74 2.28 1.36 3.82

10.00 0.05 0.32 0.27 3.28 3.36 3.20
20.00 0.05 0.51 0.38 4.66 7.67 [2.83]

Av. 3.40 X 10~5 
Mean dev. ±0 .17  X 10-6

length derived from successive approximations in the 
fourth column; the computed concentration of the 
monomer in the fifth column; the computed con
centration of the dimer in the sixth column; and
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the value of Ii =  cm2/Cd in the seventh column. The 
values of K  are constant within a mean deviation of 
± 5 % . At concentrations higher than 2 X 10 ~4 M, 
the computed values of cm and Cd no longer conform to 
the mass law for a monomer ^  dimer equilibrium, and 
at this concentration the //-band begins to appear. 
It follows from eq. 1 that, as one varies the total con
centration of the dye participating in an equilibrium 
between the monomeric and dimeric states, a plot of 
log cd vs. log cm is linear with a slope of 2. In Figure 4 
such a plot made from the data of Table II is illustrated 
for dye II. The line is the least-squares line from the 
data, and its slope, 1.99, is in accord with the existence 
of a monomer dimer equilibrium over the concentra
tion range involved.

Log io cm
Figure 4. Plot of log Cd v s .  log cm for aqueous solutions of 
dye II. The slope of the least-squares line is 1.99.

A variation of the test for the existence of an equi
librium between monomer and dimer alone is to find 
that, as the concentration of the dye is changed, the 
observed extinction coefficient at any wave length, 
«obsd, is proportional to a, the mole fraction of the total 
dye present in the monomeric state, calculated from the 
mass law according to eq. 2.8 If the monomeric 
and dimeric absorptions are additive

eobsd = +  (1 — a)ed

= a(em — 6d') +  ed' (4)

where td' is the molar extinction coefficient of the 
monomers that are bound together in the dimer, i.e., 
half the molar extinction coefficient of the dimer. 
Since em and ea are constants at a given wave length, 
the observed extinction coefficient is linear in a, the 
intercept corresponding to a =  0 being the value of 
ed'. This relation for dye II at various wave lengths 
is illustrated in Figure 5. From the values of ed', 
taken from the intercepts at a =  0 of plots such as that 
of Figure 5, or found by direct calculation from eq. 4, 
one obtains the absorption spectrum of the pure dimer, 
illustrated in comparison with the spectra of the pure 
monomers, for dyes II and IV in Figures 6 and 7. Simi
lar curves have been found for the other thiacyanine 
dyes discussed in this paper. The dimeric spectra 
consist of two branches, one of high intensity, desig
nated as the positive or P-branch, at the high-frequency 
side of the monomeric maximum and the other, the 
negative or V-branch, of relatively low intensity, near 
the monomeric maximum, usually on the low-frequency 
side. The significance of this structure is discussed 
later in this paper.

Figure 5. Linearity in a  of observed molar extinction 
coefficient of aqueous solutions of dye II.
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Figure 6. Absorption spectra of pure monomer and calculated 
spectrum of pure dimer of dye II (p-tcluenesulfonate) in water.

Figure 7. Absorption spectra of pure monomer and calculated 
spectrum of pure dimer of dye IV in water.

Data for the P-branch of the dimeric spectra of thia- 
cyanine dyes in aqueous solution are listed in Table
III. The first column designates the chain length 
(see Table I), the next two columns contain the wave 
length and wave number of the monomeric maximum,

Table 111: Spectral Data for Dimers of Thiacyanine Dyes 
in Aqueous Solution at 22°

^m» Fm» *V> Xd, Fd»
n m ¡1 cm.-1 m p cm .-1 cm .-1 m/x cm ."1 cm.-1

0 422 23,697 405 24,691 1106 402 24,876 1179
1 553 18,083 516 19,380 1297 510 19,608 1525
2 648 15,432 598 16,722 1290 579 17,271 1839
3 753 13,280 690 14,493 1248 647 15,456 2176

the fourth, fifth, and sixth columns refer, respectively, 
to the wave length and wave number of the vibrational 
shoulder in the monomeric spectrum and the frequency 
displacement of the shoulder from the maximum, 
and the last three columns refer to the wave length and 
wave number of the P-branch of the dimeric maximum 
and to its displacement from the monomeric maximum. 
Consistent with its interpretation as being in essence 
a vibrational interval determined mostly by a domi
nant vibrational mode in the conjugated chromophoric 
chain, the displacement of the molecular shoulder from 
the maximum does not vary much from dye to dye, but 
the separation of the dimeric maximum from the 
molecular maximum increases steadily with increasing 
chain length; in fact, as is shown in Figure 8, the dis
placement is linear in n. The dimeric maximum is 
always hypsochromic to the molecular shoulder, al
though for dyes of the shorter chain lengths, not by 
many millimicrons, but the separation increases with 
chain length. There can be little doubt that the 
shoulder and what we have called in this paper the 
dimeric maximum are distinct spectroscopic entities 
that happen to fall at about the same wave length, 
probably because the energy of interaction associated 
with dimerization is similar in magnitude to the energy 
of the vibrational transition.

The values of the dissociation constants of the dimers 
of the series of thiacyanine dyes are listed in Table IV, 
along with the free energy of dimerization, computed 
from the relation — AF = RT In K', where K' is the 
association constant of the monomer, equal to l/K. 
The concentration at which the //-band appears de
termines the range over which the simple monomer- 
dimer equilibrium exists. Owing to the relative in
stability of dyes III and IV, solutions of these dyes 
contained 1 and 2%  methanol, respectively. Since
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Table IV : Dimerization and 
Thiacyanine Dyes

/7-Aggregation of 

K, -  AF, if-band
Dye n X - mole 1._1 295°K. perceptible at

I 0 Ethyl sulfate 13 X 10-s 5250 1.0 X 10-3
II 1 p-Toluenesulfonate 3.4 X IO“« 6040 ca. 2 X 10 “5

III 2 p-Toluenesulfonate 1.5 X IO"® 6510 ca. 1 X IO"8
IV 3 p-Toluenesulfonate 4.1 X 10 “8 7260 < 1 .0  X 10-5

dimerization is accompanied by a decrease in entropy, 
the evolution of heat in dimerization will be greater 
than the diminution in free energy. Over the range of 
chain lengths examined, the tendency to dimerization 
increases steadily with chain length. In fact, as is 
indicated by the approximate linearity of the plot of 
log K  against n (Figure 9), the free energy change in
creases by an approximately constant amount for each 
additional vinylene group in the chain, a result that 
seems consistent with the supposition that dispersion 
forces are the main driving force in dimerization.

Quantum-Theoretical Aspects of Dimeric Spectra. 
As Forster14'15 pointed out, the electronic degeneracy 
that arises in the excited state of a dimer that has 
absorbed one photon causes a splitting of the excited 
electronic level into two. Quantitative development

Figure 8. Displacement of dimeric from monomeric 
maximum as function of chain length.

Figure 9. Plot of log K  vs. chain length for 
dimerization of thiacyanine dyes.

of the theory12'14'15 in terms of the interaction between 
the transition dipoles of the resonating dimeric struc
tures, in which one or the other of the linked monomers 
carries the excitation energy, shows that, if the dimer 
is composed of two identical molecules with their 
chromophores aligned parallel, the optical transition 
from the ground state to the higher of the split levels 
is intense, whereas that to the lower level is, in the limit 
of exact parallelism of identical chromophores in a 
structure possessing a center of symmetry, optically 
forbidden. The excited level associated with the 
strong transition arises from an interaction between 
the transition moments in the same phase, and the 
other, with an interaction of the moments in opposite 
phases. Deviations from parallelism because of vibra
tional motion of the chromophores with respect to 
each other or an unsymmetrical structure of the dimer, 
will allow the transition to the lower excited state to 
occur, but less intensely than to the upper state. The 
dimeric spectrum associated with a parallel arrangement 
of the co-linked flat monomers is expected, therefore, 
to consist of an intense band at the shorter wave 
lengths and a feebler band at longer wave lengths. 
This is, in fact, observed forthedimers of the thiacyanine 
series. Striking examples of the double-branched 
nature of the dimeric band of dyes of the xanthine and 
rhodamine classes in water are described by Förster 
and König9 and by Lavorel,16 and two-branched spectra 
of this nature have been described for the aqueous 
dimers of methylene blue8 and of the aminoanthra- 
quinone dye, proflavine,11 and for dimers of pyrido- 
cyanines in an alcoholic glass at 77°K.12 One can

(14) T. Förster, Naturwiss., 33, 166 (1946).
(15) T. Förster, “ Fluoreszenz Organischer Verbindungen, “ Vanden- 
hoeck and Ruprecht, Göttingen, 1951, p. 254.
(16) J. Lavorel, J. Phys. C h em 61, 1600 (1957).
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therefore conclude, in general, that the dimeric struc
ture of dyes consists of two monomers held together 
with their planes, or at least their chromophores es
sentially parallel to each other, with some deviations 
from parallelism because of thermal vibrations or 
structural asymmetry.

The existence of the lower excited state of the dimer 
has some interesting consequences. The feebleness 
of the corresponding absorption implies a relatively 
long lifetime for this state (approximately 10 times 
longer for dye II than for the upper state); hence, 
through radiationless transitions from the upper to the 
lower excited level of the dimer, most of the dimeric 
molecules in the steady state produced by a uniform 
irradiation may be in the lower state. Fluorescence 
from this state will be weak, and deactivation to this 
state from the upper excited state may, as pointed out 
by Lavorel,16 contribute substantially to concentra
tion quenching of the fluorescence of dyes. Also, the 
metastable level of the dimer is nearer the triplet level 
of the dye than the upper level (and probably than the 
excited monomer level); hence, intersystem crossing 
may be facilitated through this path. At low tempera
tures, the dimer might show a higher phosphorescence 
yield than the monomer,17 and in photochemical re
actions induced by the triplet state of dyes the quantum 
efficiency might increase with increasing concentra
tion as dimer is produced, if the triplet energy is suf
ficient for the reaction.

The dimers of the cyanine and other dyes are stable 
in the ground state and in the two excited states which 
give rise to the P- and IV-branches, i.e., if the potential 
energy of interaction of the monomers linked together 
is plotted as a function of their distance apart, the 
curves of all these states possess minima. The condi
tion could arise, however, in which the minimum of the 
ground state is very shallow or nonexistent, when 
no dimer would be formed in the ground state, or it 
would be formed only at low temperatures. The 
upper excited state could then be wholly repulsive, 
while the lower, stabilized by reasonance, could possess 
a minimum in its potential energy curve. Under these 
conditions, no dimeric absorption band would be ob
served at room temperature, but the lower excited 
state of the dimer could be populated by the product 
of reaction between an excited monomer and one in its 
ground state. A fluorescence emission corresponding 
to the M-branch of the dimer could then occur, with 
relatively low quantum yield and decay period of the 
order of 10 times that of normal dye monomeric fluo
rescence. These properties resemble those observed 
in the excited dimers or “ excimers”  of perylene and 
other hydrocarbons.18-19

Mixed Dimers. Besides dimers formed from two 
identical monomeric molecules, the possibility of mixed 
dimers from two different monomeric dyes arises. In 
such a case, the density of a mixture of two dyes in 
aqueous solution will not be additively composed of 
those of the separate dyes. Mixed dimers have been 
found in this way for binary mixtures of azo dyes20 and 
a mixed polymer (probably dimer) between methylene 
blue and acridine orange has been observed in aqueous 
solution.21 Mixed polymers between pairs such as 
acridine orange and thionine, and others have been 
found in aqueous solution in the presence of polyanions 
such as chondroitin sulfate.21 Mixed excimers have 
also been observed in binary solutions of some aromatic 
hydrocarbons.22 Among cyanine dyes that form in 
aqueous solution, the reversible polymers characterized 
by the sharp J-band bathochromic to the molecular 
band, mixed /-aggregates have been found.23’24 
Evidence is presented here for the formation of mixed 
dimers between different cyanine dyes in aqueous 
solution.

As an example, in Figure 10 are plotted the observed 
densities as a function of wave length of a mixture of 
3,3'-diethylthiacarbocyanine p-toluenesulfonate (dye 
II, n =  1) and of 3,3'-diethylthiadicarbocyanine bro
mide (dye III, n =  2), each at 1 X 10” 4 M  in water, 
and also, as the dotted line, the sum of the densities of 
aqueous solutions of the separate dyes at a concentra
tion of 1 X 10_4 M. The deviations from additivity 
are plotted as a function of wave length in Figure 11. 
There are large negative deviations at the positions of 
the monomeric and dimeric maxima, M m  and Dm 
of the dicarbocyanine, and at the position of the mono
meric maximum of the carbocyanine, Mu, whereas a 
new band, Dn.m, appears between the dimeric peaks 
Dm and Dn of the symmetrical dimers. The positions 
of the monomeric and dimeric maxima of the individual 
dyes, and of the mixed dimer, are indicated along the 
wave length axis of Figures 10 and 11. The most 
obvious interpretation of D n.m  is that it is the absorp
tion spectrum of a complex between the two dyes in 
solution, a mixed dimer. The absorption of a very 
dilute solution containing the two dyes is additive. 
In the more concentrated solutions, inspection of

(17) E. G. McRae and M. Kasha, J. Chem. Phys., 28, 721 (1958).
(18) T. Forster and K. Kasper, Z. Elektrochem., 59, 977 (1955).
(19) B. Stevens and E. Hutton, Nature, 186, 1045 (1960).
(20) D. R. Lemin and T. Vickerstaff, Trans. Faraday Soc., 43, 491 
(1947).
(21) M. K. Pal and M. Schubert, J. Phys. Chem., 67, 1821 (1963).
(22) J. B. Birks and L. G. Christophorou, Nature, 196, 33 (1962).
(23) G. Scheibe, Z. angew. Chem., 52, 631 (1939).
(24) H. Ecker, Kolloid-Z„ 92, 35 (1940).
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Wavelength in Millimicrons

Figure 10. Absorption spectrum of a mixture of dye II and 
dye III in aqueous solution, each at 1 X 10~4 M :

--------- , experimental;--------- , additive.

400 500 600 700
Wavelength in Millimicrons

Figure 11. Deviations from additivity in the absorption 
spectrum of a mixture of dye II and dye III in aqueous 
solution, each at a concentration of 1 X 10 ~4 M .

Figures 10 and 11 shows that the mixed dimer is formed 
at the expense of the monomers and of the symmetrical 
dimers.

These figures also show a considerable increase in 
the absorption of the solution of the mixture at the 
long wave length side of the monomeric maximum of 
the dye of the longer chain length. The condition of 
identical oscillators interacting in opposite phases 
that causes the negative branch of the absorption spec
trum of the symmetrical dimer to be very feeble no 
longer holds in the mixed dimer. The interacting tran
sition moments are no longer equal and even if directed 
in completely opposite directions would produce a 
nonzero resultant. The observed increase in the in
tensity of absprption of the mixed dimer on the long 
wave length side of the monomeric band of the dye of 
longer chain length is therefore in accord with the 
theory of dimeric absorption discussed earlier and 
supplies significant experimental verification of the 
theory.

Mixed dimers showing these spectral characteristics 
have been observed in aqueous solutions of the dye 
pairs listed in Table V. The table shows the wave 
lengths o f maximum absorption, XMd, of the mixed

dimers, the peak maxima of the two symmetrical 
dimers derived from the monomeric parents, the mean 
wave length of the parent dimeric maxima, and the dif
ference, A, between the parental mean wave length 
and that of the mixed dimer. All of these data refer 
to the intense P-branches of the dimeric bands. This

Table V : Spectral Data on Mixed Dimers

Mean XmD of A =
Wxi X of mixed Xm -

parent dimera, parents dimer, Xmd,
Mixture m/i Xm, in ¡i mu m p

Thiacyanine dyes
n  =  0, n  =  1 402, 510 456 420 36
n  =  0, n  =  2 402, 579 491 418 73
n  —  1, n  —  2 510, 579 544 532 12
n  =  1, n  =  3 510, 646 579 542 37
to =  2, n  =  3 579, 646 613 602 11

Methylene blue 1 
Thiacyanine (to =  1) j 610, 510 560 538 22

Pinacyanol, 10~4 M  

Thiacyanine (to =  1), 10'"4 M  Ji 510, 544 527 500 27

Pinacyanol, 10~5 M  

Thiacyanine (to =  1), 10' > 510, 548 529 502 27
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branch of the mixed dimer spectrum, in all of the ex
amples studied, shows a maximum at a wave length 
less than the mean wave length of the corresponding 
symmetrical dimers. With respect to its symmetrical 
parents, therefore, a mixed dimer exhibits in absorp
tion a “ deviation,”  in the sense o: the deviations found 
by Brooker26 for the absorption of a monomeric cyanine 
or merocyanine dye derived from two different hetero
cyclic nuclei. In the latter case, the unsymmetrical 
dye exhibits a maximum at a wave length shorter than 
the mean of those of the two maxima of the parents, 
the deviation being the greater, the greater the differ
ence in basicity of the two heterocyclic nuclei. Both 
for mixed dimers and mixed monomers, the deviation 
arises from the energetic inequality of the resonating 
structures from which the actual states of the system 
are derived. The splitting between the upper and 
lower states derived from the resonance now includes 
a term for this energetic inequality and, although the 
additional separation effected by the resonance is 
less than for interacting identical structures, the net 
effect is a displacement of the higher-energy structure 
of the unsymmetrical system to a value higher than the 
mean of the energies of the corresponding two symmetri
cal systems, and a hypsochromic displacement of the 
P-branch of the absorption band of the unsymmetrical 
system from the mean of the absorption wave lengths 
of the two symmetrical systems.

Table Y  also shows that the deviation, A, for the 
mixed dimers derived from the thiacyanine series in
creases with increasing difference in the chain length 
of the monomers linked together in the dimer. The 
energetic inequality between the resonating structures 
of the mixed dimer increases with increasing difference 
in the chain length, and the consequent increase in 
deviation is analogous to Brooker’s observation of

increasing deviation with increasing difference in the 
basicity of the two heterocyclic nuclei in unsymmetri
cal monomeric dyes.28

Besides the mixed dimers formed from cyanines con
taining the same heterocyclic nuclei, mixed dimers 
have been observed containing thiacyanine monomers 
linked to 2,2'-cyanine monomers, and between a 2,2'- 
cyanine and methylene blue. Data on these systems 
are listed in the lower part of Table V.

Among the thiacyanine dyes, the degree of mixed 
dimerization is greatest when the difference in chain 
length of the interacting monomers is equal to one vinyl- 
ene group. Moreover, as is to be expected, the degree 
of mixed dimerization depends on the tendency toward 
self-dimerization of the monomers. For example, 
the simple thiacyanine (n =  0) forms a mixed dimer 
more readily with the carbocyanine (n =  1), than with 
the dicarbocyanine (n =  2), but the dimerization in 
this case is less than that between the dicarbocyanine 
and the tricarbocyanine (n =  3), both of which very 
readily form the corresponding symmetrical dimer.

Experimental measurements were made on dye solu
tions at 22° prepared in nonactinic light and, in the 
case of dyes III and IV, without assisting solution 
of the dye by heating. The Beckman DU and the 
General Electric automatic spectrophotometers were 
used, the high scanning speed of the latter being espe
cially advantageous in the measurements of solutions of 
low stability.

Acknowledgment. We are indebted to Dr. L. G. S. 
Brooker, of these laboratories, for the supply of dyes, 
and to Mr. F. Grum, also of these laboratories, for 
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(25) L. G. S. Brooker, Rev. Mod. Phys., 14, 289 (1942).
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Activities of the Three Components in the System Water-Nitric 

Acid-Uranyl Nitrate Hexahydrate at 25°

by W . Davis, Jr., P. S. Lawson, H . J. deBruin, and J. Mrochek

Chemical Technology Division, Oak Ridge National Laboratory,1 Oak Ridge, Tennessee 
(.Received December 14, 1964)

Partial pressures of water and nitric acid over solutions containing water, nitric acid, and 
uranyl nitrate hexahydrate (UNH) were measured at 25° by use of the vapor transpiration 
technique for solutions containing 0 to 2.3 m UNH and 1 to 14 m HNO3. These data were 
analyzed in terms of activities in the two two-component systems, water-nitric acid and 
water-uranyl nitrate hexahydrate, and an integral form of the Gibbs-Duhem equation. 
From the analysis we obtained four parameters to describe the variation of water and 
nitric acid activities with acid and UNH concentrations. The same parameters are con
tained in an equation (obtained by use of cross differentiation) that describes the variation 
of the UNH activity coefficient with acid and UNH concentrations. Standard deviations 
of water and nitric acid activities are about ±  10%. Also described in this report are new 
data on the solubility of UNH in H20 -H N 0 3 solutions and equational representation of 
activity coefficients of H N 03 in water and of UNH in water.

Introduction

This is a status report in which we present data on 
the vapor pressures of water and nitric acid over the 
three-component system—H20 -H N 0 3-U 0 2(N 03)2- 6-
H20 —and describe how these data are combined with 
literature data2 3 4 5 and analyzed in terms of an integration 
of the Gibbs-Duhem equation for the calculation of 
activities and activity coefficients of uranyl nitrate 
hexahydrate. This work is a continuation of previous 
studies,2a>3-5 the over-all objective of which is a thermo
dynamic description of the distribution of water, 
nitric acid, uranyl nitrate, and fission products between 
aqueous and tributyl phosphate (TBP)-hydrocarbon 
diluent solutions. More particularly, the objective 
of the work is to express solvent extraction data in 
terms of equations that can be used to predict equi
librium results for conditions not specifically studied 
experimentally. Such mathematical representation 
should eventually permit the calculation of optimum 
conditions for solvent extraction process operations.

Beyond presenting measured partial pressures of 
water and nitric acid over their solutions that are 
0 to 2.3 m in U 02(N 03)2-6H20  and 1 to 14 m in H N 03, 
we have included in this report a description of the

mathematical techniques used to calculate activities of 
uranyl nitrate hexahydrate. These techniques are 
closely related to those described by McKay,6'7 McKay 
and Perring,8 and Glueckauf, McKay, and Mathieson9; 
however, they are presented as an integration of the 
Gibbs-Duhem equation in combination with a four- 
parameter empirical function to describe the ratio of 
activities of nitric acid in the three-component system 
to corresponding values2a in the system H20 -H N 0 3. 
By use of the cross-differentiation equations,6-7'9 
the activities of water were also introduced into evalua
tion of the four parameters. These parameters are

(1) Research sponsored by the U. S. Atomic Energy Commission 
under contract with the Union Carbide Corp.
(2) (a) W. Davis, Jr., and H. J. deBruin, J. Inorg. Nucl. Chem., 26, 
1069 (1964); (b) R. A. Robinson and C. K. Lim, J. Chem. Soc., 
1840 (1951).
(3) W. Davis, Jr., Nud. Sei. Eng., 14, 159 (1962).
(4) IV. Davis, Jr., ibid., 14, 169 (1962).
(5) W. Davis, Jr., ibid., 14, 174 (1962).
(6) H. A. C. McKay, Nature, 169, 464 (1952).
(7) H. A. C. McKay, Trans. Faraday Soc., 49, 237 (1953).
(8) H. A. C. McKay and J. K. Perring, ibid., 49, 163 (1953).
(9) E. Glueckauf, H. A. C. McKay, and A. R. Mathieson, J. Chem 
Soc., S299 (1948).
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used to calculate activities of uranyl nitrate hexahy
drate (UNH). Since the final calculations involve 
the two two-component solutions, we fitted activity 
coefficients of nitric acid, in water-nitric acid solutions, 
and water activities in water-uranyl nitrate solutions 
to appropriate semitheoretical equations.

The results of this work are summarized in isometric 
drawings of the activity coefficients and of the partial 
molar free energy of the solution (the chemical poten
tial) over the full range of solubilities of the hexahydrate 
in aqueous nitric acid solutions (up to 22.5 m H N 03). 
These representations involve extrapolation beyond 
the experimental data.

Apparatus, Materials, and 
Experimental Procedures

Vapor pressures of water and nitric acid over the 
water-nitric acid-uranyl nitrate solutions were ob
tained by the transpiration technique with apparatus 
already described.2®

Reagent grade concentrated nitric acid was used after 
sparging it with nitrogen to remove dissolved nitrogen 
oxides. The water was distilled and then further de
ionized by passage through a commercial water-de
ionizing resin. Uranyl nitrate hexahydrate of high 
quality was recrystallized from water and used only 
after a 0.2 m solution in water was found to have a pH 
within the range 2.2 to 2.4. (According to Robinson 
and Lim2b the pH of such a solution of high-purity 
uranyl nitrate in water lies within this range.) The 
nitrate-to-uranium mole ratio of this purified material 
was found by analysis to be 1.99 ±  0.01.

Saturator and presaturator (of which two were used) 
solutions were made from analyzed stock solutions of 
nitric acid and of uranyl nitrate in water. In the final 
three-component solutions, uranium was determined 
by coulometric titration,10 while nitrate was determined 
colorimetrically as previously described.3’11 Nitric 
acid was calculated as nitrate concentration minus 
twice the uranium concentration although acidity was 
also determined.12 Acid concentrations were de
termined mainly as a check on nitrate and uranium 
analyses since the acid concentrations were determined 
with less accuracy than the other analyses of these 
solutions.

Densities of all saturator solutions were determined 
in duplicate, at 25.00°, with calibrated 10-ml. pycnom
eters to accuracies of ±0.0005 g./ml., or better, as 
previously noted.4 All transpiration experiments were 
performed at 25.00 ±  0.01°. The flow rate of air was 
maintained at about 2 l./hr.

Estimates of Accuracy and Bias. While using the 
transpiration technique to obtain partial pressures of

water, nitric acid, and tributyl phosphate (TBP) 
(over solutions containing from two to four of the spe
cies—water, nitric acid, tributyl phosphate, and uranyl 
nitrate), we have tried to improve our estimates of the 
probable accuracy and precision of the data. In 
previous work2® with water-nitric acid solutions, the 
precision of these partial pressure measurements was 
estimated to be ± 3  to 4% ; by comparing our data with 
those of Vandoni and Laudy13 in 10 to 16 M  H N 03, 
we concluded this ± 3  to 4% represented accuracy as 
well as precision and that there was no significant bias 
in our measurements of vapor pressures. Measured 
vapor pressures of pure water and partial pressures of 
water over two-phase systems consisting of water and 
TBP or of water, uranyl nitrate, and TBP provided 
further information on the accuracy and precision of 
our techniques. The average and standard deviations 
of three measurements of the vapor pressure of water 
at 25.00° were 23.590 ±  0.266 torr; four experiments 
with two-phase water-TBP solutions yielded a water 
partial pressure of 23.612 ±  0.379 torr. These pres
sures differ by less than 1% from the value 23.773 torr, 
the vapor pressure of pure water at 25.00° when the 
total pressure is 1 atm. The relative standard devia
tion of each of these groups of measurements is less than
1.6%. These data, therefore, support our belief that 
we have no significant bias in our measurements.

The most extensive data on the accuracy and pre
cision of our vapor pressure measurements are derived 
from the weights of transpired material from two-phase 
systems containing water, TBP, and uranyl nitrate. 
Twenty-eight experiments were performed at UNH 
concentrations in the aqueous phase of 0.04 to 2.4 moles/ 
kg. of H2O. Activities of water were calculated on the 
assumption of ideal gas behavior, and these activities 
were then compared with water activities derived from 
the data of Robinson and Lim.2b The ratio aw- 
(this work)/aw(R and L) had an average value of
0.999 and a standard deviation of 0.044. Most of this 
deviation was contributed by three runs from which 
the calculated water activities were in error by +10, 
+  10, and -2 0 % . Neglecting these, the standard 
deviation of these data would be less than 1%. How
ever, the occurrence of “ obviously” erratic results 
during studies of the three-component system water- 
nitric acid-uranyl nitrate hexahydrate suggests that a

(10) W. D. Shults, “ ORNL Master Analytical Manual,” TID-7015, 
Suppl. 3, Method No. 1 219225 and 9 00719225, Jan. 29, 1960.
(11) O. Menis, “ ORNL Master Analytical Manual,”  TID-7015, 
Sect. 1, Method No. 1 215611 and 9 00715611, Aug. 27, 1954.
(12) C. E. Lamb, “ ORNL Master Analytical Manual,” TID-7015, 
Sect. 9, Method No. 9 042200 and 9 052200, March 22, 1956.
(13) M. R. Vandoni and M. Laudy, J. chim. phys., 49, 99 (1952).
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Table I : Analysis of Transpiration Data for Water-Nitric Acid-Uranyl Nitrate Solutions

•Properties of condensate-
.—Molar concn. in saturator—- Soin, density, ---- -Vapor press., mm.------ , Molality of Molarity of

Expt. no. HNOj Uranium g./ml. HaO HNOa HNOa HNOa Density, g./ml.

9367 0.976 0.4660 1.1782 22.45 0.000288 0.000712 0.000712 0.9971
9370 0.976 0.4660 1.1782 22.51 0.000288 0.000711 0.000711 0.9971
9371 0.951 0.9020 1.3176 2 1 .3 1 0.000725 0.00188 0.00188 0.9971
9374 0.951 0.9020 1.3176 21.44 0.000868 0.00224 0.00224 0.9971
9378 0.S20 1.3140 1.4467 20.13 0.00159 0.00439 0.00439 0.9972
9379 0.920 1.3140 1.4467 20.40 0.00174 0.00474 0.00474 0.9972
9382 0.920 1.3140 1.4467 20.32 0.00175 0.00479 0.00479 0.9972
9362 2.195 0.4510 1.2 163 20.87 0.00232 0.00619 0.00619 0.9973
9363 2.108 0.8540 1.3426 19.60 0.00332 0.00941 0.00941 0.9974
9364 2.108 0.8540 1.3426 19.43 0.00392 0.01122 0.01122 0.9974
9365 2.026 1.2370 1.4 6 11 18.38 0.00724 0.0218 0.0218 0.9977
9366 2.026 1.2370 1.4 6 11 18.75 0.00739 0.0219 0.0218 0.9977
3485 4.290 0.0860 1.16 5 1 18.56 0.01038 0.0310 0.0310 0.9980
3486 4.248 0.2130 1.2027 18.62 0.01214 0.0362 0.0360 0.9982
3484 4.248 0.2130 1.2027 18.48 0.01220 0.0366 0.0365 0.9982
3469 4.182 0.4180 1.2646 17.73 0.0156 0.0490 0.0488 0.9986
3471 4.182 0.4180 1.2646 18.07 0.0155 0.0477 0.0475 0.9985
3472 4.182 0.4180 1.2646 17.92 0.0158 0.0491 0.0488 0.9986
3473 4.182 0.4180 1.2646 17.93 0.0160 0.0495 0.0493 0.9986
9385 3.923 0.8030 1.3800 17.24 0.0210 0.0677 0.0674 0.9992
9386 3.923 0.8030 1.3800 17.20 0.0214 0.0691 0.0687 0.9992
3477 4.039 0.8080 1.3804 17.00 0.0213 0.0696 0.0692 0.9992
3478 4.039 0.8080 1.3804 16.89 0.0204 0.0670 0.0667 0.9991
9383 3.799 1.1600 1.4850 16.46 0.0286 0.0965 0.0959 1.0001
9384 3.799 1.1600 1.4850 16.27 0.0269 0.0919 0.0914 0.9999
3480 3.885 1.1660 1.4812 15.86 0.0348 0.1220 0 .12 12 1.0008
9387 3.716 1.3760 1.5450 16.03 0.0379 0 .13 13 0.1304 1.0 0 11
9388 3.716 1.3760 1.5450 16.50 0.0339 0.1143 0 .1135 1.0006
3482 3.818 1.4280 1.5668 15 .19 0.0384 0.1403 0.1393 1.0014
3483 3.818 1.4280 1.5668 15.68 0.0385 0.1364 0.1354 1.00 13
57-0 4.981 0.5331 1.3235 16.83 0.0358 0.1182 0 .1174 1.0007
3336 6.135 0.3920 1.3136 15.37 0.0558 0.201 0.199 1.0033
21-0 7.462 0.0984 1.2621 14.32 0.0924 0.358 0.353 1.0083
23-0 7.641 0.2464 1.3148 , 13.40 0 .12 15 0.503 0.494 1.0129
3339 7.135 0.3740 1.3366 13.54 0.0953 0.390 0.385 1.0093
3342 7.135 0.3740 1.3366 13 .19 0.0935 0.394 0.388 1.0094
29-0 7.674 0.4871 1.3837 12.43 0.163 0.728 0.710 1.0200
30-0 7.776 0.7437 1.4663 11.29 0.201 0.992 0.960 1.0282
33-0 7.654 0.9843 1.5350 10.93 0.240 1.2 2 1 1 .17 4 1.0353
52-0 8.054 0.1015 1.2761 12 .6 1 0.221 0.974 0.943 1.0277
53-0 8.070 0.2469 1.3200 13 .0 1 0.159 0.680 0.664 1.0185
54-0 8.227 0.5232 1.3969 11.6 0 0.232 1 . 1 14 1.074 1.0320
56-0 8.129 1.0030 1.5492 1 1 . 1 3 0.287 1.436 1.372 1.0419

4.4% standard deviation is a much more realistic 
estimate of the precision we have achieved to date 
than would be the value 1%.
Experimental Results

Experimental results of this work are summarized in 
Table I in terms of analytical data and calculated 
quantities. Partial pressures of both water and acid, 
which range from 5 to 20 and 0.03 to 1 mm., respec
tively, were calculated from transpired-solution weight, 
the concentration of nitric acid in the condensate,

displacement-flask volume, and temperature by assum
ing that both components obey the ideal gas law under 
these conditions. Errors introduced by this assump
tion are well within the over-all experimental errors, 
which are estimated to be about 4%, as discussed pre
viously.
Integration of the Gibbs-Duhem Equation

The basis of analysis of the liquid-vapor equilibrium 
data for the system fLO'HNO.r UOofNCh)? • 6H20  
in terms of activities of the three components is the
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Gibbs-Duhem equation. Using subscripts 1, 2, and 3 
to refer to water, nitric acid, and uranyl nitrate hexa
hydrate, respectively, and the terms m( and at to the 
molality and the activity of species i, respectively, the 
Gibbs-Duhem equation, after dividing by in i 
( =  55.509), is

VTln «Is
d In ai d----- d In a2 -j------d In u3 = 0 (1)

mi m:

To integrate eq. 1, we define the path of integration 
as corresponding to adding wt3 moles of UNH to 1 kg. 
of water and then adding «i2 moles of nitric acid to this 
water-UNH solution. In addition to starting with 
1 kg. of water, we assume, for the purpose of simplifying 
the mathematics, that the amount of “ free”  water 
does not change as a result of adding either UNH or 
nitric acid; that is, we imagine that all the water of 
hydration remains a part of ions formed by ionization 
of the hexahydrate. We chose to think in terms of this 
concept, rather than one based on the anhydrous U 02- 
(N 03)2, since U 02(N 03)2-6H20  is the stable crystalline 
compound when uranium solubility is exceeded (see 
Appendix); thus, it is probable that this molecular 
species exists in concentrated solutions, as noted by 
Nikolaev and Yakovlev.14 In addition, Lipilina and 
Samoilov15 showed that their heat-of-solution data 
are consistent with the interpretation that the U 022+ 
ion is hexahydrated in dilute, aqueous nitric acid solu
tions. One further restriction on the mathematical 
analysis of the present paper is that uranium and nitric 
acid concentrations shall be within that region of the 
phase diagram14'16-21 (Figure 1) in which the only 
crystalline hydrate would be the hexahydrate. Thus, 
the nitric acid concentration is less than about 15 m

Figure 1. The solubility of uranyl nitrate hexahydrate in 
aqueous nitric acid solutions at 25°.

when the uranium concentration is expressed as the 
anhydrous material U 02(N 03)2.

With ?n2 and m3 as the independent variables, the 
integral form of eq. 1 becomes

(2)

The third term of eq. 2 equals zero since m2 = 0; the 
sum of the first and fifth terms, which correspond to 
the two terms of the two-component system H20 -U 0 2- 
(N 03)2-6H20, is zero. Thus, integration of eq. 2 
yields

~q3(m8,«tu) ~[
_ a3(0,mu) J — mi In

ai(ms,??iu)
_ ai(0,mu) _
ò In a2(m2,«ru) 

ò«i2
d?n2 (3)

In going from eq. 2 to 3 we changed to a notation 
that seems particularly convenient. In this notation, 
m2 and m3 are variables of integration or differentiation, 
while mB and mu are the corresponding fixed nitric acid 
and uranyl nitrate hexahydrate concentrations. Thus, 
for example, a2(?n2,mu) is the activity of nitric acid as 
the acidity m2 varies at a fixed concentration mu of 
uranyl nitrate hexahydrate.

Equation 3 involves the ratios of activities of water 
and of UNH in the three-component system H20 -  
H N 03-U 0 2(N 03)2-6H20  to their values in the two- 
component system H20 -U 0 2(N 03)2-6H20. The data 
for this two-component system have been reported—- 14 15 16 17 18 19 20 21

(14) A. V. Nikolaev and I. I. Yakovlev, Dokl. Akad. Nauk SSSR, 
145, 1064 (1962).
(15) I. I. Lipilina and O. Ya. Samoilov, ibid., 98, 99 (1954).
(16) A. M. Vasil’ev, Zh. Russ. Fiz. Khim. Obshchestva, 42, 570 
(1910); see Chem. Abstr., 5, 2374 (1911); 6, 577 (1912).
(17) A. Colani, Bull. Soc. Chim. France, 39, 1243 (1926).
(18) O. Guempel, Bull. Soc. Chim. Beiges, 38, 443 (1929).
(19) M. K. Harmon, "Freezing Point Data for UNH-H2O-HNO3 
Systems,” Hanford Works, General Electric Co., HW-8309, Dec. 17, 
1949.
(20) J. Gaunt, I. J. Bastien, and M. Adelman, Can. J. Chem., 41, 
527 (1963).
(21) E. K. Ensley, Ph.D. Thesis, University of Colorado, 1960.
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but in terms of U02(N03)2 concentrations—by Robin
son and Lim.2b We have reanalyzed these data in 
consultation with Robinson, whose help in this con
nection we wish to acknowledge. The reanalysis is 
summarized in a subsequent section of this report.

To perform the integration indicated in eq. 3, we 
made the usual assumption that the activity of nitric 
acid in the three-component system is related to its 
value in the two-component system by the equation

a2 = =  a2(rn2,0)eF2(mi,” 3) (4)

On substituting eq. 4 into 3, then making use of the 
Gibbs-Duhem equation for a two-component solution, 
namely

(*ms r
Jo  ml

ö In a2(m2,0)
dm2

the last term of eq. 3 becomes

dm2 =  —mi In ai(ms,0) (5)

J *7r, 

0
m2

ö ln a2(m2,mn) 1
öm2 'J

dm2 = —mi In Oi(ms,0) +

dm2 (6)
f*ms ÖF 2(m2,mu)~
1 Tfl<i
Jo dm2

Upon substituting eq. 6 into 3 we obtain

mu In
a3(ms,muy

_ a3(0,mu) _
= —mi In

J o
m2

ai(ms,m„) 
ai(m8,0)ai(0,mu)_ 

0F2(m2,mu)
dm2

dm2 (7)

Evaluation of F2(m,,mu). The function F2(ms,mu) 
corresponds in purpose to twice the — a23m3 term of the 
Harned rule22 or to twice the sum — a23m3 +  /Sm32 of 
McKay and Perring.8 (We have here changed sub
scripts of these authors to correspond to our notation.) 
However, Figure 2 shows that both these functions are 
far too simple to describe activity changes over the 
wide range of acidities of the present study. Three 
sets of data, for U 02(N 03)2-6H20  concentrations of 
0.528 to 0.537, 1.094 to 1.234, and 1.691 to 1.881 m, 
respectively, are plotted in Figure 2. These suggested 
to us that an applicable function might be

F2(mB,mu) = mu(Pi +  P 2mu)( l  +  P3ms +  P 4ms2) (8)

It should be noted that the expression of McKay and 
Perring constitutes one of the terms of eq. 8. Nitric 
acid activity ratios were fitted to eq. 4, with F2(ms,mu) 
defined by eq. 8, by least-squares methods programmed 
for a high-speed digital computer. Results of this 
analysis are summarized in the first and second (and 
seventh and eighth) rows of Table II in terms of the 
constants Pi through P 4, the standard deviations of

\\\
+ EXPE 
A FXPEF

RIMENTAL
OMENTAL
OMENTAL

1
FOR /7?u = L8 
FOR m.. : ( I:___z

\

□ EXPEF FOR /77u= 0.53

*\\V \
á\
▲ ^

2° ' *..D
....

«2
+

50 2 4 6 8 (0 (2 14 (6
HNOj CONCENTRATION, moles/kg H20 (ms)

Figure 2. Effect of UCUNOak'WLO concentration 
(m„) on the nitric acid activity in 
H2 0 -H N 0 3 -U 0 2 (N 0 3 )2 -6 H20  solutions.

these constants, and the standard deviation of the 
activity ratio. The latter standard deviation is 
0.2117 for ratios a2(ms,mu)/a2(ms,0) that vary from 
about 0.8 to nearly 9. The percentage variation 
of the ratio is (within the accuracy of these data) 
independent of its value and is equal to 9.65% (or 
7.02% if experiments 9374, 9378, 9363, and 52 are 
neglected). The corresponding absolute and per
centage uncertainties in the nitric acid activity co
efficient ratio, y2/y2(o) (Table II), are 0.150 and 6.82%, 
respectively (or 0.081 and 4.96% if experiments 9374, 
9378, 9363, and 52 are neglected).

The adequacy of eq. 4 and 8 may be seen by com
paring the data points and the curves of Figure 2. 
The curves ¿ire drawn for constant values of U 02- 
(N 03)2-6H20  molalities of 0.53, 1.1, and 1.8. Experi
mental data were not obtained at these exact values; 
they were, however, within the narrow ranges defined 
above. Upon substituting eq. 8 into 7 and performing 
the integration, we obtain

mu In
's,mu)~|
------- =  —mi In
,mu) J L

~q3(m9,mu) 
. a3(0

mu(Pi +  Piinf)

ai(ms,mu)
ai(ms,0)ai(0,?Ru)_ 
(  P3ms2 . 2P4»ts
\ + (9)

On the basis of the apparent validity of eq. 4 and 8 
over the concentration ranges studied, the measured 
water activities were introduced into the calculation of

(22) H. S. Harned and B. B. Owen, “The Physical Chemistry of 
Electrolytic Solutions,” 3rd Ed., Reinhold Publishing Corp., New 
York, N. Y „ 1958, p. 620.
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Table II: Values of Constants P h  P i ,  P 3, and P4 and Standard Deviations (See Eq. 8, 17, and 22)

Ref.
eq.

No. of 
values

Pi and 
v(Pl)

10 X Pi and 
10 X v(P2)

10 X Pi and 
10 X v(P3)

IO3 X P4 and
IO3 X v(P<)

Std. dev. 
of fit

% std. dev.° 
of fit vCts/  ts(o>)

%  std. 
dev. of
ll! 72(0)

8 or 17 43 1.7255
0.0826

-1.7216
0.4672

-1.5969
0.0478

5.9759
0.5383

0.2117 9.65 0.150 6.82

22 43 1.7782
0.1020

-1.9351
0.5812

-1.5280
0.0516

5.8262
0.5559

Over-all
0.2672

Over-all
11.78

Contribution of HN03 
Contribution of H20

0.2726
0 .112 1

12.90
9.41

0.193 9.12

8 or 17 39 1.6031
0.0575

-0.9358
0.3258

-1.6029
0.0259

5.9623
0.2962

0.1142 7.02 0.0808 4.96

22 39 1.6560
0.0771

- 1.1263 
0.4395

-1.5247
0.0305

5.7890
0.3323

Over-all
0.1571

Over-all
8.94

Contribution of HN03 
Contribution of H20

0.2305
0.1264

11.67
9.42

0.163 8.25

° For example

%std. dev. of [a2(OTs,»iu)/a2(TOs,0)]

"Y ai{rrh,mu))  ( a2(OTe,mu)\
100 J \ a2(ma,0) / obsd \ a2(m„0) /

Vre — 1 L (a2(m8,TOu) 
a2(m„ 0) )  obsd

where n  is the number of measurements.

the four parameters P 4. This was achieved by use of 
cross differentiation6-8 as

d In a3(m2,mu)
dm2

ò In a2(ma,m3)
Ò7R3

( 10 )

Since a3(0,TOu) is independent of m2 while a2(ms,0) 
is independent of m3, we rewrite eq. 10 as

d in  [a3(m2,mu)/<ia(0,?nu) ]
dra2

d in  [a2(ms,m3) /a 2(7?is,0)]
d viz (11)

where

d in  [a2(ms,mz)/a2{ms,0)]
d n%3

(Pi +  2P2mu)( l  +  P3ms +  P 4ras2) (12) 

By differentiating eq. 9 with respect to m2 we obtain 

d In [a3(m2,mu)/a 3(0,:m
d m-i

— nii .— sin

3,mu) ] j

ai(m2,-nu)
} -d»i2( Lai 0)a1(0,?)iu).

7Wu(Pi +  P2mn){Pzm2 +  2 Pm i2) (13)

By multiplying eq. 12 by mu and equating the resulting 
product to eq. 13 according to (11), we obtain

Ò ilnii-----< In
dm2 (

ax(m2,mu)
ai(îR2,0)a1(0,?nu).

— mu(P i +  P2m„)(P3m2 +  2 P 4m22) —
'mn(Pi +  2P2mu)( l  +  P3m2 +  P 4«t22) (14) 

Integration leads to

In
ai(ms,mu) msmu

nii
(Pi +  2P2tou)(1 +

_ai(ins,0)ai(0,mu)_

ÎV » . +  P ..».') +  ^ = - ’ ( 9  +  2- ^ )  (15)
m i  \  2  à  /

Substitution of eq. 15 into 9 gives 

o3(ms,mu)"
In

_ a3(0,?Mu) .
ms(Pi +  2P2TOu) X

P3ms Pms2\
1 + + 3 /

(16)

The corresponding equation for the activity of nitric 
acid is, from eq. 4 and 8

In 'a2(?ns,mu) 
_ a2(ms,0) .

=  mu(Pi +  P 2mu)( l  +  Pzm B +  P 4ms2)

(17)
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Table III: Parameters for Activity or Osmotic Coefficient Equations for Two-Component Solutions of Solute in Water 
(See Eq. 18-21)

Solute Concn. range, m
No. of 
points

Std. dev. 
of fit A and c(A)

102S and
10V(B)

103C and 
103<r(C)

10<D and 
10V(D)

HN032° 0.001-24 32 0.0144° 1.118816
0.040961

11.82976
0.25777

— 6.985887 
0.239201

1.288488
0.061288

CaCl26 0.0016-3.5 25 0.00017e 1.683115
0.066213

4.022827
0.431440

9.451076
0.739806

-3.228915
0.380904

UNH2» 0.1-5.0 36 0.00049' 1.395422
0.083610

9.236731
0.514499

-6.755264
0.582505

1.284050
0.201317

UN2» 0.1-3.25 36 0.00048' 1.679688
0.202294

9.421480
1.248074

7.734015 
2.080502

-8.151455
1.072036

“ This is <r(ln 7 ), where 7 is the molal activity coefficient. 6 See ref. 25, Appendix 8.5, Table I, and Appendix 8.9, Table I. '  This 
is o-(ai), where Oi is the water activity.

Equations 15 through 17 are the logarithmic forms 
of the equations actually used to evaluate the con
stants Pi, Pi, Pi, and P\ from the various vapor pres
sure data. The sequence of analysis was as follows: 
(1) fit data on the activity coefficients of nitric acid in 
the two-component system water-nitric acid to a four- 
parameter equation in a manner similar to that de
scribed by Lietzke and Stoughton23; (2) from meas
ured values of a2(ms,mu) and calculated values of a2- 
(ms,0) fit the ratio a2(7TCa,TOu)/a 2(ms,0) to the exponential 
form of eq. 17 to obtain preliminary values of con
stants Pt;  (3) combine eq. 15 and 17 so that both 
nitric acid and water vapor pressures (that is, all the 
available data) can be used to evaluate the Pt; (4) 
fit the isopiestic data of Robinson and Lim,2b but in 
terms of uranyl nitrate hexahydrate concentrations, 
to a four-parameter equation23 so that actual activity 
coefficients of UNH in the three-component system 
(rather than activity coefficient ratios) can be cal
culated.

Numerical Analyses

Water-Nitric Acid System. Activities211 and densi
ties24 for the system H20 -H N 0 3 are available in tabular 
form. However, since it is easier and faster when using 
a high-speed computer to interpolate with equations 
having fixed constants than it is with tabulated data, 
we calculated molal nitric acid activity coefficients 
(Ts(0)) from the literature data for 0 to 13 M H N 03 
(0 to 24 m) and fitted these values to

ln  7s(0) =  \  ~ + W ï +  (2 S ) /  +  (3 (7 /2 ) /2  +  (4Z>/ 3 ) / 3
(18)

Equation 18 (with four empirical parameters), 
which was analyzed to minimize the variance of ln

7sto), leads to parameters that are slightly different 
from those obtained by minimizing the variance of the 
osmotic coefficients, the technique used by Lietzke and 
Stoughton.23 The parameters for H2O-HNO3 solu
tions so obtained (Table III) were used in the form22’23

ai(ms, 0) =  (19)

</> s =  1 — Ä
AH

(1 +  Al'h) -  2 ln (1 +  Al'h) -  

1
(1 +  AI'A\ +  BI +  CP +  DP  (20)

Values of A, B, C, and D are listed in Table III; I  =  
m„ 4>s is the osmotic coefficient in the system, and 
vg = 2 ions/molecule. The value of S used here for a 
1:1 electrolyte was 1.1696. The standard deviation 
of the fit of ln 7S(0) to eq. 20 is 0.0144 (Table III), 
corresponding to a 1.44% relative error for values of 
7s(o) calculated from the equation as contrasted to the 
tabulated data.28- This is well within the limits of un
certainty indicated by Davis and deBruin and indi
cates that the parameters for nitric acid given in Table 
III will describe the term ai(ms,0) well within the un
certainties of the present work.

Water-Uranyl Nitrate Hexahydrate System. Water 
activities, ai(0,mu), in the two-component system 
H20 -U 0 2(N 03)2 were reported by Robinson and 
Lim.2b Some of the data of these workers were ob
tained for supersaturated solutions. Although a con
tinuous change occurred in water vapor pressure 
as the solutions passed into the supersaturated region,

(23) M. H. Lietzke and R. W. Stoughton, J. P h ys. Chem., 66 , 508 
(1962).
(24) J. H. Perry, Ed., “Chemical Engineers’ Handbook,” 3rd Ed.,
McGraw-Hill Book Co., Inc., New York, N. Y., 1950, p. 180.
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the osmotic data considered to be useful for the purpose 
of the present report are those corresponding to less 
than saturation, as defined by the present paper and 
by the work of Vasil’ev,16 Colani,17 Guempel,18 
Harmon,19 Gaunt, Bastien, and Adelman,20 and by 
Ensley.21 From these data the solubility in water 
at 25° is estimated to be 5.0 ±  0.2 m U 02(N 03)2-6- 
H20  (Figure 1) or 3.25 m U 02(N 03)2. Osmotic co
efficient data at higher concentrations were not used 
in the evaluation of the empirical parameters. With 
this restriction, the data of Robinson and Lim2b used 
in this work are from the first 19 of the 21 solutions of 
their series A, the first 6 of the 15 solutions of series 
C, and all the solutions of series E. The corresponding 
data on calcium chloride are also used.

The method used here to analyze the data of Robin
son and Lim2b involved first fkting water activities 
of calcium chloride solutions (Robinson and Stokes,25 26 
Table I of Appendix 8.5, and Table I of Appendix 8.9) 
to equations similar to (19) and (20). The differences 
are: S = 2.3392 for a 2:1 electrolyte such as CaCl2 
or U 02(N 03)2-6H20 ; rCaci2 =  ru = 3 ions/molecule; 
and I  =  3mcaci2 (or 3mu for UNH). Constants 
(Table III) obtained for calcium chloride solutions 
were then used to calculate the water activities in the 
experiments of Robinson and Lim. These activities 
were, in turn, fitted to equations similar to (19) and 
(20), but with the concentration of UNH as the inde
pendent variable. These concentrations were readily 
calculated from the concentrations of U 02(N 03)2 
listed by Robinson and Lim. In terms of UNH con
centration (mu), the equation of significance is

ffli(0,mu) = g- “̂l,u'nu/58-609 (2i)

Four-parameter equations similar to eq. 20 give ex
cellent representation of water activities over CaCl2 
and U 02(N 03)2-6H20  solutions. Over the concentra
tion range 0.0016 to 3.5 m CaCl2, the standard deviation 
of the water activity is only 0.00017; for UNH solutions 
over the concentration range 0.1 to 5.0 m, the standard 
deviation is (expectedly) higher, being 0.00049.

Final Evaluation of P h P2, Ph and P4. As we men
tioned above, we chose to use both water activities 
and nitric acid activities, calculated from measured 
partial pressures, in calculating the empirical constants 
Pt. Such use requires that eq. 15 and 16 be combined. 
These could be combined simply by adding them to
gether, by multiplying each by some factor and then 
adding, or by multiplying or dividing one by the other, 
etc. There does not seem to be any theoretical basis 
for preferring one method of combination over another. 
For this reason we multiplied eq. 17 by (1 +  
added the product to eq. 15, and obtained

In
ai(m„mu) m/\

_ai(m8,0)ai(0,mu)J V mj
In

'a2(ma,muy  
_ a2(ms,0) . 

mu(Pi +  P2mu)( l  +  Pm> +  P 4ms2) — 
P2m8mu2/  Pm  s Pm„2\ 

mi V  +  2 +  3 /
(22)

Parameters were obtained by putting eq. 22 into the 
exponential form and minimizing the variance of the 
product

ai(ms,mu) ~a2(m8,TOu)

_a1(ms,0)ai(0,mu)_ _ a2(ms,0) _

(1 +  ms/mi)

where, as described previously, mi =  55.509.
Values of parameters P t calculated from eq. 22 are 

listed in Table II, where they may be compared with 
the same parameters calculated according to eq. 8 
or 17, in which only nitric acid activities (and not water 
activities) were used. Also listed in Table II are 
the standard deviation of a1(m8,mu)/[ai(m s,0)ai- 
(0,tou)J, which is 0.1121, and of a2(ms,mu)/a 2(ms,0), 
which is 0.2726. Further analysis of the data shows 
that there is a nearly constant percentage uncertainty 
in the latter ratio as Hie experimental ratio varies 
from about 0.8 to 8 (Figure 2). Thus, when the ratio 
a2(m8,mu)/a 2(ms,0) is close to 1, its standard deviation 
is about 0.1; when the ratio is 8, then its standard 
deviation is 0.8. Also included in Table II is the esti
mate 0.19 for the standard deviation of the ratio of 
nitric acid activity coefficients in the three- and two- 
component systems, which corresponds to about 9.1% 
of the value; exclusion of four experiments from the 
data analyses reduces these to 0.16 and 8.3%, respec
tively.

Discussion and Conclusions
As described in the Introduction, the two primary 

objectives of this report are to present data on vapor 
pressures of water and nitric acid over the three-com
ponent system water-nitric acid-uranyl nitrate hexa
hydrate and to present the mathematical techniques 
used to calculate activities of uranyl nitrate hexahy
drate from these vapor pressures. While presenting 
these techniques we have intentionally avoided several 
complications, all of which are inherent in the relatively 
large uncertainty (± 4 % ) of our partial pressure data.

McKay6 has shown that the activities of both solutes 
of a three-component system can be calculated from 
appropriate measurements of the partial pressures of 
the solvent. Thus, in the present work, it is theo
retically possible to evaluate the parameters of the

(25) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,”
Académie Press, New York, N. Y., 1955, pp. 478, 481.
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function F2(ms,rau)—in the form of eq. 4 or in what
ever form seems appropriate—from both the nitric 
acid and water partial pressures separately. In 
practice, this does not appear possible with data as 
uncertain as those of the present work. In particular, 
a nonlinear, least-squares evaluation of the parameters 
Pi from the water vapor pressure data by eq. 15 leads 
to a standard deviation of only 5% in the water activity 
but to very erroneous values of nitric acid activities 
subsequently calculated from eq. 17. On the other 
hand, if we evaluate the parameters P t from nitric 
acid partial pressures alone (eq. 17) or by a combina
tion of nitric acid and water vapor pressures (eq. 22), 
then we obtain “ reasonable”  agreement between ob
served and calculated water partial pressures (Table
II).

The word “ reasonable” covers several types of un
certainty, including that which is inherent in non
linear, least-squares problems of data analysis and 
inclusion or exclusion of the few “ obviously”  erroneous 
results. We have followed the usual procedure of 
minimizing variance while fitting nitric acid activity 
data to eq. 17 or fitting nitric acid and water activities 
to eq. 22. Such minimization leads to calculated 
activities that are biased with respect to observed 
values whether all data are included, whether the four 
“ obviously”  erroneous values are excluded, or whether 
data at acidities above 10.8 m H N 03 are excluded. 
This latter cut-off point is the approximate concentra
tion at which the nitric acid activity ratio (Figure 2) 
is unity. For example, when the 39 points are fitted 
to eq. 8 or 17, the variance of fit of the ratio a2(ms,mu) /  
az(ms,0) is 0.1142 (Table II); the parameters Pt 
so obtained actually yield calculated values of this 
ratio that are, on the average, 1.45% less than the 
observed values. Analyses of the water and nitric 
acid activities of these same 39 points according to eq. 
22 yields an over-all standard deviation of 0.1571 
(Table II). The resulting parameters can be used in 
eq. 17 and 15 to calculate the ratios a2(ms,niu)/a 2- 
(ws,0) and ai(ms,mu)/[ai(m s,0)ai(0,mu)], respectively. 
Such calculations show that the parameters understate 
the acid activity ratio by 6.1% and overstate the water 
activity ratio by 9.4%. Depending on how the data 
are edited, parameters obtained from eq. 22 give cal
culated nitric acid activity ratios that are from 1.7% 
greater to 6.1% less than the observed values; cal
culated water activities are 7.9 to 9.4% less than ob
served values.

In spite of the uncertainties, the present work should 
be of considerable use in analyzing solvent extraction 
data and may be useful in future studies of the inter
actions between the two solutes of a three-component

system. The present data can be explained as pre
cisely with or without P2 in eq. 17, corresponding to 
the presence or absence of the square power of uranium 
concentration (the McKay or Harned formulations). 
Although the particular form of the effect of nitric 
acid concentration on its own activity may be in doubt, 
yet something similar to the quadratic formulation of 
eq. 17 must certainly be nearly correct.

More useful than eq. 15-17 are Figures 3-6 in sum
marizing the results of this investigation. In these 
figures we attempt to show the effects of nitric acid and 
uranyl nitrate hexahydrate concentrations on the 
water activity (aHso), nitric acid molal activity co
efficient ( t h n o J ,  uranyl nitrate hexahydrate molal 
activity coefficient ( t u n h ) ,  and the molar free energy
of solution (//), where (see Appendix) n = P F X aj In at,

%
in which x is the mole fraction and all other terms have 
been defined previously. We emphasize that each 
of these figures involves extrapolation beyond the ex
perimental concentration ranges. Any numerical value 
in each of these figures that is not on one of the faces 
of these sections of parallelepipeds is dependent on the 
constants Pi, P2, P 3, and P 4 (eq. 15-17) as well as on 
data of the two two-component systems ILO-HNO3 
and H20 -U 0 2(N 03)2-6H20. The activities of species 
in the two-component systems2 have been determined 
considerably more accurately than the corresponding 
values in the three-component system (compare stand
ard deviations of fit in Tables II and III). Thus, 
the uncertainties in the locations of the surfaces of aH2o, 
T h n o j , T u n h , and n of Figures 3-6 are determined by

Figure 3. Water activity ( o e , o )  in 
H20-H N 03-U 02(N 03)2 • 6H20  solutions.
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Figure 4. Molal activity coefficient of nitric acid in 
H20 -H N 0 3-U 02(N03)2‘ 6H20  solutions.

Figure 5. Molal activity coefficient of uranyl nitrate 
hexahydrate in H20 -H N 03-U 02(N0 3)2-6H20  solutions.

Figure 6. The partial molar free energy (chemical potential, 
i i B)  of solution for ^O-HNCh-UC^NOsVôE^O solutions 
(lower surface). The upper (flat) surface has =  0.

the imprecision of the present work. The standard 
deviation of the water activity is ± 8 %  of the value; 
that of the nitric acid activity coefficient is ± 7 %  of the 
value. Uncertainties of yunh and / /  are presumably 
in this same range.

Uncertainties of 7 to 10% in aH2o, Y h n o j , and y u n h  

are small enough to warrant cautious use of eq. 15-17 
for evaluating the activities of solvents (such as tri
butyl phosphate) from solvent extraction equilibrium 
data. The range of applicability of these equations is 
very wide, namely, 0 to 2.3 m UNH and 1 to 14 m 
HNO3. However, the uncertainties are large enough 
so that caution in using the equations and the param
eters Pt should be emphasized, as should the need for 
more precise data.

The specific parameters that we recommend for 
present use are given in the first row of Table II. 
These parameters, based only on nitric acid vapor 
pressures, yield the lowest calculated bias [(observed 
— calculated) / observed J for the water activity ratio 
(7.9%), for acid activity ratio (1.0%), the lowest 
percentage standard deviation (8.8) of water activity, 
and next to the lowest standard deviation for nitric acid 
activity ratio (9.65). Use of water activity only, eq.
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15, or water and nitric acid activities together, eq. 22, 
to improve the accuracies of these parameters will 
require more accurate data than we have obtained.
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A p p e n d i x

During the course of our work, we measured the solu
bilities of uranyl nitrate hexahydrate in aqueous nitric 
acid solutions at 25.00°. The techniques simply in
volved agitating solid UNH in sealed vessels with 
aqueous nitric acid of known concentration. The 
vessels were agitated for 1 to 2 days in a thermostat; 
the liquid phase was sampled some time after agitation 
had been stopped. These samples were analyzed for 
uranium by conventional methods. Solution densities 
were determined in duplicate in 10-ml. pycnometers. 
Our data are summarized in Table IV ; the smoothed 
solubility data that we have derived by combining our 
data with the various literature data16-19 are sum
marized in Table V. In both tables the equilibrium 
solid is U 02(NC>3)2-6H20  (except as noted in Table IV), 
which is the stable hydrate at 25° providing the nitric 
acid concentration does not exceed 22.5 m. This 
molality is our best estimate of the concentration at 
which the stable solid hydrate changes from hexa- to 
trihydrate.26

To reduce the possibility of misinterpretation, we 
note, as follows, the way in which the mole fraction

Table IV: New Experimental Solubilities of U0 2(N03)2-6H20 
in Aqueous HN03 Solutions at 25°

Molar concn. of satd. Molar concn. of satd.
Density,
g./ml. HNOs

soin.
U

Density,
g./ml. HNOs

soin.
U

1 .7793 0 .0 05 2 .4 4 0 1 .5837 5 .9 3 2 1 .2 4 0
1 .7267 1 .320 2 .1 4 4 1 .6507 7 .6 8 7 1 .3 6 0
1 .6587 2 .4 7 8 1 .804 1.7341 8 .2 8 2 1 .6 00
1 .5957 4 .3 6 8 1 .444 1 .6909 11 .304 1 .2 1 7 “

“ U02(N 03)2-3H20  is the stable hydrate in this case.

Table V : Smoothed Solubilities of U0 2(N03)2’ 6H20  in 
Aqueous HN03 Solutions at 25°“

HNOa UNH HNOs UNH HNOs UNH

0 5 .0 0 8 2 .3 3 16 2 .7 8
1 4 .3 6 9 2 .2 1 17 3 .0 0
2 3 .8 6 10 2 .1 4 18 3 .2 5
3 3 .4 7 11 2 .1 0 19 3 .5 1
4 3 .1 5 12 2 .1 2 20 3 .7 8
5 2 .8 9 13 2 .2 1 21 4 .0 8
6 2 .6 6 14 2 .3 6 22 4 .4 0
7 2 .4 8 15 2 .5 6 2 2 .5 4 .5 6

“ All values are molalities.

activities of water and nitric acid are related to the 
measured partial pressures. These relations are easily 
obscured because the partial pressure data are used to 
obtain parameters of activity coefficient equations. 
The process of going from partial pressures to activity 
coefficients is then reversed, but with an equation 
rather than just the experimental points. Thus, for 
the two volatile species we have pi/pi° =  <ii and p2/  
P2° =  (ysC sy / ( y . 0C s ° y  =  a 2.

The activity of uranyl nitrate is calculated22 as 
a% =  4(mu7uAfi/1000)3. Therefore, the specific choice 
of standard states that we used in drawing Figure 6 
is as follows: (1) the activity of pure water is 1 in the 
mole fraction scale; (2) the activity of pure H N 03 
is 1 in the mole fraction scale; (3) the activity coef
ficient of UNH infinitely dilute in water is 1 in the molal 
(or molar) scale.

To our knowledge, the difference between the Gibbs 
free energy of 1 mole of pure crystalline UNH and the 
chemical potential of UNH in the saturated aqueous 
solution has not been determined. Thus, we cannot 
express the activity of UNH in solution in terms of the 
pure crystalline UNH at present.

(26) After we had submitted this article to The Journal of Physical 
Chemistry, we received a copy of the Russian journal Radiokhimiya, 
in which Yakimov and Mishin report data on solubilities of UO2- 
(N03)2 in HjO-HNOs solutions. Their data were recalculated and 
are presented in Figure 1. Without attempting any interpretation 
of the small differences in the middle range of acidities, we note that 
these new data correspond to a solubility of 4.95 moles of UNH/kg. 
of H20  compared with a smoothed value (at zero acidity) of 5.00 in 
Table V: M. A. Yakimov and V. Ya. Mishin, Radiokhimiya, 6, 454 
(1964).
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The Crystal Structure of Pyridine Hydrogen Nitrate1

by Aubrey J. Serewicz, B. Ken Robertson, and Edward A. Meyers

Department of Chemistry, Texas A & M University, College Station, Texas (Received December 14, 1964)

Pyridine hydrogen nitrate is monoclinic, space group P2i/c, with cell parameters a =  
3.905, b =  12.286, c = 13.470 A., 0 = 90° 30' and four molecules per unit cell. The 
structure was determined by three-dimensional X-ray analysis, and the final parameters 
were refined with anisotropic temperature factors by least-square analysis of hkl (h =  0, 
1, 2) data (R = 0.085). Correction for thermal motion gives the following average bond 
distances: N (l)-C (l)  =  1.375, N (l)-C (5 ) =  1.333, C (l)-C (2 ) =  1.383, C(2)-C(3) = 
1.367, N (2 )-0 (l)  =  1.291, N (2)-0(2) =  1.266 A. A comparison has been made between 
pyridine hydrogen nitrate and molecules of similar structure.

Introduction

While attempting to prepare single crystals of the 
positive halogen compound, IPy2N 03,2 3’8 it was found 
that PyHN03 was produced as the major product of re
crystallization from ether-chloroform mixtures, pre
sumably after reaction of the original compound with 
the solvent. The crystals were initially clear and color
less but after exposure to light became yellowish and 
at times showed evidence of a dark material deposited 
in the center of the whiskers. An analysis of the com
pound showed about 6.8% of iodine in some way present 
in the recrystallized material. It was decided that a 
structure determination of pyridine hydrogen nitrate 
would be useful for several reasons. First, it would 
serve as a preliminary to further studies of the iodine- 
containing material. Second, it would be of interest in 
itself to examine the structure of the pyridinium and 
nitrate groups without disturbing effects due to heavy 
atoms. Third, the preliminary examination of the 
material revealed that a very easy twisting distortion 
of the crystals around the needle axis was accompanied 
by a very short axial length along the needle axis, 
which indicated some sort of layer structure in this 
presumably ionic material.

Experimental
Space Group and Unit Cell Dimensions. Pyridine hy

drogen nitrate was first synthesized by Anderson 
(1858) and given a more complete characterization by 
Pincussohn (1897). It is a .1:1 compound formed by 
mixing equimolar amounts of concentrated nitric acid 
and dried pyridine. It crystallizes readily from solution

at —78° into long, translucent, and easily deformable 
crystals. The crystals require considerable care in 
handling to minimize deformation.

Examination of single crystals of the compound with 
a Buerger precession camera (Mo Iv« radiation) re
vealed systematic absences for (hOl) when l was an odd 
integer and for (OfcO) when k was an odd integer, char
acteristic of P2i/c-C2h5. The unit cell dimensions are 
a =  3.905, b = 12.286, c =  13.470 A., and 0 = 90° 30'. 
The density observed by the flotation method is 1.432 
±  0.020 g ./cc .; the density calculated for four mole
cules per unit cell is 1.454 g./cc.

Measurement and Correction of Intensities. A needle 
approximately 0.3 mm. in diameter (crystal I) was 
mounted for rotation around the a-axis, and 30° pre
cession photographs of timed duration were taken of the 
(hkO) and (hOl) zones. The crystal then was mounted 
on a Weissenberg camera (Cu Ka radiation), and (0kl) 
was photographed by use of a multiple film pack.

The intensities from the precession camera were 
measured visually. The optical densities of the Weis
senberg reflections were read using a Welch Densi- 
chron, Model 10. The size and cylindrical nature of 
the crystal permitted absorption corrections to be 
ignored (jir varied from 0.16 to 0.17). Prior to the 
usual Lorentz and polarization corrections, two adjust-

(1) This paper was presented at the 20th Annual Southwest Regional 
Meeting of the American Chemical Society, Dec. 3-5, 1964, Shreve
port, La.
(2) R. A. Zingaro, C. A. VanderWerf, and J. Kleinberg, J. Am. Chem. 
Soc., 73, 88 (1951).
(3) H. Carlsohn, Angew. Chem., 46, 747 (1933).
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merits were made to the Weissenberg data. First, 
observed values of optical density obtained from the 
Densichron were brought into conformity with a stand
ard scale supplied by the manufacturer. Second, this 
revised set of optical densities was used to obtain inten
sities by means of a very slightly modified form of the 
internal calibration method of S. H. Simonsen and P. A. 
Hoss.4

In this calibration method, the optical densities for 
the reflections of film n (highest intensity) are plotted 
as the abscissa vs. the corresponding reflections on film 
n +  1 as the ordinate. Then, on the same graph, film 
n +  1 is plotted as the abscissa vs. the reflections of film 
n +  2 as the ordinate. Through these points a best 
fit curve is drawn. An arbitrary point on the curve in 
the high optical density portion on the abscissa is as
signed an index of 100. The film scaling factor, c, is 
used to give the corresponding point on n +  1 the in
tensity of 100/c. This second optical density is then 
referred to the abscissa and the value read on the or
dinate assigned an intensity of 100/c2. The process is 
continued to extinction. Through the use of the four 
to five points determined in this manner, a graph is con
structed of optical density vs. relative intensity. The 
fairly well-defined lower portion of the curve can be 
further used to complete the high intensity section.

For the precession data, the scaling factor of 3.00 was 
used since this was the ratio between the various timed 
exposures. For the Weissenberg data, a value of 2.96 
was used. This value was obtained from absorption 
measurements with a G.E. Spectrometer and is in good 
agreement with the value of 2.92 given in recent meas
urements5 reported on Ilford Industrial Type G film. 
The final intensities obtained in this way were cor
rected for Lorentz and polarization factors.

It later became obvious that more extensive data 
were needed. Another single crystal (crystal II) of the 
material was selected and mounted as previously de
scribed on the Weissenberg camera; photographs (Cu 
Ka radiation) were taken of the zero, first, and second 
levels with an integrating mechanism designed by 
Nordman.6 These data were treated as the earlier 
data had been, except that the film scaling factors were 
corrected for the inclination of the film in the first and 
second levels.

Analysis of the Structure

The short a-axis suggested a single layer of mole
cules should be well resolved in the [100] projection. A 
two-dimensional Patterson function was constructed 
with the (0kl) data from crystal I. Examination of the 
Patterson map suggested a limited set of trial struc
tures, which were systematically investigated. Only

one of these refined satisfactorily, and trial y- and ¿-co- 
ordinates were obtained.

The ^-coordinates presented a problem because of the 
limited data collected from crystal I and because in the 
[001] and [010] projections the atoms were not well re
solved. Packing considerations and difference Fourier 
maps were used to obtain preliminary values of the 
^-coordinates. With different scale factors and dif
ferent over-all temperature factors for each zone, R 
factors of 0.21, 0.19, and 0.17 were found for the (hOl), 
(hkO), and (0kl) data, respectively. The least-squares 
program, OR FLS,7 was used to refine the data avail
able from crystal I and confirmed the Fourier results, 
namely, that the ^-coordinates had large uncertainties 
and the bond distances were consequently unreliable. 
Individual atom temperature factors did not improve R 
greatly.

For these reasons, zero and upper level integrated 
Weissenberg data were collected for crystal II. With 
individual isotropic temperature factors, the uncer
tainties in molecular parameters improved because of 
the more extensive data, but the bond distances re
mained unsatisfactory, and the R factor remained high 
(~0.18). A few structure factors for large reflections 
were removed from the least-squares calculations be
cause it was believed that they were less accurate than 
the majority of reflections and that they were unduly 
biasing the results. The improvement was slight.

The data from crystal II were used to calculate three- 
dimensional Fourier and difference Fourier functions 
with the ERFR2 program.8 In these maps, the hydro
gen positions were indistinct, but there was clear indi
cation of anisotropic thermal motion for the heavier 
atoms.

An anisotropic least-squares refinement then was 
carried out with the Busing-Levy-Martin program,7 in 
which the best isotropic atom temperature factors ob
tained with unit weights for all reflections of crystal II 
were entered into OR FLS along with hydrogen posi
tions calculated for C-H  and N -H  bond lengths of 1.08 
A. Immediate improvement established the impor
tance of anisotropic thermal motion. Ri =  s| F 0 — 
F.|/Z|F0| dropped to 0.088 and Æ* =  {Sie|F02 -  Fc2|/

(4) S. H. Simonsen, University of Texas, private communication.
(5) H. Morimoto and R. Uyeda, Acta Cryst., 16, 1107 (1963).
(6) C. E. Nordman and A. L. Patterson, Rev. Sci. Instr., 28, 384 
(1957).
(7) W. R. Busing, K. O. Martin, and H. A. Levy, “ OR FLS, A Fort
ran Crystallographic Least-squares Program,” ORNL-TM-305, 
Oak Ridge National Laboratory, Oak Ridge, Tenn., 1962.
(8) W. G. Sly, D. P. Shoemaker, and J. H. Van den Hende, “ Two- 
and Three-Dimensional Crystallographic Fourier Summation Pro
gram for the IBM 7090 Computer,” CBRL-22M-62, Massachu
setts Institute of Teehnology-Esso Research and Engineering Co., 
1962.
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2wF02Y/2 to 0.098. The uncertainties in bond dis-' o
tances become approximately <r =  0.012 A., but all ring 
distances were shorter than anticipated.

Weighting Schemes. The effect of two quite dif
ferent weighting schemes was investigated. The first 
of these was that developed by Hughes.9 In Hughes’ 
method all reflections less than 4Fmin are assigned a 
weight of [4Fmin/F „ ]-2. Reflections above 4Fmin be
come weighted by [F0/4Fm!n]~*. A  program incor
porating this method was written for the IBM 709, 
and the weighted data were used for several least- 
squares cycles. No improvement in R was observed. 
The bond distance relationship remained undisturbed.

Table I : Atomic Coordinates from 
LeasLSquares Refinement

Atom x / a <r(z/a) v f i c i y / b ) z / c <r(z/c)

O(l) -0.4946 0.0022 0.4847 0 0006 0.1157 0.0007
0(2) -0.6149 0.0025 0.5572 0 0008 0.2545 0.0007
0(3) -0.3671 0.0024 0.4026 0.0009 0.2497 0.0007
N (l) -0 .1080 0.0024 0.3131 0.0009 0.0465 0.0009
N(2) -0.4896 0.0025 0.4825 0.0009 0.2093 0.0008
C(l) -0.0287 0.0034 0.2230 0.0014 0.0990 0.0008
C(2) 0.1346 0.0030 0.1393 0.0010 0.0554 0.0010
C(3) 0.2092 0.0029 0.1462 0.0010 -0.0418 0.0011
C(4) 0.1248 0.0030 0.2352 0.0013 -0 .0934 0.0008
C(5) -0.0305 0.0032 0.3199 0.0010 -0.0475 0.0012

Thermal Motion and Bond Distances. Since the 
shortening of bond distances is one of the characteristics 
of certain types of anisotropic thermal motion,12-14 
calculations were made to correct for discrepancy be
tween the observed bond distances and the bond dis
tances normally expected. Busing and Levy16 have 
pointed out that rigorous corrections would require a 
detailed analysis of the dynamics of the atomic system. 
It became necessary therefore to ascribe a reasonable 
simplified model to the system and to make approximate 
corrections.

Cruickshank18 has shown that the magnitudes of the 
atomic motions can be used to determine the rigid body 
vibrations of the molecule. It is assumed that the mo
tion of a molecule can be expressed in terms of two sym
metric tensors, one giving the translational vibrations 
of the mass center and the other giving the angular os
cillations about the mass center.

The model taken was that of treating the pyridine 
ring and the nitrate group as independent rigid bodies. 
If all the atoms in each rigid body are translated in the 
same direction, it is obvious that translation will have 
no effect upon the relative bond distance between 
atoms. Angular oscillations, however, will affect the 
positions of maxima in the density distribution.

The corrections for the bonds in the nitrate group 
could be determined directly. With the assumption

Table II : Least-Squares Anisotropic Temperature Factors ( X104)

Atom 0n 022 033 012 013 023

O(l) 1399 ± 103 71 ± 8 38 ± 6 52 ± 19 - 6 ± 16 0 ± 5
0(2) 1214 ± 108 126 ± 10 70 ± 7 97 ± 26 - 1 9 ± 19 -4 8  ± 7
0(3) 1312 ± 112 138 ± 1 1 62 7 176 ± 28 52 ± 19 45 ± 7
N (l) 266 ± 108 75 ± 1 1 87 ± 10 -4 9 ± 21 33 ± 21 - 2 5  ± 8
N(2) 580 ± 114 57 ± 10 56 ± 9 -5 8 ± 23 6 ± 21 - 5  ± 8
C (l) 543 ± 140 120 ± 16 27 ± 9 - 10 7 ± 32 - 3 4 ± 22 0 ± 9
C(2) 290 129 61 ± 1 1 80 ± 12 - 1 9 ± 27 - 7 5 ± 25 22 ± 9
C(3) 408 ± 132 62 ± 12 74 ± 1 1 69 ± 26 - 3 2 ± 24 - 2 7  ± 9
C(4) 238 ± 129 112 ± 14 36 ± 9 - 5 1 ± 31 - 3 ± 20 - 5  ± 9
C(5) 239 ± 130 48 ± 1 1 98 ± 12 -4 9 ± 26 -3 8 ± 26 33 ± 10

The second, the self-consistent weighting scheme sug
gested by Cruickshank,10 was further developed in this 
laboratory.11 Used in conjunction with OR FLS, this 
method assigns to each reflection a weight of (.A +  B- 
F0 +  C'To2) -1, where A, B, and C are fitted by least 
squares. Three such cycles gave Ri = 0.085 and R2 =
0.094. The coordinates and anisotropic temperature 
factors from this refinement are given in Tables I and
II. The comparison of observed and calculated struc
ture factors is listed in Table III.

(9) E. W. Hughes, J. A m . Ckem . Soc., 63, 1737 (1941).
(10) D. W. J. Cruickshank, “ Computing Methods and the Phase 
Problem in X-ray Crystal Analysis,” R. Pepinski, J. M. Robertson, 
and J. C. Speakman, Ed., Pergamon Press, New York, N. Y., 1961, 
p. 42.
(11) R. F. Copeland and E. A. Meyers, paper presented at the 20th 
Annual Southwest Regional Meeting of the American Chemical 
Society, Dec. 3-5, 1964, Shreveport, La.
(12) D. W. J. Cruickshank, A cta  C ryst., 9, 747 (1956).
(13) D. W. J. Cruickshank, ibid., 9, 754 (1956).
(14) D. W. J. Cruickshank, ibid., 9 , 757 (1956).
(15) W. R. Busing and H. A. Levy, ibid., 17, 142 (1964).
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Table III: Observed and Calculated Structure Factors
0 k l Fo Fo 1 k l Fo Fc 1 k Ï Fo Fo 2 k l Fo F„ 2 k l Fo Fo
0 0 2 13.7 11.1 1 0 4 12.4 -11.3 1 0 4 33.4 -34.4 2 0 2 4.9 5.1 2 0 2 14.8 -15.3

0 4 23.7 26.1 0 6 8.0 9.9 0 8 26.6 -26.2 0 6 13.8 -13.4 0 4 17.7 -18.8
0 8 11.9 11.0 0 8 28.5 -29.9 1 1 21.0 21.3 0 10 8.6 8.7 0 6 9.6 -7 .2
0 10 9.2 — 5.7 1 1 18.2 18.6 1 2 18.3 18.3 1 1 20.1 -23.1 0 8 3.4 3.4
1 2 10.3 -6.8 1 2 26.8 -28.0 1 3 25.4 -26.7 1 4 7.1 -5.1 0 10 11.4 10.5
1 3 26.2 29.1 1 3 27.7 -27.1 1 4 21.5 -22.1 1 5 9.6 -8.6 1 1 18.8 -19.7
1 9 17.1 -13.9 1 4 10.8 8.7 1 5 5.7 -4.3 1 6 15.0 14.0 1 2 21.9 -21.1
2 0 3.7 3.0 1 5 8.2 -6 .7 1 6 5.0 2.4 1 7 5.7 4.2 1 3 10.2 10.2
2 1 12.1 10.7 1 7 4.3 -3 .6 1 7 5.7 -4.9 1 9 7.3 -5 .4 1 6 10.2 -9 .2
2 3 11.9 -11.8 1 8 8.5 8.3 1 8 8.9 -8 .8 1 11 7.0 7.2 1 7 9.8 8.8
2 4 25.0 23.4 1 9 14.1 13.6 1 9 13.2 13.4 1 12 6.2 -8.1 1 8 10.3 9.2
2 5 7.1 7.1 2 2 15.6 -14.7 1 10 5.8 6.0 1 13 5.4 5.4 1 9 6.6 -4 .9
2 8 23.0 24.9 2 3 28.7 -29.3 2 1 26.8 24.9 2 0 7.3 5.8 2 0 7.1 5.8
2 9 6.4 6.6 2 4 4.3 -5.2 2 2 21.5 21.3 2 1 28.4 -29.8 2 1 21.2 22.0
2 12 8.4 -6.1 2 5 6.5 -5 .7 2 3 12.9 11.1 2 2 28.8 -31.1 2 3 4.7 5.4
3 1 23.8 -26.0 2 6 28.2 29.0 2 4 20.3 19.4 2 3 22.3 -23.1 2 4 10.7 8.8
3 2 12.2 -10.4 2 7 12.9 12.6 2 5 6.6 -5 .5 2 4 10.3 -9 .0 2 5 10.6 -10.4
3 3 27.1 28.8 2 9 10.1 9.8 2 6 28.4 29.2 2 5 11.3 -8 .4 2 6 6.7 5.3
3 5 17.3 16.7 2 10 6.7 -6 .2 2 7 6.0 -3 .7 2 6 6.1 4.2 2 7 9.9 -9 .1
3 8 8.2 6.1 3 0 16.2 15.7 2 8 7.5 -7.5 2 7 4.2 2.9 2 8 5.2 -3 .8
3 9 14.7 -12.1 3 1 31.7 31.3 2 9 7.0 -6.1 2 8 9.4 9.4 2 9 9.2 -9 .3
3 13 6.0 6.9 3 2 24.1 -24.3 2 10 9.3 -9.9 2 9 5.5 5.4 3 0 21.7 22.1
4 0 18.2 18.7 3 3 11.6 -12.8 3 0 16.2 -15.7 2 10 4.3 2.8 3 1 9.8 9.4
4 1 8.1 7.1 3 4 8.4 8.3 3 1 19.5 18.6 2 11 7.0 5.3 3 2 10.6 -10.8
4 2 18.9 -18.2 3 5 11.0 11.9 3 4 17.3 -17.0 2 12 8.8 -9 .2 3 3 10.8 10.2
4 3 7.8 5.9 3 6 18.0 -16.6 3 5 5.7 -5 .0 3 0 22.4 -22.1 3 4 22.5 23.7
4 5 11.7 -10.7 3 7 4.5 -2 .7 3 6 14.8 14.6 3 2 12.8 12.7 3 6 9.3 -13.0
4 6 5.8 -5 .6 3 8 9.4 8.0 3 8 16.8 -16.3 3 3 32.0 33.2 3 7 8.5 -8 .0
4 7 7.1 -5 .5 3 9 6.5 6.2 3 10 6.5 6.3 3 4 16.7 -17.4 3 9 11.5 -12.5
4 8 6.3 5.7 3 11 9.0 -8 .9 4 0 17.9 -17.8 3 5 8.4 6.2 3 10 12.9 -13.1
4 9 5.6 -5 .7 3 12 9.7 10.2 4 1 22.1 -20.7 3 6 5.6 3.4 3 11 6.1 -4 .4
4 10 23.0 24.7 4 0 17.7 -17.8 4 2 15.5 -16.2 3 7 8.6 8.1 4 0 23.3 24.6
5 1 30.7 -31.8 4 1 21.2 19.5 4 3 11.6 -12.1 3 8 6.4 -6.6 4 1 10.0 -8 .8
5 2 9.7 -9.3 4 2 7.9 8.5 4 4 3.6 -3.1 3 9 15.4 -15.7 4 2 9.7 -10.0
5 3 7.1 -5 .0 4 3 8.9 7.6 4 5 5.1 3.6 3 10 7.6 7.8 4 4 15.0 -15.3
5 4 6.1 4.5 4 4 2.7 3.2 4 6 8.4 -5 .7 4 0 25.3 24.6 4 5 5.6 4.7
5 5 8.6 -5 .4 4 5 6.1 6.3 4 7 3.1 4.2 4 1 25.4 25.5 4 6 4.1 -2 .8
5 10 6.9 -7 .4 4 6 13.6 -12.0 4 8 9.7 10.6 4 2 14.4 14.9 4 7 6.1 6.6
5 a 10.0 9.2 4 7 8.8 -9 .0 4 9 6.0 4.4 4 3 23.6 23.3 4 10 10.4 9.6
6 0 20.5 20.2 4 11 7.9 -8 .5 4 12 12.1 11.5 4 4 6.9 5.4 4 11 3.6 5.5
6 2 27.9 28.0 4 12 12.3 12.8 5 0 17.1 -16.7 4 6 7.7 -6 .0 4 12 7.2 — 6.4
6 3 16.9 18.3 5 0 17.4 16.7 5 1 8.8 -7 .3 4 8 6.6 -5 .0 5 0 7.4 7.9
6 4 6.0 -3.6 5 1 8.6 9.8 5 2 13.4 15.2 4 9 9.3 -8 .7 6 1 7.3 -6 .2
6 5 8.8 -8 .2 5 2 7.7 6.1 5 3 19.7 -18.3 5 0 7.4 -7.9 5 2 17.1 -16.1
6 6 14.0 11.9 5 3 31.3 -32.9 5 4 16.1 -16.0 5 1 13.5 -12.5 5 4 8.6 7.4
6 7 8.9 7.5 5 4 14.2 13.4 5 5 12.9 -12.9 5 3 9.4 8.7 5 5 5.7 4.2
6 8 13.0 -13.2 5 5 8.6 -6 .9 5 6 16.2 -15.7 5 5 10.6 -9 .4 5 6 4.7 -3 .4
6 9 8.2 -7 .5 5 6 5.8 -5.1 5 7 9.3 8.0 5 6 8.1 5.6 5 7 6.3 6.4
6 11 5.4 5.4 5 7 3.6 -5 .8 5 8 3.5 -5 .8 6 0 11.6 11.0 5 8 12.7 10.3
6 12 14.7 -15.9 5 9 16.0 16.5 5 9 14.2 15.3 6 1 4.3 2.6 6 0 11.1 11.07 2 14.0 -13.7 6 1 5.5 3.9 5 10 7.9 8.9 6 8 7.9 7.8 6 2 4.8 2.8
7 3 23.1 22.3 6 2 7.7 6.6 5 11 9.1 9.4 7 0 11.7 11.4 6 3 5.9 -4 .9
7 4 3.8 4.5 6 3 6.4 -5 .9 6 1 6.5 -5 .9 7 1 9.8 -9 .5 6 6 4.6 -2 .9
7 5 7.9 5.9 6 4 23.0 23.2 6 2 9.8 8.9 7 2 7.1 4.9 6 8 7.2 -6 .3
7 8 8.8 8.7 6 5 16.2 16.9 6 3 11.0 -11.5 7 4 9.6 8.1 6 9 3.8 4.2
7 9 16.9 -18.5 6 10 12.9 -12.5 6 4 22.9 22.4 8 2 10.6 -9 .5 7 0 10.9 -11.4
7 10 5.4 -4 .7 6 11 13.0 -13.2 6 5 8.1 6.8 8 4 7.8 -5 .7 7 1 10.1 -9 .2
7 11 5.3 -5.9 7 0 7.9 8.0 6 6 8.4 -8 .1 8 6 6.8 -6.6 7 2 11.2 -11.4
8 0 7.0 5.1 7 1 10.1 8.4 6 8 6.7 -7 .2 8 7 7.9 -7 .2 7 3 8.5 7.4
8 3 7.9 7.7 7 2 14.5 14.2 6 10 16.5 -20.5 9 0 10.2 -10.7 7 8 3.6 5.28 4 12.3 -11.5 7 3 5.8 -4 .2 7 0 8.1 -8 .0 9 1 9.3 9.6 7 9 8.7 -8 .68 5 9.0 -8 .0 7 5 7.9 5.2 7 1 13.7 12.7 9 2 14.2 -15.7 8 1 11.7 12.78 10 11.3 9.7 8 1 11.8 -11.0 7 4 6.1 -5 .9 9 8 8.3 7.7 8 2 8.1 -8 .88 11 8.1 9.1 8 3 10.4 -10.7 7 7 10.4 -10.4 10 0 10.2 9.3 8 7 8.6 -8 .89 2 6.7 -7.9 8 12 7.5 7.4 8 0 12.4 -11.3 10 1 6.8 6.4 8 8 5.6 6.69 3 9.7 8.8 9 0 13.2 -13.3 8 2 6.1 -4.6 8 10 6.0 6.09 4 6.1 5.6 9 1 9.6 9.5 8 4 3.1 3.8 9 0 10.4 10.79 8 7.9 8.1 9 4 9.3 -9 .5 8 5 3.6 2.8 9 3 6.9 5.410 1 8.4 8.0 9 10 10.8 11.1 9 0 12.5 13.3 9 6 4.8 -5 .611 1 16.9 -17.9 10 1 9.4 -8.9 9 1 12.9 15.4 9 7 5.3 5.011 2 9.6 -8.9 11 1 11.9 -12.6 9 2 14.4 14.9 9 10 5.1 -4 .612 1 7.2 7.7 9 3 6.8 -6 .5 10 0 8.0 9.3

10 0 5.0 -5.1
10 1 8.1 -8.5
11 3 6.9 -7.1
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that the three oxygens ride on the central nitrogen 
atom, the corrected bond distances could be found with 
the OR FFE program of Busing, Martin, and Levy.16

For the pyridine ring, the technique of Cruick- 
shank13 was employed to find the amplitude of the an
gular oscillations. Orthogonal unit vectors were set up 
in the molecule at the center of the ring, with two of the 
vectors in the plane of the ring. Axis 1 was defined by 
the vector from N (l) to C(3). With the equations 
given by Cruickshank, the square amplitude of the an
gular oscillation about the axis normal to the planar py
ridine ring could be approximated. All ring bond dis
tances are affected by this oscillation, and it makes the 
principal contribution to the bond correction. Al
though the amplitudes about the remaining orthogonal 
axes could not be determined uniquely, upper and 
lower limits could be placed on their magnitudes. The 
cross terms, coy (i j), were small enough to be ignored. 
The Levy and Busing correction for molecular libra
tion16 was calculated. The uncorrected bond distances 
and upper and lower corrected values are given in Table
IV.

Table IV : Bond Distances and Angles

———Cor. dist., A-------*
Uncor. Upper Lower

Atoms dist., Â. limit limit

N (2 )-0 (l) 1.263 ±  0.011 1.292 ±  0.013
N (2)-0(2) 1.207 ±  0.011 1.258 ±  0.013
N (2)-0(3) 1.218 ±  0.012 1.273 ±  0.013
N (l)-0 (1 ) 2.759 ±  0.014
N (l)-C (l) 1.349 ±  0.016 1.379 1.372
N (l)-C (5) 1.307 ±  0.015 1.337 1.330
C (l)-C (2) 1.349 ±  0.017 1.384 1.377
C(2)-C(3) 1.347 ±  0.016 1.377 1.371
C(3)-C(4) 1.335 ±  0.016 1.363 1.357
C(4)-C(5) 1.357 ±  0.016 1.390 1.383

Atoms Angle, deg. Atoms Angle, deg.

N (l)-C (l)-C (2 ) 120.4 ± 1 . 1 0 (l)-N (2 )-0 (2 ) 119.0 ±  1.2
C (l)-C (2)-C (3) 118.8 ± 1 . 1 0 ( l)-N (2 )-0 (3 ) 117.7 ±  1.1
C(2)-C(3)-C(4) 120.3 ±  1.1 0 (2 )-N (2 )-0 (3 ) 123.3 ±  1.2
C(3)-C(4)-C(5) 120.0 ±  1.1 N (2 )-0 (1 )-N (l) 108.5 ±  0.8
C (4)-C (5)-N (l) 120.1 ±  1.1
C (5 )-N (l)-C (l) 120.4 ±  1.1

Discussion of Structure
The Pyridine Group. The pyridine ring appears to be

a nearly regular hexagon. Of the various ring bond dis
tances that are expected to be the same, only the nitro
gen-carbon bond distances seem possibly to be unusual. 
However, the difference between N (l) -C (l)  and N (l) -  
C(5) is only 0.042 A., and as the standard error in a 
ring bond distance is 0.016 A., even this difference is not 
established as being significant. The final bond 
lengths have been taken as the averages of the values

given in Table IV, following correction for anisotropic 
thermal motion. The mean values for bond angles and 
distances for the ring are given in Table V along with a 
number of values selected from various structures that 
have similar ring systems.

The most accurate values in Table V are probably 
the microwave results for pyridine in the gas phase. 
Compared to benzene there is a shortening of two bonds 
in the ring, the N -C  bonds, and a significant distortion 
of the bond angles. There has been an attempt to esti
mate bond angles for a number of different nitrogen- 
containing ring systems,17 but the results for pyridine 
are poor. The resultant bond angles are pictured as a 
compromise of the conflicting demands made by (1) 
repulsion of the electrons in the various atomic orbitals,
(2) changing bond strength with altered hybridization, 
and (3) the energy required to promote the 2s electrons 
in nitrogen. For qualitative purposes, it seems easiest 
to interpret the distortions of the angle C(1)N(1)C(5) 
on the basis of the repulsion of the lone pair of electrons 
on the nitrogen atom18 causing a deformation of the 
ring of the kind that is observed. The experimental 
results for the ring systems in 2,2'-bipyridine are in 
good agreement with the microwave results for pyri
dine, and those of 2,2'-pyridil are in fair agreement.

When the nitrogen lcne pair in pyridine is bonded 
to something else, it would be expected that the angle 
C(1)N(1)C(5) would increase. The various complex 
salts, Cu2(CH8C 02)4-2Py and SeOCl2 • 2Py, seem to show 
this effect to some extent, along with an increase in the 
angle C(2)C(3)C(4) and a decrease in the angle C(1)C- 
(2)C(3). In these structures, the bond distances Cu- • • 
N (l) and Se- • -N (l) are fairly long (between 2.12 and
2.19 A.).

In the structure of pyridinoxide hydrogen chloride, 
a strong N ( l) -0  bond of length 1.37 A. has been formed. 
The angle C(1)N(1)C(5) is 127°, while the angle N (l)- 
C(1)C(2) has fallen to 116.6°. Similar behavior ap
pears to be present in PyHCl and PyH[Cr(NCS)<r 
(NH3)2], but in addition in these presumably ionic 
compounds, the angle C(1)C(2)C(3) has decreased 
markedly, and the angle C(2)C(3)C(4) has increased 
markedly although the variation among the various 
bond angles reported is large. On a simple ionic pic
ture, the positive charge in the vicinity of nitrogen 
would be expected to produce this kind of distortion, 
increasing the angles C(1)N(1)C(5) and C(2)C(3)C(4)

(16) W. R. Busing, K. 0. Martin, and H. A. Levy, “ OR FFE, A 
Fortran Crystallographic Function and Error Program,” ORNL-TM- 
306, Oak Ridge Laboratory, Oak Ridge, Tenn., 1964.
(17) H. Kim and H. F. Hameka, J. Am. Chem. Soc., 85,1398 (1963).
(18) R. J. Gillespie and R. S. Nyholm, Quart. Rev. (London), 11, 
339 (1957).
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Table V

■Bond, Â.-------------------------- - .---------------------------------Angle, deg.-

Compd. N (l)-C (l) C (l)-C (2) C(2)-C(3)
C(1)N(1)-

C(6)
N (l)C (l)-

C(2)
C(1)C(2)-

C(3)
C(2)C(3)-

C(4)

PyHNOs 1.355 1.383 1.369 120.4 120.2 119.4 120.3
Pyridine(g)“ 1.3402 1.3945 1.3944 116.8 123.9 118.5 118.3
PyHCl5 1.32 1.42 1.40 128 118 115 125
PyH [Cr(NCS)4(NHj)j]c 1.35 1.39 1.40 134.0 114.5 112.7 131.7
Cu2(CH3C02)4-2Py orthorhombic1* 1.330 1.411 1.35g 119.2 122.0 117.5 121.6
Cuj(CH3C 02)4-2Py monoclinic' 1.37s 1.396 1.422 117.2 123.4 115.0 120.0

° B. Bak, L. Hansen-Nygaard, and J. Rastrup-Andersen, J .  M o l .  S p e d r y . ,  2, 361 (1958). 5 C. Rérat, A d a  C r y s t . ,  15, 427 (1962). 
°  Y. Takeuchi and R. Pepinsky, Z .  K r i s t . ,  109, 29 (1957). d P. Hanic, D. Stempelovà, and K. Hanicovâ, A d a  C r y s t . ,  17, 633 (1964)- 
‘  G. A. Barclay and C. H. L. Kennard, J .  C h e m .  S o c . ,  5244 (1961).

and so bringing the various electrons in the molecule 
closer to the site of the positive charge by distorting 
the ring angles.

In PyH N 03, all of the ring bond angles have been 
found close to 120°. These angles were calculated for 
the uncorrected bond distances, but, because the ring is 
so nearly regular, only small changes would be expected 
if angle corrections were made. Moreover, Levy and 
Busing15 have pointed out that bond angle corrections 
should be made with caution. In PyH N 03 both 
angles, C(1)N(1)C(5) and C(2)C(3)C(4), have in
creased compared to pyridine, but the changes are small 
compared to those reported for the two salt structures, 
PyHCl and PyH[Cr(NCS)4(NH3),].

The Nitrate Group. The planar nitrate group shows 
a slight asymmetry, both in bond angles and distances, 
but again the errors are such that it is, at most, only 
suggestive. Of more interest are the corrected N -0  
bond distances, which are fairly long compared to many 
earlier results. In Table VI the angles and distances 
for the nitrate group in PyH N03 are listed along with a 
number of values from structures that have similar 
units.

From the recent microwave study of H N 03(g), it 
is seen that the N (2 )-0 (l) single bond, 1.405 A., is con
siderably longer than the multiple bond, N (2)-0(2) =  
N (2)-0(3) =  1.206 A. In addition, the angle 0(2)N -
(2)0(3) is much larger than 120°. Values are also 
available for H N 03(s) but are complicated by the dis
order present in the crystal. The mean values selected 
differ appreciably from the gas phase results but are sub
ject to large errors.

In H N 03-H20  and H N 03-3H20, some alterations in 
the various bond lengths and angles are found. N.m.r. 
work19 has strongly indicated that HNXVH20  is ionic 
and that it should be written as H30 +N 0 3". The esti
mated errors in the X-ray work are such as to prevent 
one from establishing with certainty that the bond dis-

Table VI

N (2)-

■Bond, A.- 

N (2)- N (2 )- O (l) N-

Angle, deg.-----------

0(1) N- 0(2) N-
Compd. 0(1) 0(2) 0(3) (2)0(2) (2)0(3) (2)0(3)

PyHNOa 1.292 1.25s 1.273 119.0 117.7 123.3
HNOj(g)“ 1.405 1.206 1.206 114 116 130
HNOa(s)5 1.30 1.24 1.24 113 113 134
HNOs-HjO' 1.29 1.20 1.24 114 119 127
HN03-3H20 ‘i 1.26 1.22 1.23 119 119 122
n 2cv 1.243 1.243 1.243 By symmetry all 120°
Methylguani-

dinium
nitrate-* 1.243 1.235 1.254 120.3 119.9 119.5

Tris( ethylenedi-
amine )nickel- 
(II) nitrate9 1.21

Bis( ethylenedi-
amine)eop- 
per(II) ni
trate5 1.267 1.24s 1.259 119.9 120.1 119.3

NaN03’ 1.21s
PKNOaV 1.26s

° D. J. Milieu and J. R. Morton, J .  C h e m .  S o c . ,  1523 (1960). 
6 V. Luzatti, A c t a  C r y s t . ,  4, 120 (1951). “ V. Luzatti, ibid., 4, 
239 (1951). " V .  Luzatti, ibid., 6, 157 (1953). '  E. Grison, K. 
Eriks, and J. L. de Vries, ibid., 3, 290 (1950). f  R. M. Curtis 
and R. A. Pasternak, ibid., 8, 675 (1955). 0  L. N. Swink and 
M. Atoji, ibid., 13, 639 (1960). h  Y. Komiyama and E. C. Linga- 
felter, ibid., 17, 1145 (1964). * R. L. Sass, R. Vidale, and J. 
Donohue, ibid., 10, 567 (1957). 1 W. C. Hamilton, ibid., 10, 103 
(1957).

tances and angles are significantly different from those 
expected for a symmetrical nitrate group.

The agreement between the dimensions of the nitrate 
group reported for N20 6 and methylguanidinium ni
trate is striking. In the first compound, the crystal 
symmetry demands equal bonds of 1.243 A. and equal

(19) R. E. Richards and J. A. S. Smith, Trans. Faraday Soc., 47, 
1261 (1951).
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angles of 120°. In the second, there are no such sym
metry requirements, but the dimensions are remark
ably close to those found in N20 5. In both studies, the 
agreement between calculated and observed structure 
factors is good.

Two similar nitrates containing divalent metal 
atoms are also given in Table VI. The values for bis- 
(ethylenediamine) copper (II) nitrate are probably more 
accurate than those for tris(ethylenediamine)nickel (II) 
nitrate. The mean N -0  bond length in the Cu(II). o
complex is 1.258 A.

Finally, two simple nitrates are listed. The dif
ference in bond lengths is fairly large, but the estimated 
error in N -0  in Pb(N 03)2 is 0.02 A. The average N -0  
bond length in NaN03 is reported by the authors as 
being sensitive to the weighting scheme used and to the 
omission of reflections from the least-squares refine
ment. The corrections to bond lengths from torsional 
movements of the nitrate group in NaN03, using the
r.m.s. amplitude given in the original paper, is very 
small (less than 0.01 A.).

The mean bond length in PyH N 03, following correc
tion for anisotropic thermal motions, rose from 1.23o to
1.274 A., and the variation in bond distances was re
duced. Most of the recent structural evidence appears 
to favor a value of at least 1.24 A. for the average 
N -0  distance in the nitrate group. The differences in 
bond distances in the nitrate group in PyH N 03 do not 
appear to be significant, and only the angle 0(1)N (2)- 
0(3) seems to be slightly larger than 120°. The nitrate 
group in PyH N03 thus appears to be a N 0 3-  ion rather 
than an H N 03 molecule.

Bonding between Pyridine and the Nitrate Group. The 
outstanding feature of the bonding between the pyri
dine ring and the nitrate group is the one relatively 
short bond of 2.76 ±  0.01 A. between N (l) and 0(1). 
All other contacts are 3.10 A. or greater. It is un
fortunate that the hydrogen atom positions were not 
locatable from difference Fourier maps since the dis
tance of 2.76 A. and the value of 108.5 ±  0.8° for the 
angle N(2)0(1)N(1) are consistent with either an ionic 
bond of the type PyH + - • -N 03~ or with a hydrogen 
bond, N ( l )• •-H -O (l). The near coplanarity of the 
pyridine ring and 0(1) is also consistent with either 
model. Because the hydrogen atoms were not found,

the secondary differences in bond angles and distances 
for the ring and the nitrate group must be critically 
examined in order to argue that one or the other is 
present. The structural evidence cited earlier makes 
it seem most likely that PyH+- ■ -N 03-  is the correct 
model, and this could be confirmed by other experi
mental methods as was done for H N 03-H20.

Another interesting feature of the crystal is its easy 
deformation by twisting around the a-axis. The 
configuration of the ions shown in Figure 1, with the 
pyridine ring and nitrate group in pairs rather than in 
some complex arrangement with cross linking between 
many different groups, makes twisting around the a- 
axis seem fairly reasonable.

c

Figure 1. Schematic projection of asymmetric unit on (100).
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On the Origin of the Stabilization of the Structure of Water by Nonelectrolytes

by A. Ben-Naim

Department of Physical Chemistry, The Hebrew University, Jerusalem, Israel (,Received December 16, 1964)

The stabilization of the structure of water is discussed, assuming that liquid water contains 
large compact clusters of molecules. The effect arises from the difference in the change of 
the chemical potentials of the clusters and of the monomeric water molecules caused by the 
added nonelectrolyte. It is shown that for sufficiently large clusters, the magnitude of the 
stabilization effect becomes proportional to the number of molecules building the cluster. 
This effect is greater, the larger the difference between the interaction energy of the water- 
water and water-solute pairs.

f

Introduction

Recently, some anomalous properties of aqueous 
solutions of nonelectrolytes have been explained by the 
assumption that a solute molecule, when introduced into 
water, causes a “ stabilization of the structure of 
water.” 1-6

The reason for this effect was discussed by several 
authors who treated the problem from different points 
of view.1 2 3 4 5'6’7 The purpose of this work is to present 
a simple model for aqueous solutions of nonelectrolytes 
which shows the existence of a “ stabilizing effect”  
(S.E.). We shall demonstrate that addition of inert 
solute to water may, under certain conditions, cause 
an increase in the total number of hydrogen bonds. 
This effect is in contrast to the dilution effect, i.e., 
dissociation of clusters upon introduction of an indif
ferent solute.

The discussion below is confined to the case in which 
no pentration of solute molecules into the cavities of the 
“ ice-like”  form is allowed. A penetration of solute 
molecules into these cavities cannot always be taken 
for granted, as in the case of large solute molecules, 
side chains of polymers, or polar molecules (e.g., alco
hols, amines, etc.8-10). Thus, a weak point of some 
models,2’3’6’11’12 which rests mainly on the filling of 
cavities by the solute molecules, is bypassed.

The penetration into cavities is, however, not ex
cluded. It will be shown that if penetration does occur, 
the S.E. is increased. The present discussion has the 
advantage of showing that “ filling of cavities”  is not 
an essential requirement for the existence of a stabilizing 
effect.

Description of the Model

The model adopted is very similar to that described 
by several authors.1’7-13 Liquid water is assumed to 
consist of clusters of molecules of different sizes. Let p 
denote a monomeric water molecule, i.e., a molecule 
not linked by hydrogen bonds to any other molecule, 
and c„ a cluster consisting of n water molecules linked 
together by hydrogen bonds. The essential assumption 
is that these clusters (or, at least most of them) are 
compact; i.e., they are formed in such a way as to 
achieve a maximum number of hydrogen bonds. This 
assumption is in accord with Frank and Wen’s view1 
and was used also by Nemethy and Scheraga.7 In
frared evidence for the compact nature of these clusters 
has been recently published by Buijs and Choppin.14 
Let /i0„ and yp be the chemical potentials of c„ and p,

(1) H. S. Frank and W. Y. Wen, Discussions Faraday Soc., 24, 133 
(1957).
(2) P. S. Yastremskii, Zh. Strukt. Khim., 4, 179 (1963).
(3) Z. I. Grigorovich and O. Ya. Samoilov, ibid., 3 , 464 (1962).
(4) I. V. Matyash and V. I. Yashkichev, ibid., 5, 13 (1964).
(5) A. Ben-Naim and S. Baer, Trans. Faraday Soc., 59, 1736 (1963).
(6) H. S. Frank and A. S. Quist, J. Chem. Phys., 34, 604 (1961).
(7) G. Némethy and H. A. Scheraga, ibid., 36, 3401 (1962).
(8) M. V. Stackeiberg, Naturwissenschaften, 36, 327 (1949).
(9) M. V. Stackelberg and H. R. Müller, Z. Elektrochem., 58, 25 
(1954).
(10) M. V. Stackelberg and B. Meuthen, ibid., 62, 130 (1958).
(11) V. A. Mikhailov, Zh. Strukt. Khim., 2, 677 (1961).
(12) V. I. Yaskhichev and O. Ya. Samoilov, ibid., 3, 211 (1962).
(13) G. Wada, Bull. Chem. Soc. Japan, 34, 955 (1961).
(14) K. Buijs and G. R. Choppin, J. Chem. Phys., 39, 2035, 2042 
(1963).
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respectively. At equilibrium, we have Mc„ =  nP-P 
(for any existing c„).

For the sake of simplicity, we shall restrict the dis
cussion to the case where only one kind of cluster, built 
up of n molecules, is present (we shall thus omit the 
subscript n). The consideration of all kinds of clusters 
only complicates the representation without affecting 
the final conclusion. We shall also confine ourselves 
to the case where the solution is very dilute with respect 
to c.

Let s be an inert nonelectrolyte. The partial molecu
lar quantity Ea corresponding to an extensive variable 
E is given by

(1)

where ns, np, and nc are the numbers of solute mole
cules, of monomeric water molecules, and of clusters, 
respectively. n„ is the total number of water mole
cules (raw = nnc +  np). The differentiations are per
formed at constant pressure and temperature and will 
be omitted from the notation.

In this notation, we shall say that a “ stabilization of 
the structure of water”  occurs when (dnc/dnB)n̂, >  0.

Obviously, the exact evaluation of (dnc/c)ras)„w is 
impossible at present since it would require a knowledge 
of the partition function of liquid water, but, fortu
nately, the problem can be transformed into an equiva
lent one which is much more easy to handle. This is 
done by using the identity (see Appendix I)

=  ( M c c  2 n y U Cp  - | -  H ' U p p )  1 X

7lyf

/Muc — npp)
\ dnB

From the stability condition15 16 (mcc — 2npcp +  nVpP) >  
0, so that it is sufficient to examine the sign of (à(p0 — 
npp)/ô n s)„Cj„p which is a far easier task.

The main line of thought is the following one: de
fine Mcex and Mpex by the relations

Meex =  Me — kT In p0 
MPex =  |ip — kT In pp 

where p0 =  nc/V, pp =  np/V, and obtain

(™a\ =, » !
\ò?ì8 /  Wcj:nc,np

=  kT— Qn pc/ppw) +Ofts
ò , œ  kTŸB(n -  1) ,

} = -------- v --------+

B K  ex\
v A v  -  *  ) ( 3 )

where Ap. = pa — n/ip and Vs =  (dF/dras)„0,„p.
The first term on the right-hand side of (3) is positive. 

This term is responsible for a destabilizing effect, or a 
diluting effect. Usually, it is the predominant one. 
The second term depends essentially on the total inter
action of the various species with their corresponding 
surroundings. This interaction, of both c and p, is 
decreased by the addition of s (since, by assumption, s 
is inert). Now, since the change of the total interac
tion energy of the cluster c with its surroundings is 
determined by the area of its boundaries, we should 
expect that \d(pcex/n)/dnB\ decreases when n in
creases, provided that the surface-to-volume ratio de
creases with n. This condition is fulfilled by the re
quirement that the clusters be compact.

Thus, as n increases, the second term of (3) becomes 
larger and negative. One has to examine now the con
ditions under which its absolute value will be greater 
than the first term, leading to an S.E. This will be 
done in the following section using a very simplified 
version of this model. Nevertheless, the results seem 
to account for the major cause of the S.E. in the real 
case.

A Sufficient Condition for a Stabilizing Effect
We start with a system described by (n0, np, ns), 

assuming that the mixture is dilute with respect to c, 
that the clusters are of a spherical shape having a 
radius Rc, and that the radii of p and s are the same;
i.e., Rp =  Rb. The chemical potentials of c and p are 
given by16

Mo =  kT In p0A03 + P p  f  f  « c P £ 7 c p 4 u T 2d r d £
Jo Jo +

PaJTucagcâ r 2drd  ̂ (4)

Pp foT In PpAp3 Pp n %p0pp47rr2drd£
I

, f r

+

wpsi7ps4irr2d rd £  (5)

where gaP is the radial distribution function of ¡3 
around a, ua$ is the intermolecular potential energy 
for the a/3 pair, and A« includes the momentum and 
internal partition function of an «-molecule.

The quantity (c)Ap/dns)n,.,np expresses the change of 
Ap upon transfer of dns molecules of s into a system in 
which the chemical equilibrium c <=* np is “ frozen in.” 
In this system, all the interactions which involve hy-

(15) I. Prigogine and R. Defay, “ Chemical Thermodynamics,” 
Longmans, Green and Co., London, 1954, p. 228.
(16) T. L. Hill, “ Statistical Mechanics,”  McGraw-Hill Book Co., 
Inc., New York, N. Y., 1956, p. 192.
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drogen bonds are included in the clusters. The inter
actions between the various species, c, p, and s, will be 
approximated by a square-well potential

CO r <  <T aß

âß Gaß ■‘C r <C! (Taß “b &aß

0 r  >  <ra ß - b Saß

where <rap is the diameter of the rigid sphere of the a/3 
pair. The attractive tail of strength ea0 extends from 

to <rap T* Aii-
We assume further that: (a) the range of the attrac

tive tail is the same for all the pairs and is equal to 
vPp17; i.e., 5CS =  <5cp =  5PP =  Sp8 =  o-pp; (b) the diameter 
of the hard core is the same for the pairs cs and cp 
and for the pairs ps and pp

<TC ------ 0*Cp  =  Crc3 = 4 7T ( (• -j- Bp) 3/3
vp =  o-pp = Vps = 4x(2Rp)3/3

(c) the depth of the well is the same for the pairs cs 
and ps and for the pairs cp and pp

€s ---- €ca €pa

£p --- êp p̂p

(d) the radical distribution functions do not depend 
explicitly on nB; i.e., dgafj/dna =  0 for all the a/3 pairs 
(strictly, we shall need this assumption for p„ 0). 
The graphical representation of the assumptions con
cerning the kind of interactions between the various 
species is described in Figure 1.

Differentiating (4) and (5) at constant temperature, 
pressure, n0, and np, and requiring that the presence of 
s does not affect Ac and Ap, we get

— x T  P«/Pp” ) +  A cp-^-p +ona onB

nApp TiAps Ona
dps
ôn8 (6)

Aaß — kT
,4 T<raß3

+ 1 7\) 0 o'ceß

* a aß-}-Saß
uaßgaß4:irr2drdt =

t ï i p L ’  +  B .,  (7)

and the two inequalities (note that Baß is negative)

f* aaß-}~Saß
Baß ^ gaß I uaß4nrr2dr =

«/ <rocß
4:1T

~9aßeaß~^ [(«Tap +  â/s)8 ~ <Taß3] (8)

Baß ^ gaß
'na.ß-\-8ctß

«/ oaß
ttai)4irr2dr =

4x„
—gaßeaß— [(<raß +  5aßY — o ^ 3] (9)

We denote by

4xercp3 4 X(T0S3ixcrc

Ixov

3

4 t (t™3

4ir
Lo ------- ^  [ ( ^ c p  * 4 “  ^ c p )  ^  0 * C ]

4:7t
Lp =  ~  [(vpp “b ®pp)3 Vp

(10)

(11)

(12)

(13)

and obtain from (6), using (7), (10), and (11)

(àA~) = kTnL-zz± V s -  ^ {k T b p  +  ß op) +
\()Tla ) ncnp 

1 -  Pb D
V

v  (kTbc +  2?cs) +  n ^ ( k T b p +  Bpp) -

n~ y V\kTbp +  Bps) (14)

Va

where we used the relations

where
n co

uaßgafATrr2drd^
.1

Define
9 aß = m ax.[gaß( r £ ) ]  gaß = min [0o(3(r,£> ]

craß  ̂aaß-}-8aß aaß âaß-\-8<xß

for the region r <  uaß we use the approximate behavior18 
9aß =  exp [—%uaß/kT] and get

/dpp\ _  — PpFs /d p B\ _  1 — PsFs
\ dtlBJ nojnp V ric.up V

Rearranging (14), we get

(17) J. 0. Hirschfelder, C. F. Curtis, and 11. B. Bird, “ Molecular 
Theory of Gases and Liquids,” John Wiley and Sons, Inc., New 
York, N. Y., 1954, pp. 159, 160.
(18) In the region r <  aaQ we use an approximate behavior for gap.
The effect on of this approximation will have a negligible
influence on the conclusions (see Appendix II). It seems, there
fore, that refinements of the form of in this region will not ¿ter the 
conclusions.
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(sir) = T [{n - v v° + -  nW  -\ d r is  /  nc,np V

PsiS -  P p fa )] +  1 7 s V p -  nBpa) -

^ ( B cp- n B pp) (15)

To examine the conditions under which an S.E. will 
occur, i.e., when (dAp/d?is) <  0, we note that all 
Bafi are negative, while (n — 1) Vg is positive and the

g =  max(jcp, gc8) and g =  min(gpp, gp8)

For sufficiently large n we get (Appendix III)

L0g — n L pg ~  — n L pg 

L ,il — nLpg ~  —nLpg

This behavior arises from the decrease of the surface- 
to-volume ratio as n increases. In this case

pA ^  kTft l ':,P (1 psV s)gesL p ppepL pg

y  l m v ,
(17)

Figure 1. Description of the intermolecular potential 
energy for the various species.

term (bc — ribp){ 1 — p8F8 — ppFs) is small and nega
tive (Appendix II). Thus, using (8), (9), (12), (13), 
and the result of Appendix II, we obtain the inequality

/òAp\
\òn8 /  ?)riWcî p

kT
V

(n -  1) VB +  - ^ ip ( L cÿCp

rT^pp) 7 m Ce(Tc6[cs 'fl'Bpgpa')kT
£

kT\
V

£(» — 1)FS +  — êP(Lc g — n L pg) —Pp Fg
~kT 

1 -  PsF
kT

ea(Lcg_ — nLpg) (16)

where we put

From (13) we have

îro-pp3 _  4ir(2Æp)3 
3 3

56yp

where vp is the molecular volume of p. In addition, 
vp, Vp, and Vs are expected to be of the same order of 
magnitude, so that pp ~  Fp «  VE and thus

1 «  ppfp +  p8f s ~  PpFg +  Psf s (18)

[Note that, although Vc increases with n, we took 
pcVc «  0. This is allowed since n is large but finite 
(Appendix III) while p0 may be taken as small as 
needed.] From (17) we obtain

1 ~  ~ fc7p ~ 56(epg -  ejf)

(19)

For the limiting case p8 —> 0 we get a sufficient condi
tion for a stabilization effect

ePg -  6sg J_
k T  >  56

Since 1 <  g ^ g <  3, and remembering the series of 
inequalities reached above, we see that the difference 
in the interaction energies required for the effect is 
quite moderate.

Two conclusions can now be drawn. First, for suf
ficiently large n (see also Appendix III) (5Ap/dn8)„0,„p 
becomes proportional to n. Qualitatively, this result 
is in accord with several experimental observations.6’19’20 
Secondly, the magnitude of (dAp/dres)no,n„ is larger, 
the greater the difference between ep and es. This 
conclusion cannot be directly compared with experi
mental results since a partial penetration of s molecules 
might occur. In this case, there is an additional con
tribution to (dAyu/dns)nt.,„p which increases with e8.21

'0 A p \

kòns ì n
< kT v
^ Y '

(19) A. Ben-Naim and G. Moran, Trans. Faraday Soc., 61,821 (1965).
(20) A. Ben-Naim, J. Chem. Phys., 42,1512 (1965).

Volume 69, Number 6 June 1965



1926 A. Ben-Naim

In addition, if ep — es is larger than that required by 
the last inequality, we can get the same effect for smaller 
n, or for a finite value of ps.

Obviously, liquid water contains clusters of different 
sizes. The preceding conclusions still hold if we re
introduce the index n. Thus, 5(pc„ — np.p)fbnB will 
be negative for large n and positive for small n. A 
net stabilization of the structure will occur if most of the 
clusters are large, i.e., if the mean cluster size is suf
ficiently large. An estimation made by Buijs and 
Choppin14 shows that the mean value of n is about 90 
at 20° which seems to be of the order of magnitude 
required for an S.E.

Conclusion
We have shown that the assumption that liquid 

water contains large compact clusters leads directly 
to a stabilizing effect. Addition of nonelectrolyte to 
water gives rise to two competing effects. The first 
one is a diluting effect, which tends to destroy the clus
ters. In principle, this is an entropy effect. The 
second one is primarily an energy effect. It arises 
from the change in the surroundings of c and p caused 
by the addition of a relatively inert molecule. This 
effect makes clusterization favorable. (In addition, s- 
penetration might occur and usually enhances the 
effect.21) We found that for sufficiently large n, 
the second becomes greater than the first, leading to a 
stabilization effect. For large clusters, this effect 
becomes proportional to n. The dependence of 5Ap/ 
bns upon es shows that this effect arises from the “ in
activity”  of s, rather than from its “ activity.”  This 
conclusion is in contrast to the view that an inert 
molecule “ builds an iceberg around it.” 22

Acknowledgment. The author wishes to express his 
thanks to Professors G. Stein and T. L. Hill and to Dr.
S. Baer for helpful discussions and comments.

Appendix I
The Relation between (dAu/dnB)ncinp and (dnc/ 

dns)„w. Starting with a system (n0, np, nB), at equilib
rium, we have

Ajit =  p c (?rc,?ip,?is) r ip p (? i,c?Zp,U'a) == 0

Adding dns molecules of s and keeping nw constant, we 
get
A p =  pc(n0 +  dnc,np +  d np,ns +  dns) —

npp{n0 +  dn0,«p +  dnp,nB +  dn8) =  0

Developing Ap in series around (n0, np, nB), we obtain
5Ayu bAyu 5Aju

Aju =  Ap +  - — dn0 +  - — dwp +  - — dwa +  . . .  
on0 onp onB

(20)

Using the identity dn<-,/dnp =  dgp/dn<; and the condi
tion ndnc +  dnp =  0, we get from (20)

( b p c < W \ ,  (  Ö/i0 Ö/ipX ,I  -----n—  dnc — I  -------- n—-  )ndnc
\dw0 onp/ \Onp ûnpJ +

öA/u
àns

dnR =  0

or, after rearranging

(Mco -  2nMcp +  = - ( ¿ ) ncinp (21)

From the stability condition,15 we have ficc — 2n/xcp +  
n2fjpp >  0, where /xa0 = àfia/àn .̂ Thus, the sign of 
(àn0/ànB)n„ is opposite to that of (ÔAp./àna)„0,np as 
could be expected intuitively.

Appendix II
Estimation of the Contribution of the Term =  (b0 — 

nbp)(l — psVs — PsFs). From (10) and (11) we get

The ratio RC/RP is related to the number n by

(Äc/ßp)3 = an

where a >  1 depends on the geometry and type of 
packing of the molecules in the clusters. Estimation 
from Pauling’s model6 gives a ~  3 which is a quite large 
value owing to the open structure of the clathrate frame
work.

We shall use a =  3 for the numerical estimations 
(they will be better for a <  3)

Estimation made by Buijs and Choppin14 shows that 
the average cluster size at 20° is about 90 molecules. 
Thus, for n ^ 90 we get ba — nbp <  0. Thus, b0 — 
nbp is negative. Since in this model

1  Pa F s  PpVp  ~  1  Ps F a P p F a  >  0

the whole term -q is negative also. This justifies its 
omission from the inequality (16). Its value is, by 
the assumption of the model, small since

(21) A. Ben-Naim, to be published.
(22) H. S. Frank and M. W. Evans, J. Chem. Phys., 13, 507 (1945).
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1 Pe F s  p p V p  P o E c «  0 (The estimation is better for n >  90 and a <  3.) Thus

Appendix III

The Behavior of L0g — nLvg and of Lcg — nLvg for 
Large n. From the definitions (12) and (13), we have

Lcg nLpg g  ̂ [(<rCp3 Opp)3 °cp3]

ng7
4 T 4ir

-  3 s U ~ . * +  3— +  l ) ~  7ng- \ Opp (Tpp /

From Appendix II for a =  3 and n =  90, we have

3*/a 3V' 1\
+  90v* +  90Vl +  90/

<  n

Lcg -  nLvg ^ ^o-PP3[g(3nV3 +  3wVl +  1) -

7ng] =  n— o-pp3 g[ 
3 L A

1  +  - 1  +,V« +  +Tl ; 3 -
7g

g is finite. Thus, for sufficiently large n, we get

47TO-pp3
Lcg nLpg 79 -nL„g

(This behavior is already achieved for n of the order 
of 200, and for smaller n if a <  3). In the same manner, 
for sufficiently large n we have

Lcg — nLpg — >- —nLpg

Molecular Orbital Theory of Electron Donor-Acceptor Complexes. I. 

A Simple Semiempirical Treatment

by R. L. Flurry, Jr.

Department of Chemistry, Louisiana State University in New Orleans, New Orleans, Louisiana 70122 
(Received February 25, 1965)

A semiempirical linear combination of molecular orbitals description of electron donor- 
acceptor complexes is presented. Using this, an empirical estimate of the interaction inte
gral between the systems participating in EDA complex formation is made. This empirical 
/ I d a  is used to predict stabilization energies and excitation energies for several complexes. 
The agreement with experiment is satisfactory. A brief comparison with the conventional 
treatments of such complexes is made.

I. Introduction
Much literature on electron donor-acceptor (EDA) 

complexes has arisen in the past few years, both from 
experimental and theoretical points of view. Most 
of the theoretical papers dealing with EDA complexes 
have been based on a valence bond (VB) type of formal
ism.1 Dewar’s molecular orbital (MO) treatment of 
EDA complexes2 1 2 3 4 is a perturbation theory treatment. 
Murrell3 has presented a very sophisticated MO per

turbation treatment of EDA interactions. The delocal
ization method of Fukui and co-workers4 is an LCAO

(1) R. S. Mulliken, J. Am. Chem. Soc., 72 , 600 (1950); J. Phys. 
Chem., 56, 801 (1952), and subsequent papers.
(2) M. J. S. Dewar and A. 1. Lepley, J. Am. Chem. Soc., 83, 4560 
(1961).
(3) J. N. Murrell, ibid., 81, 5037 (1959) ; J. N. Murrell and J. Tanaka, 
Mol. Phys., 7, 363 (1963-1964).
(4) K. Fukui, A. Imamura T. Yonezawa, and C. Nagata, Bvll. 
Chem. Soc. Japan, 34, 1076 (1961); 35, 33 (1962).
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method which employs the atomic orbitals of both the 
donor and acceptor and then utilizes perturbation 
theory to estimate their interactions.

The present research is part of an attempt to develop 
a simple MO theory of EDA complexes, utilizing or
bitals of the entire complex as the basis, and to apply 
it not only to a calculation of charge-transfer (CT) 
spectra but also to predictions of stability and of orien
tation in EDA complexes.

This paper presents a simple, semiempirical, one- 
electron treatment of EDA complexes and applies it 
to benzene and methyl-substituted benzenes as donors 
and to chloranil, tetracyanoethylene, 1,3,5-trinitro
benzene, p-benzoquinone, and iodine as the acceptors. 
Nagakura and Tanaka have used a similar method 
to discuss the spectral effects of intramolecular elec
tron migration in substituted aromatic systems.5 6 
The present work differs from this in several important 
respects and, in addition, appears to be the first at
tempt to apply such a treatment to intermolecular 
complexes and to calculating stabilities.

II. Method
Considerations involving (HOMO)v> and (L E M O ) a. ■ 

The ground (N) state wave function of the complex 
is expressed as a linear combination of molecular 
orbitals (LCMO) of the donor and acceptor where 
0d is the wave function of the donor and 0A that of the

0 N =  U0D +  50 A (1)

acceptor, and a and 5 are mixing parameters (with the 
normalizing restriction that a2 +  52 = 1, assuming 
formal neglect of overlap). The electronic energy of 
the ground state may be expressed as in eq. 2 (using

TFn =  o2(0d[-0op|0d) +  b 2(0a | HtoP | 0 a) +  2a5(0D|Aop|0A)
(2)

Dirac notation). For the present, the form of the 
Hamiltonian will remain undefined.

In addition to the energy arising from the interaction 
of the donor and acceptor orbitals, there will be an 
additional potential energy interaction owing to the 
attraction of the partial charges that result from a 
partial transfer of charge in the ground state of the 
complex. This potential may actually be more im
portant in the stabilization of the complex than the 
direct orbital interaction.6 In the ground state, the 
amount of charge transferred will be equal to 52 in this 
approximation. Let us define — Fos as the potential 
resulting if a complete charge transfer occurs between 
the components of the complex at their equilibrium 
separation. The total energy of the ground state of 
the complex will then be

An =  a2(0D[Aop|0D) +  52(0a [AoP|0a) +
2a5(0D|Aop|0A) — 52Fes (3)

or, making the definitions

D =  (0d|-Hop|0d) (4a)

A =  (0a | Hop | 0a) (4b)

/3da =  (0d|Hop|0a) (4c)

the total energy of the ground state may be expressed 
as

An =  a2D -)- b2A 2cj6/3da — 52FeB (5)

The excited state wave function is expressed as in 
eq. 6. In this approximation b and a have the same

$E =  50D — U0A (6)

values as in 0N. (If overlap were included, this would 
not be the case.) The total energy of the excited state 
is thus expressed as eq. 7 (a2 is the amount of charge 
transferred in this state).

Ae =  b2D +  a2A -  2a5/3DA -  a2Ve. (7)

The energy of the charge-transfer (E •*— N) transition 
is simply Ae minus An-

AAct =  (52 — a2)(D  — A +  Fes) — 4/x5/3da (8)

If the degree of charge transfer in the N state of the 
complex and the value of /3da are sufficiently small, 
eq. 8 can be approximated by equation 8a, a form which 
is frequently used for interpreting charge-transfer 
spectra.6

AAct £= I  — EA -|- C (8a)

The relationships among D, A, TFN, AN, WE, and 
Ae are shown schematically in Figure 1.

From a consideration of Figure 1, it is obvious that 
a resonance stabilization of the N state of the complex 
will be accompanied by a corresponding destabilization 
of the E state. If this were the only effect operative, 
the E •*- N transition would be of greater energy than 
the difference in the ionization potential of the donor 
and the electron affinity of the acceptor. This, of 
course, is not the case experimentally; hence, the elec
trostatic terms must be considered. If, on the other 
hand, there were no transfer of charge in the N  state 
of the complex, as would be the case if there were no 
resonance stabilization, the slope of a plot of the charge- 
transfer transition vs. the ionization potential of the 
donor for a given acceptor would be unity. This,

(5) S. Nagakura and J. Tanaka, J. Chem. Phys., 22, 236 (1954).
(6) J. N. Murrell, Quart. Rev. (London), 191 (1961).
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"E !
2ob^DA+b2(D-A)

a2 Vis

a e c.t.

^ 2■2abjSDA+l>(D-A)
WN

j

Figure 1. The relationships between the highest occupied 
orbital of the donor (D), the lowest unoccupied orbital of 
the acceptor (A), the ground and excited state electronic 
energies CFFN and WE) and the total ground and excited 
state energies (E n and E e) for EDA complexes.

again, is not true experimentally. It is therefore 
evident that both a resonance effect and an electro
static effect must be operative.

This treatment, of necessity, neglects solvation ener
gies. If a suitable method for estimating the relative 
solvation energies of the N and E states could be 
found, these could be included in a maimer similar 
to the electrostatic effect.

III. Calculations

For the acceptors tetracyanoethylene, 1,3,5-trini
trobenzene, chloranil, and p-quinone, the distance 
between the donor and acceptor is assumed to be near 
that of the chloranil-hexamethylbenzene complex 
(3.65 A.).7 If the charges which arise are assumed to 
be evenly distributed around the donor and the ac
ceptor, a value of 3.95 e.v. can be estimated for Fes- 
For iodine, a value of 2.91 e.v. can be estimated for Fes 
if the complex is assumed to have axial symmetry with 
a separation between the donor and the iodine mole
cule of 3.36 A., the experimental value for the bromine 
complex.8 If the assumption is made that, for a given 
series of similar donors with the same acceptor, the 
degree of charge transfer is constant and (3da is con
stant, a plot of AAct vs. D (which, according Koop- 
maans’ theory, is the negative of the ionization poten
tial of the donor) should give a straight line, the slope 
of which can be used with the normalizing condition 
to estimate a and b.9 If A (the negative of the elec
tron affinity) and VeB are known, the intercept of the 
line will give an estimate of /Ida Plotting the charge- 
transfer bands for the complexes of tetracyanoethyl

ene (TONE) with the methyl-substituted benzenes10 
vs. ionization potentials calculated by an SCMO 
method11’12 (Figure 2) gives values of 0.89 for a,
0.45 for b, and —0.63 e.v. for /3d a - Table I lists the 
values obtained for all of the acceptors used. Just 
as in the Hiickel treatment of w-electron systems, the 
relative values of the calculated properties within a 
series will be independent of the absolute value of 
/3da; however, these values of (¡da are probably of the 
right magnitude. Brown has estimated that “ bonds”  
between donors and acceptors in complexes usually 
have energies of 0.1—0.6/3.13 (3 is generally accepted to 
have a value near — 3 e.v.

It is of interest to consider the significance of the 
slope of the plot obtained from eq. 8. The smaller 
the slope is, the greater is the amount of charge trans
ferred in the ground state of the complex. For all 
of the acceptors, except p-quinone and trinitroben
zene, the apparent degree of charge transfer parallels 
the electron affinity of the acceptor. The data for p- 
quinone are limited to those compounds which would

Figure 2. A graph of the CT transition10 vs. ionization 
potentials11 for TCNE-methylbenzene complexes.

(7) T. T. Harding and S. C. Wallwork, Acta Cryst., 6, 791 (1953); 
8, 787 (1955).
(8) O. Hassel, Mol. Phys., 1, 241 (1958).
(9) a and b will not, in fact, be constant for the series but can later 
be derived, using a simple interaction matrix (eq. 9) between the donor 
and acceptor, once a value for j3d a  has been determined.
(10) A. R. Lepley, J. Am. Chem. Soc., 86, 2545 (1964).
(11) R. L. Flurry, Jr., and P. G. Lykos, ibid., 85, 1033 (1963); R. L. 
Flurry, Jr., and J. G. Jones, Abstracts, 144th National Meeting of 
the American Chemical Society, Los Angeles, Calif., April 1963.
(12) The average deviation of the calculated and available experi
mental values for the photoionization potentials is 0.13%. The 
maximum deviation (pseudocumene) is 0.85%.
(13) R. D. Brown, J. Chem. Soc., 2232 (1959).
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Table I : Parameter Values for the Various Acceptors

Electron
affinity, V eB , Slope

Acceptor e.v. e.v. (eq. 8) fe>A, e-v.

1,3,5-Trinitrobenzene 0.70“ 3.95 0.71 -0 .8 1
p-Quinone l .lT 3.95 0.34“ -1 .4 0 “
Chloranil 1.35“ 3.95 0.77 -0 .5 1
T etracyanoethylene 1.60“ 3.95 0.60 -0 .6 3
Iodine 2 . 0 0 a ,d 2.91 0.55 -1 .1 5

“ See ref. 14. 6 Midpoint of range reported by M. E. Peover,
T r a n s .  F a r a d a y  S o c . ,  58, 1656 (1962). c These values are prob
ably not very valid owing to the small amount of data available 
for evaluating them. d Value for the axis of the iodine molecule 
perpendicular to the plane of the acceptor.

be expected to form the weakest complexes in the series; 
consequently, no definitive conclusions can be drawn 
from them. On the other hand, the data for trinitro
benzene, while encompassing only a few members, 
present examples at both extremes of the series; 
consequently, the observed trends should be valid. 
Briegleb14 noted this anomaly in the relationship be
tween the amount of charge transferred in trinitro
benzene complexes and its reported electron affinity.

The large apparent degree of charge transfer in the 
ground state of the trinitrobenzene complexes makes 
it tempting to choose a value of about 1.42 e.v. for the 
electron affinity of trinitrobenzene, a value slightly 
larger than that of chloranil. It is interesting but 
probably not significant that this is near the experi
mental value of 1.6 e.v. for nitrogen dioxide.16 Using
1.42 e.v. as the electron affinity, the value obtained 
for /Ida is —1.16 e.v. The uncorrected calculated 
values for the charge-transfer transition and for the 
relative stabilities are improved by this change. 
With the experimental value of the electron affinity, 
the calculated charge-transfer energies range from 4.81 
e.v. for benzene to 3.32 e.v. for hexamethylbenzene as 
compared with an experimental range of 4.36 to 3.14 
e.v. With an electron affinity of 1.42 e.v., the cal
culated range is 4.37 to 2.98 e.v. The calculated 
log K/K° values, using the experimental electron 
affinity, range from 0 to 0.63. Using the estimated 
electron affinity, the range is from 0 to 1.56. The ex
perimental range is 0 to 1.49.

Variation of the Fes term has very little effect on the 
relative values of the calculated charge-transfer tran
sitions. It does, however, have a considerable effect 
on both the absolute value of the calculated transition 
and the spread in the calculated equilibrium constants. 
For example, varying Fe8 for the TONE complexes 
over the range of 3.0 to 5.0 e.v. gave a variation of

only 0.15 e.v. in the calculated spread of the transition 
energies. The magnitude of the benzene-TCNE 
transition varied by 1.59 e.v. from 4.67 to 3.08 e.v. 
The calculated log K/K° for hexamethylbenzene 
varied by a factor of 16.5 from 0.09 to 1.49.

The estimated values of j3da can be used with the 
variational principle to set up a secular determinant 
(eq. 9) to determine the electronic energies of the

D — W ßoA
ßr>A A — W ( 9 )

resulting complex orbitals and the coefficients a and 
b  for eq. 1, using values of the ionization potential 
and electron affinity for —D and —A. The lowest 
root of this determinant and the calculated value of b  

can be used with the Fes to determine the stabilization 
energy of the complex. The complex will be more 
stable than the isolated donor and acceptor if it has 
a total energy lower than the sum of the total energies 
of the isolated donor and acceptor; i.e.

E* <  E» +  Ea (10)

or again, considering only the (HOMO)D and the 
(LEMO)a, there is a net stabilization if

a2D T  b2A T  2 ci5/3 d a  •— b2Ves <  D (11)

The stabilization energy is then

AEgtab =  D — I?n (12)

If the entropies of formation of the complexes are 
constant, the relative stabilities of the complexes can 
be obtained by11

log K/K° (E stab — E°
2.3 RT

stab/
( 1 3 )

Owing to the crudeness of the method, the uncertainty 
of the parameter values, and the large solvent ef
fects,16-18 the best that can be expected is a linear 
relationship between the calculated and observed 
values. Numerical agreement can be obtained, how
ever, if a least-squares fit is made of these values. 
A similar fit can be made for the energies of the charge- 
transfer transitions. Tables II VI list the uncor
rected and the corrected calculated values, the experi
mental values of the charge-transfer band, and the 14 15 16 17 18 *

(14) G. Briegleb, Angew. Chem. Intern. Ed. Engl., 3, 617 (1964).
(15) H. O. Pritchard, Chem. Rev., 52, 529 (1953).
(16) G. Briegleb and J. Czekalla, Z. Elektrochem., 63, 6 (1959); 
Angew. Chem., 72, 401 (1960).
(17) G. Briegleb, “ Elektronen-Donator-Acceptor-Komplexe,” 
Springer-Verlag, Berlin, 1961, p. 114 ff.
(18) C. C. Thompson, Jr., and P. A. D. deMaine, J. Am. Chem. Soc.,
85, 3096 (1963).
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Table II : Spectra and Relative Stabilities of Complexes 
with 1,3,5-Trinitrobenzene

Donor Caled.
AÍ?ct» e.v.--------- •

Cor.® Obsd. Caled.
Log (K /K °) 

Cor.“ Obsd.

Benzene 4.81 4.38 4.36i> (0) -0 .0 2 (0)*
Toluene 4.40 4.08 4.08 0.14 0.30 0.25
)-Xylene 4.16 3.91 0.23 0.51
m-Xylene 4.15 3.90 3.90 0.24 0.51 0.58
p-Xylene 4.05 3.82 0.28 0.61
Hemimellitene 4.04 3.82 0.28 0.62
Pseudocumene 3.81 3.65 0.38 0.84
Mesitylene 4.03 3.81 0.29 0.63
Prehnitene 3.67 3.54 0.45 0.99
Isodurene 3.67 3.54 0.45 0.99
Durene 3.53 3.44 3.61 0.51 1.14 1.01
Pentamethyl-

benzene 3.43 3.37 0.57 1.26
Hexamethyl-

benzene 3.32 3.28 3.14 0.63 1.39 1.49

° Least-squares fit with observed data. 6 G. Briegleb and J. 
Czekalla, Z .  E l e k t r o c h e m . ,  5 8 ,  249 (1854); 59, 184 (1955).

Table III : Spectra and Relative Stabilities of Complexes 
with p-Quinone

Log

Donor Caled.
—AĴ ct e.v.- 

Cor.° Obsd.
(K / K °)

caled.

Benzene 4 .8 7 4 .0 6 (0 )
Toluene 4 .4 9 3 .9 2 3 .9 3 0 .4 4
o-Xylene 4 .2 7 3 .8 3 3 .8 5 0 .7 3
m-Xylene 4 .2 6 3 .8 3 3 .8 1 0 .7 4
p-Xylene 4 .1 6 3 .7 9 3 .8 7 “ 0 .8 7
Hemimellitene 4 .1 5 3 .7 9 0 .8 9
Pseudocumene 3 .9 5 3 .7 1 1 .1 9
Mesitylene 4 .1 5 3 .7 9 0 .9 0
Prehnitene 3 .8 2 3 .6 6 1 .4 0
Isodurene 3 .8 2 3 .6 6 1 .4 0
Durene 3 .7 0 3 .6 2 1 .6 0
Pentamethylbenzene 3 .6 1 3 .5 8 1 .7 6
Hexamethylbenzene 3 .5 1 3 .5 4 1 .9 5

“ Least-squares fit with observed data. 6 A. Kuboyama and S. 
Nagakura, J .  A m .  C h e m .  S o c . ,  77, 2644 (1955). “ Omitted in 
least-squares fit.

relative stabilities for the complexes of the methyl- 
benzenes and the various acceptors. Benzene is 
adapted as the standard for the stabilities in each case. 
The numerical agreement is satisfactory. IV.

IV. Comparison with Dative Bond and 
Perturbation Theory Treatments

In an addendum to their 1962 review article,19 
Mulliken and Person compared the VB type of treat
ment with Dewar’s MO treatment. In this section

Table IV : Spectra and Relative Stabilities of Complexes 
with Chloranil

Donor Caled.
Ai?CT» e* 

Cor.® Obsd. Caled.
Log (K / K °y  

Cor.“ Obsd.

Benzene 4.04 3.69 3.656 (0) -0 .0 8 ( O f

Toluene 3.63 3.37 3.40 0.07 0.23 0.22
o-Xylene 3.38 3.17 3.22 0.12 0.43 0.54
m-Xylene 3.37 3.16 3.18 0.12 0.44 0.45
p-Xylene 3.26 3.08 3.03 0.14 0.54 0.47
Hemimellitene 3.25 3.07 0.14 0.55
Pseudocumene 3.02 2.89 2.95 0.19 0.77 0.53
Mesitylene 3.24 3.06 3.03 0.14 0.56 0.54
Prehnitene 2.87 2.77 2.79 0.23 0.92 0.95
Isodurene 2.87 2.77 2.76 0.23 0.92 0.92
Durene 2.74 2.66 2.64 0.26 1.07 1.00
Pentamethyl

benzene 2.63 2.58 2.58 0.29 1.20 1.25
Hexamethyl

benzene 2.51 2.49 2.46 0.32 1.34 1.48

a  Least-squares fit with observed data. b See ref. 3.

Table V : Spectra and Relative Stabilities of Complexes 
with Tetracyanoethylene

Donor Caled.
Ai&cT» e. 

Cor.® Obsd. Caled.
Log <,K/K°)- 

Cor.“ Obsd.

Benzene 3.85 3.22 3.19* (0) -0 .1 7 (0)“
Toluene 3.44 2.96 2.99 0.12 0.29 0.28
o-Xylene 3.20 2.82 2.84 0.19 0.60 0.54
m-Xylene 3.19 2.81 2.82 0.20 0.61 0.48
p-Xylene 3.08 2.74 2.69 0.23 0.76 0.58
Hemimellitene 3.07 2.74 2.69 0.23 0.77
Pseudocumene 2.84 2.60 2.61 0.32 1.11
Mesitylene 3.06 2.73 2.67 0.24 0.79 0.94
Prehnitene 2.70 2.51 0.38 1.34
Isodurene 2.70 2.51 2.53 0.38 1.34
Durene 2.56 2.42 2.45 0.43 1.56 1.43
Pentamethyl

benzene 2.46 2.36 2.38 0.48 1.75 1.79
Hexamethyl

benzene 2.34 2.29 2.27 0.53 1.96 2.12

“ Least-squares fit with observed data. b See ref. 10. 'R .  ]
Merrifield and W. D. Phillips, J .  A m .  C h e m .  S o c . ,  80, 2778 
(1958).

the LCMO treatment will be compared with the VB 
treatment and with a simple perturbation theory 
treatment.

To the present degree of approximation, the LCMO 
treatment of EDA complexes looks very similar to the 
traditional VB type of treatment,1 and, in fact, the 
numerical treatment presented here can be carried * 107

(19) R. S. Mulliken and W. B. Person, Ann. Rev. Phys. Chem., 13,
107 (1962).
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Table V I : Spectra and Relative Stabilities of Complexes 
with Iodine

Donor Caled.
AE  CT» e * 

Cor.® Obsd.
.--------- Log
Caled. Cor.® Obsd.

Benzene 4.82 4.31 4.244 (0) -0 .0 2 (0)4
Toluene 4.44 4.07 4.10 0.35 0.19 0.04
o-Xylene 4.22 3.93 3.92 0.59 0.32 0.27
m-Xylene 4.21 3.93 3.90 0.60 0.33 0.33
p-Xylene 4.11 3.87 4.08 0.70 0.39 0.33
Hemimellitene 4.09 3.86 0.71 0.40
Pseudo cumene 3.89 3.73 0.97 0.55
Mesitylene 4.09 3.85 3.73 0.72 0.41 0.75
Prebnitene 3.75 3.65 1.14 0.65
Isodurene 3.75 3.65 3.66 1.14 0.65
Durene 3.63 3.57 3.73 1.31 0.74 0.64
Pentamethyl-

benzene 3.54 3.51 3.47 1.45 0.82 0.78
Hexamethyl-

benzene 3.43 3.45 3.31 1.60 0.91 0.97

“ Least-squares fit with observed data. 4 L. J. Andrews and
R. M. Keefer, J .  A m .  C h e m .  S o c . ,  74, 4500 (1952).

out in the same manner in the VB formalism. The 
difference lies in the formal interpretation of the 
empirically determined parameters. In the present 
crude form, the prime advantage of the LCMO method 
is in the more correct conceptual interpretation of 
these parameters.

In the simplest YB treatment, the ground-state wave 
function is expressed as in eq. 14, where 0o(DA)

4>n  = # 0(DA) +  b4>i( D+-A~) (14)

represents a total wave function for the ground state 
of the donor and acceptor with no interaction between 
them. 0i(D+-A~) is the dative structure in which a 
total charge has been transferred from the donor to 
the acceptor and which involves a bond between them. 
If we use the individual molecular orbitals of the donor 
and acceptor as the basis set for the VB treatment of 
the complex, we can draw an analogy with the VB 
treatment of heteronuclear diatomic molecules.20 The 
<£o(DA) corresponds to what, in the Heitler-London 
treatment, is an ionic state with both electrons on the 
same center (eq. 15). Equation 14 is then actually a

0 o  (DA) =  0 d ( 1 ) 0 d ( 2 )  ( 1 5 )

configuration interaction equation which allows for 
the mixing of the pseudo-ionic 0o(DA) configuration 
and the covalent 0i(D +-A - ) configuration. The in
clusion of higher order terms in eq. 1 (allowance for 
“ reverse dative structures” 2 et-c.) amounts to the in
clusion of additional configurations in the VB treat
ment.

The simple VB formalism is basically a two-electron 
theory while the simplest MO formalism is basically 
a one-electron theory; hence, the interpretation of the 
various parameters used here, particularly the use of 
the electron affinity, is formally correct only in the 
MO scheme.

In a simplification of the perturbation theory treat
ment of EDA complexes,3 the highest occupied orbital 
of the donor may be taken as the unperturbed ground- 
state orbital of the complex, and the lowest empty 
orbital of the acceptor as the unperturbed excited- 
state orbital. The perturbation of the ground state 
may be considered to be the potential of the neutral 
acceptor while the perturbation of the excited state 
will be the potential of the donor bearing a single posi
tive charge. Since the first-order perturbation energy 
for a given state is just the perturbation function 
averaged over the corresponding unperturbed state of 
the system,21 the energies of the N state, the E state, 
and the charge-transfer excitation will be, to first 
order, as expressed in eq. 16-18, respectively. D , A,

-EV =  D +  <0d|7(A)|0d> (16)

E-e =  A +  <0a |7(D +)|0a) (17)

Ecr' = A — D +  <0a|E(D+)|0a> -
(0d|F(A)|0d> (18)

0 d , and 0 a  are as previously defined, and F(A) and 
F(D+) are the perturbing potentials. If either of 
the integrals <0A| F(D+)|0A) or (0d|F(A)|0d) can 
be assumed to be proportional to the ionization 
potential of the donor, the perturbation theory treat
ment can predict a non-unity slope for a plot of the 
charge-transfer transition energy vs. the ionization 
potential of the donor. The greatest difficulty in 
using the perturbation theory explicitly in semi- 
empirical calculations is the evaluation of the perturba
tion terms.

In Murrell’s treatment, the first-order approxima
tions to the wave function for the N and E states are 
as expressed in

0Nr = 0D +  C0A (19)

0n ’  =  0 a  +  d<j> d ( 2 0 )

The coefficients c and d are obtained in the standard 
manner.21 Except for normalization, these functions

(20) J. C. Slater, “ Quantum Theory of Molecules and Solids,”  Mc
Graw-Hill Book Co., Inc., New York, N. Y., 1963, p. 142.
(21) L. Pauling and E. B. Wilson, Jr., “ Introduction to Quantum 
Mechanics,”  McGraw-Hill Book Co., Inc., New York, N. Y., 1935, 
p. 159.
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are very similar to those used in the present work; 
consequently, a second-order perturbation theory 
treatment of EDA complexes should give results simi
lar to the LCMO treatment.

Charge-transfer spectra have frequently been used 
to estimate ionization potentials and electron affinities 
either by use of eq. 8a or simply by fitting known 
values of ionization potentials or electron affinities to 
a linear plot of observed CT spectra with a given 
acceptor or donor, and estimating values for the un
known substances from the plot. While this method 
has been useful, it can be seen from eq. 8 that it must 
be applied with caution. If, in the series chosen, 
either Ves or /Ida varies significantly, the validity of 
the estimated values will be doubtful. Values of 
ionization potentials obtained in this manner are

more likely to be reliable than are electron affinities, 
owing to the fact that a series of similar compounds for 
which ionization potentials are known is more often 
available than is the case with electron affinities. The 
results of parameter variation in this work imply that 
it might be possible to obtain reliable estimates of the 
electron affinities of the acceptors by using these and 
the Tea values as variation parameters and minimizing 
the error in both the transition energies and the rela
tive stabilities with respect to them.
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The Measurement of Surface Tension by the Pendant Drop Technique
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The Laplace equation describing the shape of a liquid drop being acted upon solely by gravi
tational and surface energy forces has been solved by a technique involving reiterated ap
proximations, employing a high-speed digital computer for the purpose. This method of 
solution has been used to extend the table of 1/H as a function of S, quantities which are 
basic to the Andreas-Hauser-Tucker method of measuring surface tension by the pendant 
drop method, to lower values of S than are currently available. This extended table will 
make the pendant drop technique more widely usable. The statistical error inherent in 
the pendant drop technique has been evaluated and found to be greatly dependent upon 
the shape of the drop as expressed in the ratio S. More nearly spherical drops are inher
ently subject to greater imprecision in the measurement of their surface tension.

The shape of a liquid drop being acted upon solely by 
gravitational and surface energy forces is given by eq. 
I .1'2

1 + * # _ ,  +  , *  (!)

In this equation, P  is the radius of curvature at the

point (X,Z ), <f> is the angle made by the tangent at the 
point (X,Z) and the X  coordinate axis, and 3 is the 
shape parameter, given by

(1) P. S. Laplace, “ Mécanique Celeste,” supplement to the 10th 
book, Duprat, Paris, 1806.
(2) F. Bashforth and J. C. Adams, “An Attempt to Test the Theories 
of Capillary Action,” University Press, Cambridge, England, 1883.
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0 =  -ga-V/y (2)

where g is the gravitational constant, a is the effective 
density of the liquid drop (i.e., the density of the liquid 
in the drop minus the density of the surrounding 
medium), y  is the surface or interfacial tension, and b 
is the radius of curvature at the origin. The unit of 
length used in eq. 1 is b, so that X, Z, and 0 are nondi- 
mensional. The sign for 0 follows the convention of 
Bashforth and Adams,2 being negative for a pendant 
drop and positive for a sessile drop.

Equation 1 may be recast in the form of a differential 
equation by setting 1/P equal to d<f>/ds, where s is the 
linear distance along the drop profile. The resulting 
equation is not directly soluble at the present time. 
However, Bashforth and Adams,2 using numerical 
integration techniques, solved the differential equation.

Andreas, Hauser, and Tucker3 suggested the use of 
the pendant drop technique for measurement of sur
face tension, but their method differed from earlier ex
perimentalists in that they made measurements of the 
drop at two selected planes, measuring De, the diameter 
at the equatorial plane, and Ds, the diameter at the 
plane at a distance Z>e from the tip of the drop. This 
obviated the necessity for determining such quantities 
as the position of the point of inflexion of the drop pro
file, which is very difficult to obtain with any degree of 
accuracy. On the other hand, the method of Andreas, 
et al., made the solution of the fundamental equation for 
several values of 0 imperative, since the calculation of 
surface tension from the experimental data obtained 
required the use of a correction factor 1 /H, which is a 
function of the ratio Dg/De, or S. Andreas, et al., were 
rather dubious of the mathematical methods available 
for solution of eq. 1, and preferred to construct the 
table of 1/H vs. S by empirical evaluation of 1/H using 
liquids of known surface tension.

Fordham4 5 and Niederhauser and Bartell6 indepen
dently solved the fundamental equation in order to ob
tain a theoretically sound table of 1/H vs. S. They 
both used numerical integration techniques, similar to 
or identical with the method of Bashforth and Adams.

Niederhauser and Bartell® checked the consistency of 
their table by measuring the surface tension of water, 
using drops having S values from 0.68 to 0.99. They 
obtained the same value for surface tension with any 
size drops, and also showed that there was a systematic 
error in the table of Andreas, et al., amounting to as 
much as 1.4%. Their table, and a short discussion of 
the pendant drop technique, is also published in Adam
son’s book on surface chemistry.6

Staicopolus7 solved the fundamental equation by use 
of first-order approximations for the derivatives, with a

very small interval of integration. High-speed digital 
computers made such a procedure feasible. He used 
positive values for 0 in order to apply the results to ses
sile drops, and expressed the resulting factors as poly
nomial coefficients rather than as a table of factors.

The table of 1/H vs. S published by Fordham and 
Niederhauser and Bartell covers a range of S values 
from 0.66 to 1.00. During the course of work in this 
laboratory, values for 8  less than 0.66 were often ob
tained. It is always a nuisance to change the size of 
the pendant drop in order to bring S above 0.66, and in 
some instances it was preferable not to disturb the 
droplet. Thus, a definite need for an extended table of 
1/H vs. S was felt, and the present work was under
taken to fulfill that need.

Experimental
Method. The method used was one of reiterated 

approximations, using a digital computer for all calcu
lations. The values of X, Z, <f>, and d<f> are given at the 
origin, and the values for the first three variables are 
estimated at the point which is a distance ds along the 
drop profile. An estimated d<j> is calculated (from eq.
1), an adjusted value of <f> is obtained, new values of X  
and Z are calculated at the point, a second estimate of 
df/> is calculated, and finally a second adjustment is 
made of <¡>. The calculation is then advanced forward 
to the next point.

The computer program was written so that any de
sired value of ds and 0 could be read into the computer 
at the beginning of the calculations, and with the option 
of beginning at the origin or at any point on the profile 
by supplying the appropriate values for X, Z, <p and d4>. 
In practice, ds was usually 0.001, while 0 was varied 
from —0.0125 to —0.2375 in increments of 0.0125. 
Also, the calculation was carried out at other values of 0 
for comparison with the results of Niederhauser and 
Bartell. The details of the calculations and the For
tran program are available upon request.

In order to obtain X e, the radius of the drop at the 
equatorial plane, X  was plotted vs. s around the point 
where <j> had the value v/2. A smooth curve was 
drawn through the points, and X e, the maximum value 
which X  obtained, was read directly from the graph.

(3) J. M. Andreas, E. A. Houser, and W. B. Tucker, J. Phys. Chem., 
42, 1001 (1938).
(4) S. Fordham, Proc. Boy. Soc. (London), A194, 1 (1948).
(5) D. O. Niederhauser and F. E. Bartell, “ Report of Progress- 
Fundamental Research on Occurrence and Recovery of Petroleum, 
1948-1949,” American Petroleum Institute, Baltimore, Md., 1950, pp. 
114-146.
(6) A. W. Adamson, “ Physical Chemistry of Surfaces,” Interscience 
Publishers, Inc., New York, N. Y., 1960.
(7) D. N. Staicopolus, J. Colloid Sci., 17, 439 (1962).
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Table I : Tabulation of Calculated Data

& Xe Xs S l / H

—0.0125 1.00209724 0.19759259 0.19717906 19.88093704
—0.0250 1.00422263 0.26332724 0.26221998 9.91607923
-0.0375 1.00637708 0.31117094 0.30919915 6.58244559
-0.0500 1.00856146 0.35027590 0.34730248 4.91547255
-0.0625 1.01077669 0.38404412 0.37994952 3.91516035
-0.0750 1.01302373 0.41416856 0.40884389 3.24923111
-0.0875 1.01530354 0.44163167 0.43497501 2.77166126
-0.1000 1.01761731 0.46706015 0.45897426 2.41418769
-0.1125 1.01996606 0.49088254 0.48127341 2.13607278
-0.1250 1.02235101 0.51340630 0.50218200 1.91350647
-0.1375 1.02477338 0.53486074 0.52193075 1.73133711
-0.1500 1.02723466 0.55542181 0.54069613 1.57946287
-0.1625 1.02973586 0.57522944 0.55861844 1.45089161
-0.1750 1.03227886 0.59439493 0.57580849 1.34062679
-0.1875 1.03486508 0.61301086 0.59235324 1.24500550
-0.2000 1.03749622 0.63115402 0.60834344 1.16128006
-0.2125 1.04017405 0.64888967 0.62382798 1.08734921
-0.2250 1.04290046 0.66627366 0.63886601 1.02157857
-0.2375 1.04567752 0.68335468 0.65350423 0.96267757

X s was calculated by linear interpolation of X  in terms 
of Z at the point where Z =  2Xe, i.e., Z =  De. The 
linearity of the relationship between Z and X  in this 
limited region was verified by re-entering the calcula
tions at successively smaller values of ds and obtaining 
values throughout this region. No discernible devia
tions from linearity were found in the eighth decimal 
place.

For each value of ¡3, the values X c and X s so obtained 
were used to calculate the values pertinent for our pur
poses, according to the equations

£  =  X s/ X e (3)

l/H = - l/ K D ey  =  - l /4 /3 (X e )2 (4)

A list of the values so obtained is given in Table I.
Interpolation was done using Newton's method of 

interpolation with divided differences. The logarithm 
of l/H was used in this interpolation to decrease the 
extreme contributions of the large differences at the 
small value of S. Differences up to and including the 
fourth one were used in the calculations. The resulting 
tabulation of l/H vs. S, in increments of 0.001 in S, is 
presented in Table II.

In any work such as this, the question of accuracy is 
of prime importance. The calculations were done on 
an IBM 1620 digital computer with 12-digit precision, 
or on an IBM 7094 computer with 16-digit precision. 
Calculations done on both machines at one particular 
value of (S gave results identical to the eighth decimal 
place. Results obtained from calculations with ¡3 
equal to -0 .20 , —0.30, -0 .375, -0 .45 , or —0.55 cor

respond exactly with the numerical results published by 
Niederhauser and Bartell.6

The plot of X  vs. s for the determination of X e was 
exact in the seventh decimal place, and the value of X 0 
could be read to ±  1 in the eighth place. A difference 
table of X e vs. f3 showed essentially zero third differ
ences.

As mentioned above, the linearity of the plot of Z vs. 
X  in the region of Z =  2Xe was checked by recalculating 
the values of X  and Z at successively smaller values of 
ds to a final ds of 0.000001. The plot of the values so 
obtained showed no deviation from linearity, although 
it was of such a scale that differences of ± 2  in the eighth 
place would have been easily discernible.

The difference table of X s in terms of ¿3 did not readily 
go to zero at the lower values of ¡3. This probably 
means only that X 3 cannot be expressed as a simple 
polynomial function of d- The differencing, however, 
did not indicate the presence of mathematical errors in 
any particular term.

The use of no divided differences higher than the 
fourth in the interpolation step resulted in a maximum 
error of 1 in the fifth place in the natural logarithm of 
l/H, corresponding to less than 1 in the sixth place in 
the value of l/H. The value of l/H at $  =  0.670 
agrees exactly with the value calculated by Nieder
hauser and Bartell,5’6 but in the S range 0.660-0.670, 
the values of l/H given here are slightly lower than 
those found by Fordham.4

To check the unbiased nature of Table II, especially 
with respect to the table given by Niederhauser and

Volume 69, Number 6 June 1965



1936 C l y d e  E. S t a u f f e r

Table II: Tabulation of 1/H vs. S

s 0 l 2 3

0.30 7.09837 7.03966 6.98161 6.92421
0.31 6.53998 6.48748 6.43556 6.38421
0.32 6.03997 5.99288 5.94629 5.90019
0.33 5.59082 5.54845 5.50651 5.46501

0.34 5.18611 5.14786 5.11000 5.07252
0.35 4.82029 4.78564 4.75134 4.71737
0.36 4.48870 4.45729 4.42617 4.39536
0.37 4.18771 4.15916 4.13087 4.10285

0.38 3.91384 3.88786 3.86212 3.83661
0.39 3.66427 3.64051 3.61696 3.59362
0.40 3.43572 3.41393 3.39232 3.37089
0.41 3.22582 3.20576 3.18587 3.16614

0.42 3.03258 3.01413 2.99583 2.97769
0.43 2.85479 2.83781 2.82097 2.80426
0.44 2.69110 2.67545 2.65992 2.64452
0.45 2.54005 2.52559 2.51124 2.49700

0.46 2.40034 2.38695 2.37366 2.36047
0.47 2.27088 2.25846 2.24613 2.23390
0.48 2.15074 2.13921 2.12776 2.11640
0.49 2.03910 2.02838 2.01773 2.00715

0.50 1.93521 1.92522 1.91530 1.90545
0.51 1.83840 1.82909 1.81984 1.81065
0.52 1.74808 1.73938 1.73074 1.72216
0.53 1.66369 1.65556 1.64748 1.63946

0.54 1.58477 1.57716 1.56960 1.56209
0.55 1.51086 1.50373 1.49665 1.48961
0.56 1.44158 1.43489 1.42825 1.42164
0.57 1.37656 1.37028 1.36404 1.35784

0.58 1.31549 1.30958 1.30372 1.29788
0.59 1.25805 1.25250 1.24698 1.24149
0.60 1.20399 1.19875 1.19356 1.18839
0.61 9.15305 1.14812 1.14322 1.13834

0.62 1.10501 1.10036 1.09574 1.09114
0.63 1.05967 1.05528 1.05091 1.04657
0.64 1.01684 1.01269 1.00856 1.00446
0.65 0.97635 0.97242 0.96851 0.96463
0.66 0.93803 0.93431 0.93061 0.92693

4 5 6 7 8

6.86746 6.81135 6.75586 6.70099 6.64672
6.33341 6.28317 6.23347 6.18431 6.13567
5.85459 5.80946 5.76481 5.72063 5.67690
5.42393 5.38327 5.34303 5.30320 5.26377

5.03542 4.99868 4.96231 4.92629 4.89061
4.68374 4.65043 4.61745 4.58479 4.55245
4.36484 4.33461 4.30467 4.27501 4.24564
4.07509 4.04759 4.02034 3.99334 3.96660

3.81133 3.78627 3.76143 3.73682 3.71242
3.57047 3.54752 3.52478 3.50223 3.47987
3.34965 3.32858 3.30769 3.28698 3.26643
3.14657 3.12717 3.10794 3.08886 3.06994

2.95969 2.94184 2.92415 2.90659 2.88918
2.78769 2.77125 2.75496 2.73880 2.72277
2.62924 2.61408 2.59904 2.58412 2.56932
2.48287 2.46885 2.45494 2.44114 2.42743

2.34738 2.33439 2.32150 2.30870 2.29600
2.22176 2.20970 2.19773 2.18586 2.17407
2.10511 2.09391 2.08279 2.07175 2.06079
1.99666 1.98623 1.97588 1.96561 1.95540

1.89567 1.88596 1.87632 1.86674 1.85723
1.80153 1.79247 1.78347 1.77453 1.76565
1.71364 1.70517 1.69676 1.68841 1.68012
1.63149 1.62357 1.61571 1.60790 1.60014

1.55462 1.54721 1.53985 1.53253 1.52526
1.48262 1.47567 1.46876 1.46190 1.45509
1.41508 1.40856 1.40208 1.39564 1.38924
1.35168 1.34555 1.33946 1.33341 1.32740

1.29209 1.28633 1.28060 1.27491 1.26926
1.23603 1.23061 1.22522 1.21987 1.21454
1.18325 1.17814 1.17306 1.16801 1.16300
1.13350 1.12868 1.23389 1.11913 1.11440

1.08656 1.08202 1.07750 1.07300 1.06853
1.04225 1.03796 1.03368 1.02944 1.02522
1.00037 0.99631 0.99227 0.98826 0.98427
0.96077 0.95692 0.95310 0.94930 0.94552
0.92327 0.91964 0.91602 0.91242 0.90884

9

6.59306
6.08756
5.63364
5.22474

4.85527
4.52042
4.21654
3.94010

3.68824
3.45770
3.24606
3.05118

2.87192
2.70687
2.55463
2.41384

2.28339
2.16236
2.04991
1.94527

1.84778
1.75683
1.67188
1.59242

1.51804
1.44831
1.38288
1.32142

1.26364 
1.20925 
1.15801 
1.10969

1.06409
1.02102
0.98029
0.94176
0.90528

Bartell, determinations of the interfacial tension be
tween water and n-heptane were made. Three dif
ferent tips were used, and approximately 12 drops were 
formed with each tip, photographed, and measured to 
obtain drop dimensions. The water was tap distilled 
water which had been deionized with a mixed ion-ex
change resin. The n-heptane was a commercial prod
uct, b.p. 98-99°, which was treated three times with 
one-fifth of its volume of activated silica gel and was 
stored over silica gel. The n-heptane was held in a 
jacketed container held at 26° and the water droplet 
was expressed from a micrometer syringe. The range of 
S values represented in each group of droplets, the

average interfacial tension, and the standard deviation 
of each mean are presented in Table III. The dif
ferences between these values were not significant at 
the 5% level by Student's t-test.

Table H I : Interfacial Tension of Water and n-Heptane

Interfacial Numbers
S, values, tension, Std. dev. of

range dynes/cm. of the group droplets

0.54-0.57 50.11 ±1 .13 n
0.64-0.66 49.43 ±0 .85 u
0.70-0.72 50.34 ±0.79 12
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The first two values are in S ranges requiring the use 
of Table II, while in the calculation of the third value, 
Niederhauser and Bartell’s table of l/H vs. S was used. 
The consistency of the two tables is thus shown.

Possible Error in the Pendant Drop Method. In 
evaluating the experimental error in a method, the 
usual course is to estimate the percentage of error in 
each individual measurement and sum the estimates. 
In the pendant drop method of measuring surface ten
sion, there are two experimental measurements to be 
made, De and Ds. A level of 0.1% accuracy is readily 
obtainable using reasonably careful measuring tech
niques, while if the drop were accurately photographed 
and the image then measured with a microcomparator, 
a claim of 0.01% accuracy would not seem outrageous. 
Such error estimates lead to a statement such as that 
found in Adamson,6 that the method is “ good to a few 
tenths of a percent.”

Owing to the particular manner in which the drop 
measurements are made and also to the nature of the 
subsequent calculations, the experimental errors are 
not simply additive, but tend rather to combine in a 
pseudo-exponential fashion. In addition, the magni
tude of this large increase depends upon the shape of 
the drop, as exemplified by the ratio Ds/De (=  S). 
The purpose of this section is to explore the nature of 
the error propagation in the pendant drop method, and 
to determine the connection between the probable ex
perimental error, the shape parameter S, and the ac
tual experimental error of measurement.

If one considers a drop as shown in Figure 1, the ab
solute error in measuring the diameter of the drop may 
be expressed as ±2«. The per cent error, e, is then 
given by

e =  X 100 (5)

If the individually measured value of De is in error, 
for example if it is too large by the amount 8, then the 
wrong plane Za will be chosen for the measurement of 
Da. As a result, the value of Da will be, in this case, 
too small by the amount 28AX/AZ (plus the experi
mental errors in determining ZB and measuring Ds). 
These two errors will magnify each other in giving a 
calculated value of S which is smaller than the true 
value. From this a value of l/H which is greater than 
the true figure is read from the table of correction fac
tors and is inserted in the equation for the calculation 
of surface tension (eq. 6) along with the too large value 
of D0. The combination of these two erroneously high

7 =  gAP(Dey(l/ II)  (6)

figures gives a calculated value of interfacial tension

Figure 1. Pendant drop, showing error of measurement, e.

Figure 2. Probable limits of error in calculated surface 
tension as a function of drop shape.

Table IV : Probable Limits of Error in Surface Tension

s 2(Ty/fiy, %

0.959 2.130
0.879 2.264
0.797 2.893
0.722 3.873
0.653 5.166
0.592 6.773
0.522 9.393
0.459 12.855
0.380 19.791

which is high, but by a factor which is more than just 
the sum of the measuring errors in De and DB.

The propagation of errors in this method has been 
evaluated by considering the- error of an individual 
measurement, ±e, to represent the 95% confidence
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limits ± 2  o- (where <t represents the standard deviation 
of the individual measurement). Treating all measure
ments statistically and combining them in a straight
forward algebraic manner, an estimate of the probable 
limits of the error in the true value of surface tension, 
Hy, is obtained. The variance of a single determination 
and calculation is ±  <ry, so to include 95% of the cases 
the limits were taken to be ± 2 o y  The probable limits 
expressed as a percentage of true surface tension are 
given in Table IY. A per cent error of measurement, 
e, of 1% is assumed. For other per cent errors a simple

multiplication is all that is necessary. The details of 
the error analysis are available upon request.

The values of 2<rr are also plotted vs. S in Figure 2. 
From this plot the desirability of working at S ratios 
close to 1.0 is evident. Although this is not always 
feasible because of other factors, if one chooses (or is 
forced) to use more nearly spherical drops, of smaller S 
values, he should be aware of the loss of accuracy en
tailed thereby.8 *

(8) O. L. Davies, “ Statistical Methods in Research and Produc
tion,” Hafner, New York, N. Y., 1961.

Measurement by Benzoate Radiolytic Decarboxylation of Relative Rate 

Constants for Hydroxyl Radical Reactions

by R. W . Matthews and D. F. Sangster

Australian Atomic Energy Commission Research Establishment, Sutherland, Sydney, Australia 
(.Received December 23, 1964)

The decarboxylation of 14C carboxyl-labeled benzoate during the irradiation of a dilute, 
aerated aqueous solution by ionizing radiation has been studied. It was found that, in 
addition to the 14C 02 produced during the irradiation, there was a post-irradiation produc
tion of further carbon dioxide during the following few hours. From the kinetic salt 
effect and competitor studies, it is concluded that the hydroxyl radical is involved in the 
production of all the carbon dioxide found. Provided comparisons are made at a set time, 
the system can be used to measure over-all reaction rates for solute-hydroxyl radical re
actions relative to the benzoate—OH reaction rate. Values for 20 solutes are given and 
compared with some of the published values. The highest values found were 2.1 for ferro- 
cyanide—OH and 2.4 for iodide—OH. Values found for the aromatic compounds studied 
lie between 0.39 for nitrobenzene and 1.6 for phenate. Where hydrogen abstraction is 
involved, lower values are found.

Introduction
Products which have been identified from the radi

olysis of dilute aerated aqueous solutions of benzoic 
acid or benzoate salts are the three isomeric hydroxy 
acids, carbon dioxide from the carboxyl group,1’2 and 
a dialdehyde of unknown structure which is thought 
to be related to mucondialdehyde.3 Post-irradiation

effects have been observed in irradiated aqueous solu
tions of benzene,4 but none have been reported for

(1) H. Loebl, G. Stein, and J. Weisa, J. Chem. Soc., 405 (1951) ; 
W. A. Armstrong, B. A. Black, and D. W. Grant, J. Phys. Chem., 
64, 1415 (1960); A. Sugimori and G. Tsuchihashi, Bull. Chem. Soc. 
Japan, 33, 713 (1960); A. Sakumoto and G. Tsuchihashi, ibid., 34 
660, 663 (1961).
(2) A. M. Downes, Australian J. Chem., 11, 154 (1958).

The Journal of Physical Chemistry



R elative R ate Constants for Hydroxyl R adical R eactions 1939

benzoate solutions. We have found that, in addition to 
the decarboxylation reaction which occurs during ir
radiation, there is a further production of carbon di
oxide following removal of the solution from the radia
tion field.

The phenol found in irradiated solutions of benzene 
results from benzene-hydroxyl radical reactions3 4 5 so 
there is good reason for assuming that hydroxy acids 
would result from benzoate-hydroxyl radical reactions. 
Some suggestions have been made as to the mecha
nism of the decarboxylation reaction but, although 
these mechanisms involve the hydroxyl radical, no 
attempt has been made to establish that this is, in 
fact, the reactive species.

One of the most widely used methods for obtaining 
information on the mechanism cf a radiation-induced 
reaction is to study the effect of known radical scaven
gers on the product yield. If satisfactory competi
tions can be established, the nature of the attacking 
radical and the relative rates o: competing reactions 
can be determined.

This paper describes such a study. From the ex
perimental results and the absence of salt effects, it is 
established that the same reactant— the hydroxyl 
radical—is involved in the production of all of the C 02 
found. It is found that the complication of the slow 
reaction does not invalidate the use of this system to 
measure directly relative rate constants for solute- 
hydroxyl radical reactions.

The hydroxyl radical is often the most reactive 
species present in dilute, aerated aqueous solutions 
subjected to ionizing radiation. Usually the other 
primary products of the radiolysis of water either 
react very slowly or are scavenged by the molecular 
oxygen present forming unreactive radicals. The 
determination of hydroxyl radical reaction rate con
stants is therefore necessary for an understanding of 
the radiolysis of aerated solutions.

Published values were reviewed by Ferradini.6 
Since most of the determinations were carried out in a 
sulfuric acid medium, it is possible that some of the 
rates measured are appropriate to • HS04 radical rather 
than the -OH radical. Further, a number of the de
terminations were carried out using Fenton’s reagent 
and doubts have been expressed regarding whether the 
reacting species produced by Fenton’s reagent is the 
hydroxyl radical or some other entity.6

Subsequently, further determinations have been 
published of relative rate constants for the reactions 
between hydroxyl radical and a limited number of 
solutes, the reduction in product yield from the refer
ence solute being measured as a function of the ratio of 
competitor concentration to solute concentration. Ra-

bani and Stein7 have used ferrocyanide-ferricyanide as 
a reference system, Adams and Boag8 have used the op
tical density at 600 m/i of the carbonate transient species 
produced in pulse radiolysis, while Kraljic and Trum- 
bore9 have measured the decolorization of p-nitroso- 
dimethylaniline. Relative rate constants have been 
measured, using the radiolytic decarboxylation of 
benzoate ion as the reference system, for a number of 
competitors at pH 10.5-10.8 and for some of these at 
lower pH values down to pH 3. The values found are 
compared with those obtained by other authors, and 
their significance is discussed.

Experimental

Solutions. The water used was purified in an all- 
Pyrex apparatus by passing steam from demineralized 
water containing acid dichromate successively through 
alkaline permanganate and acid dichromate solutions 
and a final flask containing the condensate.

Benzoic acid,14 C-carboxyl-labeled, was diluted with 
inactive benzoic acid to a specific activity of about
0.7 me./mmole. The mixture was purified by vacuum 
sublimation and an aqueous stock solution of concen
tration approximately 8 X  10-3 M  was prepared. 
The competitors and inert salts used in the preparation 
of solutions were A.R. chemicals and where appro
priate were freshly distilled.

The pH of each solution prepared for irradiation was 
adjusted if necessary by adding the calculated amount 
of sodium hydroxide solution or sulfuric acid solution. 
Precautions were taken before irradiation to exclude 
atmospheric carbon dioxide from alkaline solutions 
because this might act as a competitor for the radicals. 
The pH was checked with an E.I.L. pH meter.

Deoxygenated solutions were prepared by passing 
oxygen-free nitrogen through the solution for 2 hr. 
For the experiment using nitrous oxide, cylinder gas 
was dissolved at atmospheric pressure in deoxygenated 
solution. The tubes containing the solutions were 
wrapped in aluminum foil to prevent any photochemi
cal decomposition.

Irradiations. Generally solutions of pH 10 or above

(3) I. Loeff and A. J. Swallow, J. Phys. Chem., 68, 2470 (1964).
(4) L. M. Dorfman, I. A. Taub, and R. E. Buhler, J. Chem. Phys., 36, 
549 (1962).
(5) C. Ferradini in H. J. Emeleus and A. G. Sharpe, Ed., “Advances 
in Inorganic Chemistry and Radiochemistry,”  Vol. Ill, Academic 
Press, New York, N. Y., 1962, p. 171.
(6) A. E. Cahill and H. Taube, J. Am. Chem. Soc., 74, 2312 (1952) ; 
G. Buxton and W. K. Wilmarth, J. Phys. Chem., 67, 2835 (1963); 
A. O. Allen, Radiation Res., Suppl. IV, 54 (1964).
(7) J. Rabani and G. Stein, Trans. Faraday Soc., 58, 2150 (1962).
(8) G. E. Adams and J. W. Boag, Proc. Chem. Soc., 112 (1964).
(9) I. Kraljic and C. N. Trumbore, to be published.
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were irradiated in Pyrex glass-stoppered test tubes. 
Deoxygenated solutions and solutions at pH less than 
10 were irradiated in sealed tubes provided with two 
break-seals or in tubes provided with a water-lubricated 
vacuum stopcock.

Tubes with very little air space were used with solu
tions of benzene to minimize the escape of competitor. 
A parallel set of tubes was prepared under identical 
conditions but without benzoate or irradiation. The 
benzene concentration in these tubes was estimated 
spectrophotometrically at 254 m/t and the calculated 
concentration ratio for the irradiated tubes was cor
rected accordingly. The correction was 5%, which 
agreed with calculations based on vapor pressure data. 
It was found that if these precautions were not taken, 
very large errors could be incurred due to the volatility 
of the benzene from aqueous solution.10

The total dose given to each solution was about
35.000 rads (2.2 X 1018 e.v./ml.) at a dose rate of
116.000 rads/hr. (1.2 X 1017 e.v./ml. min) using a co
balt-60 y-ray source. The tubes in each competitor 
series were irradiated simultaneously in a special 
holder. It had been found previously that dose dif
ferences between positions were less than ±2% . 
The dose was estimated from ferrous sulfate dosimeters 
taking (?f0a+ to be 15.5. All irradiations were carried 
out at ambient temperature which was estimated to 
be 18-25°.

14C02 Analyses. In the case of the alkaline solu
tions, aliquots were taken for analysis at specified 
times after irradiation and placed in simple C 02 re
covery assemblies. A solution containing 20 mg. of in
active carrier sodium carbonate was added, the solu
tions were acidified, and 200 cc. of nitrogen was bubbled 
through the solution. Active spray was removed in a 
scrubber containing dilute sulfuric acid and the gas 
was then bubbled through a fine sintered disk into 12 
ml. of a solution of ethanolamine in methanol (120 
ml./l.).

For acid and deoxygenated solutions, the sealed 
tubes were connected to the C 02 recovery line, the 
break-seals broken, carrier carbonate and acid added, 
and the 14C 02 recovered from the whole of the solu
tion. When tubes were fitted with a water-lubricated 
stopcock, a rubber serum cap was fitted over the 
free side arm of the stopcock, and a measured amount 
of alkaline sodium carbonate solution injected by a 
long hypodermic needle through the bore of the opened 
stopcock into the solutions. After shaking, the solu
tions were treated as for alkaline solutions.

Five milliliters of the absorption solution was mixed 
with 5 ml. of liquid scintillant (4 g. of PPO (2,5- 
diphenyloxazole) and 100 mg. of POPOP (l,4-bis-2-

(5-phenyloxazolyl)benzene)/l. of toluene) and counted 
in either a Tracerlab or Nuclear Enterprises liquid 
scintillation counting assembly. Appropriate blanks 
were determined from unirradiated solutions in each 
series of analyses. The activity of the benzoate in 
the unirradiated solutions was determined by adding 
100 /il. to the same scintillant mixture. More than
30,000 counts were taken in each case. The GCo2 was 
calculated from these results. The over-all accuracy 
of each G value may be taken as better than ± 8 % . 
The two counting assemblies gave identical G values.

Hydrogen Peroxide. For the determination of the 
yield of hydrogen peroxide, the Ti4+ method was used.11 
The more sensitive Ghormley method12 was also tried 
but it was found that the I3~ color faded too rapidly for 
an accurate estimate to be made.

Results and Discussion

Decarboxylation of Benzoate. Any 14C 02 found must 
come from the carboxyl side chain of the benzoate, 
that is, from some decarboxylation reaction. Dis
parities between the results from early duplicate runs 
were traced to the post-irradiation production of 14C 02. 
In Figure 1, Geo, is plotted against the time after ir
radiation of the analysis. The Gcos value increased 
rapidly during the first day to 0.9, then more slowly 
to 1.0 after 6 days. The yield of hydrogen peroxide 
is (th2o2 =  2.2. It was found that the addition of an 
equivalent quantity of hydrogen peroxide to benzoate

Figure 1. Post-irradiation effect.

(10) The authors wish to thank Dr. E. J. Hart for drawing this te 
their attention.
(11) G. M. Eisenberg, Ind. Eng. Chem., 15, 327 (1943).
(12) C. J. Hochanadel, J. Phys. Chem., 56, 587 (1952).
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solution gave a negligible amount of carbon dioxide 
over several days (Table I).

Table I : GCo. Values from Irradiated Aerated 
Benzoate Solutions

Concn. of
benzoate + Time after

benzoic, Added Concn., irradiation,
m l pH soluté m ¥ OO<3 hr.

0.6 3 Nil 0.61 1.2
0.7 7 Nil 0.72 0.8
0.7 10.5-10.8 Nil 0.63 0.9
0.7 10.8 H20 2 0.07 0.02“ 48
0.8 10.7 Nil6 0.20 0.5
0.8 10.5 Ethanol 1.8 0.30 0.8
0.8 10.5 Ethanol 1.8 0.33 4.7

0.8 10.5 <f Ethanol
1 k 2so4

1.8
100 0.31 0.8

0.8 10.5 i1 Ethanol
( k 2so4

1.8
100 0.35 4.7

0.7 10.5 Benzene 1.5 0.18 1.1
0.8 10.7 Acetone 8 0.59 0.9
1.0 3.6 h 2o 2 1000 2.7 0.8
0.7 3.6 n 2o 6 1 atm. 0.79 0.6
0.8 10.8 Ethanol 2.26 0.31 0.83
6.4 10.8 Ethanol 18.1 0.34 0.83
0.8 10.8 Ethanol 2.26 0.37 5.0
6.4 10.8 Ethanol 18.1 0.37 5.0

“ Unirradiated solution—equivalent to G  value for 35 krads. 
b Deoxygenated.

We have noted a similar post-irradiation decarboxy
lation in salicylate solutions. In this case, however, 
the production of carbon dioxide continued for 3 
weeks or more after irradiation and the additional re
action possibly involved hydrogen peroxide and metal 
ion impurities. This may explain the high Gcoi value 
found by Downes2 for aqueous salicylate radiolysis.

Consequently, all measurements were taken within 
6 hr. of irradiation and the time of analysis was noted. 
Geo2 values quoted in the literature for benzoate or 
salicylate radiolysis at unspecified times after irradia
tion have only semiquantitative validity.

Preliminary experiments with benzoate solutions 
showed that the yield of 14 15C 02 was independent of 
concentration above 0.4 mM  and of total dose below 
about 40 krads. This shows that reactions involving 
the products of the radiolysis may be neglected. There 
was no evidence, up to this dose, of a break caused by 
an insufficiency of oxygen. All experiments were 
therefore carried out within these limits.

It can be seen (Table I) that decarboxylation is con
siderably less in deoxygenated solutions. Presumably 
oxygen reacts with the benzoate-hydroxyl radical

addition complex in the same way as it reacts with the 
benzene-hydroxyl radical complex.4

Identification of Reacting Radical. Results of ex
periments carried out to identify the reacting radical 
are given in Table I. Although in some cases it must 
be modified to have quantitative significance,13 the 
kinetic salt effect has been used to determine the sign 
of the charge on reacting species produced during the 
radiolysis of aqueous solutions.14 The addition of
0.1 t f  potassium sulfate or 0.1 M  sodium perchlorate 
did not alter the yield of carbon dioxide from benzoate 
in the presence of a known amount of uncharged 
competitor ethanol. This demonstrates that the 
attacking species in both prompt and post-irradiation 
decarboxylation is uncharged.

Of the species known to be produced during the radi
olysis of water, molecular hydrogen is unreactive and 
hydrogen peroxide reacts too slowly to be responsible 
for the carbon dioxide observed within a few hours of 
the irradiation. The hydrogen atom reacts much more 
readily with the oxygen in aerated solution than with 
benzene.16 Since benzene is an effective competitor, 
the hydrogen atom cannot be the decarboxylating 
species. Further, oxygen would be a competitor 
whereas, in fact, the 14C 02 yield was lower in deoxy
genated solution, (th in neutral solution is about
0.5 so the hydrogen atom alone could not account for 
all the 14C 02 found within 1 day of irradiation.

The product of the reaction between H atom and 
molecular oxygen is the hydroperoxyl radical, H 02. 
This is reported to be fairly unreactive toward ben
zene, the evidence for this being summarized by 
Smith and Norman.16 Systems in which the hydro
peroxyl radical has been identified by electron spin 
resonance spectroscopy are barely effective in oxidizing 
benzene. Since benzene is an effective competitor, 
H 02 is not the decarboxylating species. At pH >6, 
H 02 will ionize rapidly (within 1 /¿see.)17 giving 0 2~. 
Since this is charged, it cannot be the decarboxylating 
species. 0 2_ is also the product of the oxygen-electron 
reaction. Since the electron scavenger, acetone, pres
ent at a concentration of 10 times the benzoate con
centration has little effect on the 14C 02 yield, this is

(13) B. Perlmutter-Hayman and G. Stein, J.Chem. Phys., 40, 848 
(1964).
(14) G. Czapski and H. A. Schwarz, J. Phys. Chem., 66, 471 (1962); 
E. Collinson, F. S. Dainton, D. R. Smith, and S. Tazuka, Proc. 
Chem. Soc., 140 (1962) ; E. J. Hart and J. W. Boag, J. Am. Chem. Soc., 
84, 4090 (1962) ; A. Hummell and A. O. Allen, Radiation Res., 17, 
302 (1962).
(15) P. V. Phung and M. Burton, ibid., 7, 199 (1957).
(16) J. R. L. Smith and R. O. C. Norman, J. Chem. Soc., 2897 (1963).
(17) G. Czapski and B. H. J. Bielski, J. Phys. Chem., 67, 2180 (1963).
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additional proof that neither the hydrated electron 
nor the hydroperoxyl anion effect decarboxylation.

This leaves only the hydroxyl radical and none of the 
experimental observations are inconsistent with the 
proposition that the hydroxyl radical is the decarboxy- 
lating species. Evidence that the hydroxyl radical 
is involved is shown in the following paragraphs.

(1) Among the products from the radiolysis of 
aerated benzoate solutions are the three isomeric 
hydroxy acids.1'2 3 4 * * * As noted earlier, it can be reason
ably assumed that these hydroxy acids result from 
benzoate-hydroxyl reactions. From Table II it can 
be seen that the sum of the G values of the products 
equals 2.4 which is the hydroxyl radical primary yield. 
However, it should be noted that Loeff and Swallow8 * * * * * 
have recently published values for hydroxylation 
products which are rather lower than those found by 
other authors. Their results are given for comparison 
in Table II.

Table II : Yields of Hydroxylation Products

------------------G values—
p H  4 p H  6.5 p H  6 .8 -8 .3

o-Hydroxybenzoic acid 0.74 0.67 0.62
TO-Hydroxybenzoic acid 0.42 0.37 0.32
¡o-Hydroxybenzoic acid 0.33 0.37 0.26

1.49“ 1.41* 1.2
Dialdehyde ~ 0 .5
C02 0.9-1.0“ 0.9-1.0“ 0.75

2 .4r-2.5 2.3-2.4 2.45"

“ See ref. 2. b See Armstrong, Black, and Grant, ref.
“ At 1-6 days after irradiation. d See ref. 3.

(2) In 1 M  hydrogen peroxide there is a greater 
yield of hydroxyl radical18 and a much greater yield 
of C 02 was found.

(3) In the presence of nitrous oxide in deoxygenated 
solution a greater yield of C 02 is found— the hydrated 
electrons present being converted to hydroxyl radicals 
to increase the effective number of hydroxyl radicals.19

(4) The carbon dioxide yield is markedly decreased
by known hydroxyl radical scavengers such as iodide,
ferrocyanide, benzene, formate, and ethanol, and it
will be shown that the relative rate constants found are
in good agreement with those found by other authors.

Mechanism of Decarboxylation. Experimental values
of Geo, measured soon after removal from the radiation
field could not be reproduced accurately enough to en
able an extrapolation to be made to zero time. We are,
therefore, unable to say whether all of the C 02 results

from one reaction, the later stages of which are observed 
as the post-irradiation effect, or whether there is an 
additional reaction giving some of the C 02 and complete 
before removal from the radiation field, that is in sec
onds or milliseconds. Expressed another way, we have 
been unable to determine whether fcx of the next section 
is negligible or significant.

Armstrong, Black, and Grant1 have pointed out that 
the absence of sufficient phenol in the radiolytic prod
ucts shows that it is unlikely that the reaction involves 
electron transfer from benzoate to the hydroxyl radi
cal giving the well-known benzoate radical which 
subsequently decomposes to carbon dioxide.

Loeff and Swallow8 have further discussed this ques
tion and favor decomposition of the oxygen addition 
complex of the hydroxycyclohexadienyl carboxylate 
to give phenol, C 02, and H 02. Like Armstrong, Black, 
and Grant,1 we have been unable to find phenol. We 
have, however, found the corresponding compound 
catechol with G «  0.3 from radiolysis of salicylate. 
We are carrying out further investigations into the 
mechanism of the decarboxylation reactions. Results 
suggest that some of the C 02 found could arise from 
hydroxyl radical attack on the ring C atom to which 
the carboxylate group is attached.

Competitor Studies. The following relationship can 
be applied to the system, assuming simple competition 
for OH radicals between benzoate and added solute.20

J _  = J_ ( fca fcb JB]\
Crp, Gn \fcx +  qky fcx +  qkY [A]j

where Gp, and Gr are the yields of 14C 02 and -OH 
radical, respectively, expressed as molecules/100 e.v. 
absorbed by the solution, fca is the rate constant for 
the total reaction or the sum of all the rate constants 
for the reactions (benzoate--OH), fcb is the correspond
ing rate constant for (competitor-• OH) and square 
brackets denote molar concentrations. fcx and fcy 
are rate constants for the reactions producing 14C 02~, 
each molecule of the immediate product of reaction 
y having given rise to the fraction q molecules of 14C 02 
at the time the 14C 02 was measured. The graph of 
1/Gp, against [B ]/[A ] is a straight line with slope = 
kh/Gn (fcx +  qky), intercept =  fca/G R (fcx +  qky), and 
slope/intercept =  fcb/fca- The last ratio is the reaction 
rate for the total reaction (competitor-• OH) relative 
to that for (benzoate-• OH) and if q is constant for

(18) A. O. Allen, “ Radiation Chemistry of Water and Aqueous Solu
tions,”  D. Van Nostrand Co., Inc., Princeton, N. J., 1961, p. 102.
(19) F. S. Dainton and D. B. Peterson, Nature, 186, 878 (1960).
(20) R. W. Matthews and D. F. Sangster, Australian Atomic Energy 
Commission, AAEC/TM282, 3 (1965).
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Figure 2. R elationsh ip  betw een  1 /(? C 0 2  m easured a t tw o  
different tim es after irradiation, and com p etitor :b en zoa te  
concentration  ratio. T h e  lines h ave been  com pu ted  from  
the experim ental poin ts using regression analysis: A, 
benzene com petitor a t 0 .8 hr., s lop e /in tercep t =
1.16 ±  0 .06; A, benzene com p etitor  a t 6 .0  hr., 
s lop e /in tercep t =  1.28 ±  0 .09 ; O, ethanol com petitor 
a t 1.0 hr., s lop e /in tercep t =  0 .29 ±  0 .02 ; • , ethanol 
com petitor a t  5 .0 hr., s lop e /in te rcep t =  0.27 ±  0.01.

measurements made at a given set time after irradiation 
this relative rate is independent of q, i.e., of the time.

An examination of the results for benzene and eth
anol competitors plotted in Figure 2 reveals that for 
each competitor the points lie on straight lines and 
although the two lines have different slopes and in
tercepts, the ratios of reaction rates at the two times 
are in good agreement. Expressed in another way, 
the ratios of (?co2 at the longer time, t2, to (tco2 at the 
shorter time, th are given by (kx +  qnky)/(kx +  qjcy) 
and are found to be constant for any one competitor 
within the estimated experimental accuracy of ± 5 %  
for these ratios. The ratios found for benzene varied 
between 1.25 and 1.12; those for ethanol, between
1.23 and 1.12. Relative rate constants have been 
determined at two intervals for over a dozen competitors 
of differing chemical properties and in no case have 
there been any departures from straight lines or any 
differences (greater than the experimental error) be
tween the two values found for relative rate constants.

There remains the possibility that the added solute 
might not compete for the reacting radical but might 
prevent the reaction proceeding to completion, e.g., 
by combining with the immediate product of the 
benzoate-radical reaction. It was found for ethanol 
competitor that Gco2 was constant for a given ethanol- 
benzoate concentration ratio when the concentration

of both solutes was increased eightfold (Table I). 
This is evidence that the ethanol was reacting directly 
with the radical itself. Since the 14C 02 was always 
low in the unirradiated blanks there is no possibility 
that benzoate-competitor reactions produced 14C 02. 
It is deduced that all of the 14C 02 produced during 
the irradiation and the first few hours after irradiation 
arose from one or more reactions between a single 
radical—the hydroxyl radical—and benzoate.

Relative Rate Constants. Relative rate constants 
were computed from the experimental data using

Table III  : E xperim ental Values fo r  R ela tive  
R a te  C onstants

Mean
Competitor pH t, hr. &b/̂ a &b/&a

Iodide 10.5 1.1 2.37 ±  0.12 2.37
Ferroeyanide 10.7 0.7 2.13 ±  0.20 2.1

2.5 1.69 ±  0.17
7 0.8 2.20 ±  0.14

3.0 2.29 ±  0.31
Phenate 10.7 0.8 1.65 ±  0.13 1.62

2.9 1.59 ±  0.08
Aniline 10.7 0.5 1.28 ±  0.15 1.24

3.2 1.20 ±  0.16
Benzene 10.5 0.8 1.16 ±  0.06 1.22

5.0 1.28 ±  0.09
3 1.2 1.21 ±  0.05 1.09

4.8 0.97 ±  0.04
Phenol 7 0.8 1.18 ±  0.12 1.08

4.6 0.98 ±  0.05
Salicylate 10.7 0.5 1.03 ±  0.03 1.01

5.0 0.99 ±  0.06
Benzoate 10.7 1.00 1.00

7 1.00 1.00
Benzoic acid 3 1.00 1.00
Benzonitrile 10.7 0.8 0.53 ±  0.01 0.59

4.1 0.65 ±  0.04
Chlorobenzene 10.7 0.8 1.19 1.10

4.3 1.00
Nitrobenzene 10.5 0.7 0.40 ±  0.02 0.39

4.2 0.38 ±  0.02
Formate 10.7 0.7 0.60 ±  0.06 0.62

2.2 0.64 ±  0.02
Acrylamide 10.7 0.9 0.59 ±  0.03 0.59
Glycine 10.5 0.7 0.44 ±  0.03 0.47

4.7 0.49 ±  0.04
Ethanol 10.5 1.0 0.29 ±  0.02 0.28

5.0 0.27 ±  0.01
3 0.7 0.29 ±  0.01 0.29

Bromide 10.5 1.0 0.19 ±  0.01 0.20
7 0.7 0.21 ±  0.01

Methanol 10.5 0.7 0.16 ±  0.01 0.17
4.7 0.17 ±  0.01

Acetone 10.7 3.4 0.016 ±  0.007 0.016
Acetate 10.7 0.8 0.011 ±  0.0008 0.011

2.7 0.011 ±  0.0009
Carbonate 10.5 1.0 0.08 ±  0.04 -~0.08
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regression analysis. The results obtained are listed in 
Table III. The pH quoted is the initial pH before 
irradiation and t (hours) is the time after irradiation 
that analysis was commenced. For purposes of cal
culation, results are sometimes given to three figures 
but the order of accuracy is about 10%. The limits 
given are standard deviations.

Most experiments were carried out at pH 10.5-10.8. 
Alkaline conditions were chosen in order to facilitate 
the experimental arrangements, the 14C 02 produced 
being trapped in the solution until released by acid. 
Dainton and Peterson and Dainton and Watt21 have 
shown that there appears to be no change in the yields 
of the primary products from the radiolysis of water 
between pH 3 and 11. Rabani and Matheson22 have 
determined the pK for -OH ionization to be 11.9. 
During irradiation the pH of benzoate solutions, 
initially 10.8, decreased to 10.2 (we have no explanation 
for the magnitude of this decrease). This means that 
over 95% of the hydroxyl radical is present in the un
ionized form. Measurement at pH ~ 7  gave the same 
relative reaction rate constants.

An attempt was made to measure the relative rate 
constant for hydroxyl-nitrite reaction but the scatter 
of points was too great to enable conclusions to be 
drawn. In this case we think that other reactions may 
occur and the system cannot be used for measuring 
this relative rate constant.

Comparison with Other Authors. In Table IV the 
relative rate constants determined by this method are 
compared with those found by other authors. Since 
these are relative values, their relationship is not 
affected by multiplying by the same factor. It is 
found that good correspondence is obtained if the 
values given in Table IV of the paper by Rabani and 
Stein7 are multiplied by 0.0272, those of Adams and 
Boag8 by 0.096, those of Kraljic and Trumbore9 by
0.0216, and those of Merz and Waters28 by 0.073.

The good agreement among these results confirms 
that it is the hydroxyl radical which brings about the 
decarboxylation and that the benzoate system can be 
used to measure relative rate constants for hydroxyl 
radical reactions. It should be noted that in each case 
what is measured is the sum of the rate constants of 
all the reactions between the competitor and radical 
relative to the sum for benzoate and radical regardless 
of what the products are.20 For this reason we have 
not attempted to compare our results with those meas
ured by other authors for solute-radical reactions 
giving a particular product. The values compared 
in Table IV are for total reaction rates in all cases.

The mechanism used by Merz and Waters23 in then- 
derivation of the kinetic equations for nonchain re-

Table IV: Comparison with Published Values for OH 
Relative Reaction Rates

Kraljic
Rabani Adams and

Merz and and and Trum-
This work Waters® Stein& Boagc bore1*

pH 10 pH 1 pH 2.5-10.5 pH 11 pH 9

Iodide 2.4 2.5
Ferro-

cyanide 2.1 2.3 2.2
Benzene 1.2 0.23 ( - . )
Benzoate 1.0 0 .5 (L 0 )
Formate 0.62 0.6
Nitroben

zene 0.39 0.21(0.42)
Ethanol 0.28 0.28 0.26 0.27 0.32
Bromide 0.21 0.16 0.19
Methanol 0.17 0.17 0.19
Carbonate ~0.08 0.10
Acetate ~0.016 0.015
Chloride Very low <0.0002

“ See ref. 23. Values multiplied by 0.073. Figures in paren
theses are adjusted values. 6 See ref. 7. Values multiplied by 
0.0272. c See ref. 8. Values multiplied by 0.096. d See ref. 9. 
Values multiplied by 0.0216-

actions included their eq. 3 and 5. The reaction 

HO- +  H -R  HsO +  -R 

R- +  - O H - ^ R -  OH

between -OH and an aromatic solute is addition4 to 
form H -R -O H  rather than the hydrogen abstraction 
of eq. 3. This does not affect the validity of the equa
tions they derive. However, it is doubtful if the re
action represented by eq. 5 proceeds to any extent with 
aromatic compounds. RH is present in high concen
tration compared with HR-OH which is removed 
mainly by second-order reactions, e.g., dimerization 
or disproportionation in deaerated solution and re
action with oxygen in aerated solution giving a low 
steady-state concentration. Since ks is of the order of 
3 X  109 M~l sec.-1,24 * most of the -OH will be removed 
by reaction with ferrous ion or with the solute. The 
kinetic equations derived by omitting eq. 5 lead to a 
value of the rate constant relative to the Fe+2--O H

(21) F. S. Dainton and D. B. Peterson, P roc. R o y . Soc. (London), 
A267, 443 (1962); F. S. Dainton and W. S. Watt, N atu re, 195, 1294
(1962); P roc. R oy . Soc. (London), A275, 447 (1963).
(22) J. Rabani and M. S. Matheson, J. A m . Chem . Soc., 86, 3175 
(1964).
(23) J. H. Merz and W. A. Waters, J . Chem. Soc., S20 (1949); 2427 
(1949).
(24) L. M. Dorfman, I. A. Taub, and D. A. Harter, J . Chem. P h ys .,
41,2954 (1964).
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reaction rate twice that given in Table I of their second 
paper (see Appendix).

When this correction is applied to the aromatic 
compounds (values in parentheses in Table IV) there 
is excellent agreement between the values except in 
the case of benzene. Since Merz and Waters do not 
appear to have taken any precautions to prevent the 
volatilization of benzene from the solution, this could 
account for that difference. The rate calculated does, 
in fact, agree with that found by us in early experi
ments with stoppered tubes with considerable air 
space. There are doubts concerning the reactions 
between Fenton’s reagent and ethanol and more ex
perimental work is required to elucidate these. From 
the comparisons in Table IV there appears to be no 
distinction between the -OH of Fenton’s reagents and 
that of aqueous radiolysis (compare ref. 6).

When the values found are compared with those 
given by Ferradini,5 other disparities emerge. Acryl
amide is by no means as efficient a hydroxyl radical 
scavenger as would be indicated by the figure she 
has quoted. Phenol in its acid form has been reported 
to react slowly with hydroxyl radical in acid solution. 
We have found that in neutral solution it reacts at 
much the same rate as does benzene. The anion, 
phenate, reacts more readily. In this case there may 
be some electron transfer from the 0 “  group contribut
ing to the total rate as well as or in place of the hydroxyl 
ring addition.

Comparison between Classes of Compounds. The 
values for iodide--OH and ferrocyanide-• OH were 
the highest (2.4 and 2.1) and these reactions must 
approach being diffusion controlled, reaction occurring 
at nearly every encounter. The chloride--OH rate 
is very low at pH 10.

All aromatics tested were found to react with hy
droxyl radical readily and at much the same rate in 
contrast to the markedly different rates for the same 
series of aromatic compounds undergoing an ionic re
action. The values found lie between 1.62 for phenate- 
•OH and 0.39 for nitrobenzene-• OH. These are usu
ally considered to be the two extremes for ring acti
vation and deactivation by a single substituent. The 
relative rate found for ethanol at pH 10.5 is the same 
as that at pH 3. The reference solute is present as 
benzoate anion and benzoic acid, respectively, at these 
two pH values. Since the form of the competitor 
does not change, its specific rate constant does not 
change. Therefore benzoate anion and benzoic acid 
have the same total specific reaction rate. We are 
continuing to investigate the reactions between aro
matic compounds and the hydroxyl radical.

Where the predominant reaction is hydrogen ab

straction rather than charge transfer or hydroxyl 
addition, the rates are slower. Methanol is less re
active than is ethanol, showing that it is more difficult 
to remove H from a CH3 group than from a CH2 
group a to -O H .26 The influence of the NH2 group can 
be seen when the rate for glycine is compared with that 
for acetate, although the pH is too close to the pAa 
of glycine to enable quantitative conclusions to be 
drawn. The rates for acetone and acetate are low and 
beyond the range of applicability of the system; small 
quantities of impurities could affect the values. These 
are representative of the three classes of hydroxyl 
radical reactions: electron transfer, double bond addi
tion, and hydrogen abstraction.

Advantages of This Method. For the determination 
of relative rate constants, the labeled benzoate de
carboxylation system has advantages similar in some 
degree to most other systems used in determining rela
tive rate constants. Providing a linear relationship is 
obtained, the total reaction rates can be compared 
without having a detailed knowledge of all of the radia
tion chemical reactions of reference solute or of any of 
the radiation chemical reactions of the competitor. 
The exact dose of ionizing radiation given to the solu
tion does not have to be known provided all samples 
are given the same dose and it is less than 50,000 rads.

There are in addition some advantages specific to 
the method. There are no doubts concerning the 
origin and nature of the product measured; it must 
arise from the carboxyl group of the benzoate present 
and must be carbon dioxide. There is no interference 
from a similar or chemically identical product arising 
from an added competitor as sometimes occurs in 
methods based on speetrophotometric measurements. 
Furthermore, there is little possibility of the 14C 02 
reacting with the competitor or its product giving a 
compound which does not liberate carbon dioxide on 
reaction with acid.

The chief disadvantages are the presence of the post
irradiation reactions for which due allowance must be 
made and the fact that, the method is more time-con
suming than, say, taking a direct speetrophotometric 
measurement. Further, it is necessary to have avail
able an accurate and precise method of counting 
14C 02. Competitors which react with benzoate, e.g., 
to give 14C 02 or an insoluble precipitate cannot be 
studied.

The system has possibilities for further development 
at low doses, since analysis for 14C 02 can be made ex
tremely sensitive,2 and over a wider range of concentra
tion, pH, and temperature. 25

(25) W. T. Dixon and R. O. C. Norman, J. Chem. Soc., 3119 (1963).
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Intercomparison of relative rate constants found by 
reference to different systems is valuable not only in 
establishing the validity of these systems and of the 
values obtained but also in revealing disparities. Such 
a disparity indicates that a complexity exists in the 
reactions between the competitor and the reference 
system and this complexity may merit further investi
gation.

Absolute Rate Constants. Some of the recently 
published values of absolute rate constants for hydroxyl 
radical reactions are given in Table Y. Since the 
phenol yield from irradiated aqueous benzene ap
proaches 100% of the hydroxyl radical yield, this sug
gests that the transient species hydroxyl cyclohexa- 
dienyl radical measured at 313 m/n is the only primary 
product of the attack of hydroxyl radical on benzene in 
dilute aqueous solution. It follows that the rate of 
its appearance should be the total (benzene-hydroxyl 
radical) reaction rate and may be directly compared 
with our values. In the case of benzoic acid, it has 
not been established that the transient at 340 m/i 
represents all of the (benzoic acid-hydroxyl radical) 
reaction. However, the ratio between the absolute 
values for the benzoic acid and the benzene rate con
stants given by Dorfman, Taub, and Harter24 agree 
within the experimental errors with our relative 
values.

Table V : Comparison with Published Values for OH 
Absolute Reaction Rates

This
work

Ferrocyanide 2.1
Benzene 1.2
Benzoic acid 1.0

“ See ref. 22. b See ref. 24.

Absolute values Ratio
X 10-® AT-i sec.-> X 10-»

11 ± 2 °  5.3
3.3 ±  0.86 2.7
2.1 ±  0.36 2.1

The absolute value given by Rabani and Matheson22 
has also been shown to represent the over-all reaction
between ferrocyanide and hydroxyl radical. Yet, 
it can be seen from the last column of Table V that the 
relative values we have determined do not agree with 
the ratio of the two independent absolute rate constant 
determinations which have been made on these com
pounds. The reason for this is not o bvious.

Aside from measurement errors, it can be due to 
errors of interpretation, there being reactions occurring 
in the systems in addition to those already postulated. 
Until this has been resolved, we cannot suggest the 
factor by which the values in Table III must be multi
plied to convert to absolute rate constants.
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Appendix
Merz and Waters23 give the following equations repre

senting the chemical reactions which take place when 
Fenton’s reagent reacts with a solute that does not 
participate in a chain reaction. Their equation num
bering has been followed and their eq. 4 which applies 
only to chain oxidations has been omitted.

Fe+2 +  HO-OH Fe+3 +  O H - +  -OH (1) 

Fe+2 +  -OH Fe+3 +  OH~ (2)

HO- +  H -R  H20  +  -R (3)

R- +  -OH R-OH (5)

and derive the relationships

~d [H 2Q2] = h  JFe^ j
—d[R -H ] h  [R-H] K >

[AH2O2] [AH20 2] /
[SsAT] "  <“  equivalents)

The graph of AH20 2 against AH20 2 — AFe+2 was found 
to be a straight line with intercept 2 and slope k2/k3. 
If eq. 5 is omitted, the relationships become

[AH2Q2]
[AR-H]

— d[H2Q2] _  ki
— d[R -H ] ~  +  h  X

= [AH2o 2]
Vi[AH,0* -  AFe+2]

[Fe+2]
[RH] (GO

(as equivalents)

and the graph of AH20 2 against AH20 2 — AFe+2 
would once again be a straight line with intercept 2 
but with slope 2fc2/fc3. Hence their values of k3/k2 
for aromatic compounds and nonchain oxidations should 
be multiplied by 2 to give the correct values.
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Carbon-13 Chemical Shifts of Vinyl Carbons
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The C13 chemical shifts 6c„ and dap were determined for 17 vinyl compounds 0^112= 
C„H—X  with a wide variety of substituents X . The chemical shifts of the a-earbon atom 
were found to cover a range of 67.5 p.p.m., while the span of Sep was found to be 57.5 p.p.m. 
No simple relationships between these carbon shifts and the corresponding proton shifts 
were evident. Rough linear relationships were demonstrated between Sca and the corre
sponding C1S shifts of the substituted carbon atom in phenyl compounds, and between 
Sep and the ortho carbon shifts in phenyl compounds. These correlations are interpreted 
as due to similar inductive, resonance, and neighbor effects in both sets of compounds as a 
result of similar electronic structures and molecular geometries. A linear correlation was 
not found between §ca and the carbon C18 shifts in corresponding acetyl compounds.

Introduction
The many investigations of C18 magnetic resonance 

spectroscopy of the past few years1-26 have included 
systematic studies of the relationships between C13 
chemical shifts and structural details in alkanes1-4 
and substituted alkanes,5-7 aromatic hydrocar
bons,8-10 substituted benzenes,9’11-19 carbonyl com
pounds,7’13’20-24 and alkynes.1 2 3 4 5’22’24 The trends ob
served in these studies have led to correlations of in
terest from both a theoretical and practical point of 
view, and have pointed the way to promising avenues of 
future research.

Carbon-13 shifts have been reported for several ole- 
finic compounds,4’24-26 but data on an extensive and re
lated series of similarly substituted ethylenes have not 
been available. The absence of such data has con
tributed to the difficulty of satisfactorily interpreting 
C13 chemical shifts in other classes of compounds in 
which the carbon hybridization is the sp2 type. In this 
paper we report the C 13 shifts of 17 vinyl compounds 
CiJH2= C aH—X  and compare the shifts with those in 
analogously substituted phenyl and acetyl compounds.

Experimental
Carbon-13 Magnetic Resonance Measurements. The 

C13 n.m.r. spectra were obtained at a frequency of 
15.085 Mc./sec. by measuring the resonance of C13 
in natural abundance, using Varian equipment and the 
rapid passage, dispersion mode technique described pre
viously by Lauterbur.8 For most of the spectra, the

sample container was similar to that described by 
Spiesecke and Schneider6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 except that no provision was

(1) E. G. Paul and D. M. Gran-, J. A m . Chem. Soc., 86 , 2977 (1964).
(2) D. M. Grant and E. G. Paul, ibid., 86, 2984 (1964).
(3) J. J. Burke and P. C. Lauterbur, ibid., 86, 1870 (1964).
(4) R. A. Friedel and H. L. Reccofsky, ibid., 85, 1300 (1963).
(5) G. B. Savitsky and K. Namikawa, J. P h ys. Chem., 67, 2430
(1963) .
(6) H. Spiesecke and W. G. Schneider, J. Chem. P h ys ., 35, 722 (1961).
(7) P. C. Lauterbur, A n n . N. Y. A cad . Sci., 70, 841 (1958).
(8) P. C. Lauterbur, J. A m . Chem. Soc., 83, 1838 (1961).
(9) P. C. Lauterbur, Tetrahedron Letters, 8, 274 (1961).
(10) H . Spiesecke and W . G. Schneider, ibid., 14, 468 (1961).
(11) G. B. Savitsky, J. Phys. Chem., 67, 2723 (1963).
(12) C. P. Nash and G. E. Maciel, ibid., 68, 832 (1964).
(13) G. E. Maciel and J. J. Natterstad, J . Chem. P h y s ., in press.
(14) P. C. Lauterbur, ibid., 38, 1406 (1963).
(15) P. C. Lauterbur, ibid., 38, 1415 (1963).
(16) P. C. Lauterbur, ibid., 38, 1432 (1963).
(17) H . Spiesecke and W. G. Schneider, ibid., 35, 731 (1961).
(18) G. E. Maciel and R. V. James, J. A m . Chem. Soc., 86, 3893
(1964) .
(19) P. C. Lauterbur, ibid., 83, 1846 (1961).
(20) G. E. Maciel and G. C. Ruben, ibid., 85, 3903 (1963).
(21) G. E. Maciel and G. B. Savitsky, J. P h ys . Chem,, 68, 437 (1964).
(22) D. D. Traficante and G. E. Maciel, ibid., 69 , 1348 (1965).
(23) J. B. Stothers and P. C. Lauterbur, Can. J . Chem., 42, 1563 
(1964).
(24) P. C. Lauterbur in “ Determination of Organic Structures by 
Physical Methods,” F. C. Nachod and W. D. Phillips, Ed., Academic 
Press, New York, N. Y., 1962, Chapter 7.
(25) G. B. Savitsky and K. Namikawa, J. P h ys. Chem., 67, 2754 
(1963).
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Table I : C1S Chemical Shifts in Vinyl, Phenyl, and Acetyl Compounds, in P.p.m. with Respect to Benzene

Substituent, CpTh==CaH—X 7,< p V x
m 0 CH.COX

X SCaa 5Cpa SCx6 sc»6 SCmb SCpb Sco*

I 43.3 - 1 .8 32.3 - 9 .9 - 2 .6 0.4 -2 9 .3
Br 13.1 6.6 5.4 - 3 .3 - 2 .2 1.0 -4 0 .9
Cl 2.6 11.3 - 6 .4 - 0 .2 - 1 .0 2.0 -4 1 .9
c o 2c 2h 6 - 1 .1 - 1 .8 -3 .6 ° - 1 . 3 “ - 1 . 3 “ - 5 . 1 “ -6 4 .1

NCO(CH2)3-* - 1 .3 34.4 -11.1* 9.9* -0 .2 * 5.6*
SiCIs - 3 .1 -1 0 .0
CH2Br — 4 .57 11. O' — 5.0° aCO0

0.3“ (0 .3)“
CH2C1 - 5 . O' 11.2/ -7 1 .9
Si(CH=CH2)3 - 5 .8 - 6 .8
SnCl2CH =CH 2 - 6 .5 -1 1 .9
CH2OC2H6 - 7 .1 14.0 -1 0 .8 “ 0.6“ 0.6“ (0 .6)“
c h 2o c h 2c h = c h 2 - 7 .1 12.6
Sn(CH=CH2)3 - 7 .5 - 7 .9
so2c h = c h 2 - 9 .1 - 2 .7
CH3CO - 9 .8 - 0 .6 - 9 .3 - 0 .2 - 0 .2 - 4 .2 -6 9 .8
OCOCH3 -1 3 .0 32.3 -2 3 .0 6.4 - 1 .3 2.3 -3 7 .3
Pb(CH=CH2)3 -1 6 .7 - 6 .4
C(CH3)3 —20.5d 19.5d -2 2 .4 “ 3.2“ 0.2“ -8 3 .1
O-7I-C4H 9 -2 2 .9 45.6
OCH; -2 4 .2 44.1 -3 0 .2 14.7 - 0 .9 8.1 -4 2 .0

“ Data from present work (except as noted otherwise). b Data from ref. 13 (except as noted otherwise). * Data from ref. 22 and 
23. d Shifts from ref. 4. 8 Data for acetanilide rather than N-phenylpyrrolidone. 1  Data kindly provided by G. B. Savitsky and K. 
Namikawa.

made for spinning the sample; it consisted of two con
centric, thin-walled spherical bulbs about 0.2 and 1.4 
cc. in volume, a geometry which obviates the need for 
bulk susceptibility corrections in these results. The 
small inner bulb contained a reference for calibration 
of the resonance lines. Most of the present data were 
obtained using a reference consisting of a saturated 
aqueous solution of sodium acetate enriched to about 
28% C13 at both carbon positions. A  calibration ex
periment with benzene and with this reference using the 
side-band technique showed the center of the benzene 
doublet to be 53.1 p.p.m. to higher field than the car
bonyl resonance, and the separation between the car
bonyl resonance and the center of the methyl quartet of 
the reference to be 156.3 ±  0.2 p.p.m. These separa
tions were used to calibrate the spectra with respect to 
the chemical shift of benzene. The spectra of vinyl 
bromide (in cyclohexane solution), vinyl iodide, di- 
vinyltin dichloride, vinylsilicon trichloride, allyl ethyl 
ether and diallyl ether were obtained using a previously 
described reference in the center bulb.12 The C13 
spectra of vinyl chloride and vinyl methyl ether were 
obtained on solutions in dimethyl carbonate, saturated 
and sealed at 0°, using the dimethyl carbonate as both

solvent and internal reference. The C13 chemical 
shifts of dimethyl carbonate have been found pre
viously to be insensitive to most adulterants13; the shift 
of the carbonyl carbon is about 28.0 p.p.m. to lower 
field than that of benzene, and the separation between 
the carbonyl resonance line and the center of the 
methyl quartet is about 102.7 p.p.m. Considering the 
use of different references and calibration procedures, 
the shifts of the vinyl carbons presented in Table I with 
respect to benzene can be considered reproducible to 
about ±0.8  p.p.m. The C 13 shifts of the monosub- 
stituted benzenes obtained in this study were measured 
with respect to an external reference previously de
scribed,12 and can be considered precise to about ±0.5  
p.p.m.

Materials. Vinyl iodide was prepared by the reac
tion of iodine with tetravinyltin according to a modifica
tion of Seyferth’s procedure.26 27 The C13 spectrum was 
obtained on a sample which had b.p. 55-57° [lit.28 
56-56.5°].

(26) G. B. Savitsky and K. Namikawa, J. Phys. Chem., 68, 1956 
(1964).
(27) D. Seyferth, J. Am. Chem. Soc., 79, 2133 (1957).
(28) J. Spence, ibid., 55, 1290 (1933).
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The spectra of the other compounds were obtained on 
neat liquids as they are available from commercial 
sources. Allyl chloride, allyl ethyl ether, diallyl ether, 
ethyl benzoate, and benzyl ethyl ether were Eastman 
White Label reagents. Vinyl bromide, vinyltrichloro- 
silane, tetravinylsilane, divinylsulfone, and tetravinyl- 
lead were from Columbia Organic Chemicals. Vinyl 
chloride and vinyl ethyl ether were from the Matheson 
Co. Ethyl acrylate, allyl bromide, and vinyl acetate were 
Eastman Practical materials. N-Vinylpyrrolidone and 
¿-butyl benzene (Puriss) were from Aldrich Chemical 
Co. Divinyltin dichloride, tetravinyltin, l-butene-3- 
one, and vinyl n-butyl ether were from K and K  Labora
tories.

R e s u l t s  a n d  D i s c u s s i o n

Carbon-13 magnetic resonance spectra were ob
tained on 17 vinyl compounds C/3H2= C £tH—X  with 
a wide variety of substituents X . In each case the 
spectrum consisted of several peaks: one or more lines 
due to the reference; a signal due to the a-carbon reso
nance, split into a doublet by the a-hydrogen atom; 
a resonance due to the /8-carbon, split into a triplet by 
the /3-hydrogens; and peaks due to carbon atoms (if 
any) in the substituent X . Illustrative examples are 
the spectra of vinyl iodide and tetravinyltin shown in 
Figures 1 and 2, respectively. In some cases five dis
tinct lines traceable to vinyl carbons were not ob
served, but consistent and reasonable assignments 
could be made on the assumption of peak overlap and 
C13-H  splittings on the order of about 150 e.p.s. ; 
Figure 3, which shows the spectrum of divinyl sulfone, 
is an example. The data are collected in Table I.

The C13 chemical shifts of the a-carbon atom, (5c« 
in Table I) cover a range of 67.5 p.p.m. This is con
siderably smaller than the corresponding range of C13 
shifts of the a-carbon in 1-substituted-l-hexynes,22 
and about the same as the range of a-carbon shifts in 
substituted ethanes.6 It is slightly larger than the 
range of shifts of the substituted carbon atom of mono- 
substituted benzenes13’17 (5cx in Table I), and is some
what larger than the corresponding range of carbonyl 
C13 shifts in acetyl compounds (5co in Table I ).23’24

The shifts in Table I of the /3-carbon atom, oqj, cover 
a range of 57.5 p.p.m., which is considerably larger than 
the ranges of C13 shifts for the /3-carbons in substituted 
ethanes6 or of 1-substituted-l-hexynes,22 or of the 
ortho carbons in monosubstituted benzenes13’17 (Sc„ in 
Table I).

Comparison of the vinyl C13 chemical shifts of Table 
I with the comprehensive proton chemical shift data 
published by Briigel, Ankel, and Kriickeberg29 for the 
vinyl group revealed no apparent correlations. This is

Figure 1. Carbon-13 n.m.r. spectrum of vinyl iodide with 
CH3C130 2Na reference (Ref.) and side band (SB), 
increasing field sweep (upper), and image of decreasing 
field sweep (lower) in p.p.m. with respect to benzene.

Figure 2. Carbon-13 n.m.r. spectrum of tetravinyltin with 
C13HsC02Na and CH3C130 2Na reference, increasing field 
sweep (upper), and image of decreasing field sweep 
(lower) in p.p.m. with respect to benzene.

Figure 3. Carbon-13 n.m.r. spectrum of divinylsulfone with 
C13H3C02Na and CHsC130 2Na reference, increasing field 
sweep (upper), and image of decreasing field sweep 
(lower) in p.p.m. with respect to benzene.

not surprising in view of the considerably different 
geometrical orientation of carbon and hydrogen atoms 
at the a- and /3-positions with respect to the substituent, 
thus giving rise to profound differences in neighbor 
effects due to “ neighbor anisotropy” 6 or intramolecular 
dispersion forces.30 It is also consistent with the ap
parent lack of a direct correlation between the corre
sponding proton and carbon shifts in substituted 
ethanes and at the ortho position in substituted benzenes 
in the work of Spiesecke and Schneider.6’17

The very geometrical factors which appear to pre
clude a direct correlation between proton and carbon 
chemical shifts in vinyl as well as other groups would 
seem to set the stage for simple relationships between 
5c« in vinyl compounds and 5cx in phenyl compounds 
or 5co in carbonyl compounds, and between 5cp in vinyl 
compounds and Sc0 in phenyl compounds. Each of the 
carbon atoms in these categories employs sp2 hybrid 
orbitals in u-bonds to three adjacent atoms and con
tributes a p-orbital to a w-bond. Furthermore, in 
each of these three pairs the geometrical relationship 
to the substituent should be nearly the same. Thus, 
within each pair of categories the neighbor anisotropy 
and intramolecular dispersion effects exerted by the 
substituents should be comparable and will not be ex-

(29) W. Brügel, T. Ankel, and F. Krückeberg, Z. Elektrochem., 64, 
1211 (1960).
(30) T. Schaefer, W. F. Reynolds, and T. Yonemoto, Can. J. Chem., 
41, 2969 (1963).
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Figure 4. Plot of S c a  for vinyl compounds v s .  Scx 
for the corresponding phenyl compounds.

a 10

- 1 0  -

Figure 5. Plot of S c a  for vinyl compounds v s .  Sco 
for the corresponding acetyl compounds.

pected to obscure any correlations of C1S shifts due to 
similar inductive and resonance influences of the sub
stituents on the molecular electronic configurations. 
This type of consideration previously has been used suc
cessfully to relate the C13 shifts of carbonyl carbons and 
of the ethylenic carbons of symmetrical disubstituted 
ethylenes to carbonyl 7r-bond polarity.13 It also may 
be responsible for the relatively consistent success of 
the constitutive relations developed by Savitsky and 
Namikawa.6’26

In order to test these ideas, we have plotted Sca for 
vinyl compounds vs. 5cx in phenyl compounds and vs. 
Sco in acetyl compounds in Figures 4 and 5, respec
tively, and 8cp for vinyl compounds vs. Sc0 for phenyl 
compounds in Figure 6. Rough linear relationships 
of the expected type are apparent in Figures 4 and 6.

While the scatter in Figure 4 is quite appreciable, the 
general trend lends support to the view expressed above 
that substituent effects should be similar in these closely 
related cases. The fact that the slope is nearly 1 in
dicates further that each type of electronic influence 
may be exerted to about the same degree in these two 
similar structural situations.

The rough linear correlation displayed in Figure 6 is 
further evidence for the validity of the above assump
tions. However, this plot differs from Figure 4 in two 
fundamental ways: the slope is nearly 2, rather than 
1; and two points, those corresponding to the acetyl 
and carboethoxy substituents, deviate widely from the

Figure 6. Plot of S e p  for vinyl compounds v s .  Sc0 
for the corresponding phenyl compounds.

correlation fine. These departures may be related to 
differences in the importance of resonance interaction 
between the substituent and the /3-carbon in a vinyl 
compound in one case, and between the substituent and

)c13-c
/ 9 V

III
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the ortho carbon in a phenyl compound in the other case. 
In vinyl compounds, the excess positive or negative 
charge due to contributions of canonical structures III 
or II must reside entirely on the /3-carboh, whereas in 
phenyl compounds it may be distributed to both ortho 
carbons as well as to the para position. This situation 
might tend to make a /3-carbon more sensitive than an 
ortho carbon to the resonance effect of a substituent, and 
might account for the twofold greater sensitivity of Sĉ  
than (>c0 to variations of the substituent. Furthermore, 
the conspicuous deviation of the acetyl and carboethoxy 
points in Figure 6 may be due to the fact that these sub
stituents are the only -R  groups on the graph and, 
hence, the only cases where structure III might be of 
importance.

In stark contrast to the rough linear relations dis

played in Figures 4 and 6, Figure 5 demonstrates that 
hoa is not so related to the carbonyl C18 chemical shifts 
of corresponding acetyl compounds. Since both 
classes of carbon atoms in question are the sp2 type, this 
difference in behavior is most likely not due to differ
ences in C -X  bond lengths between these classes of com
pounds. More likely it is related to the different induc
tive and resonance effects of the = 0  fragment as com
pared to = C H 2, and the influence of the carbonyl bond 
polarity. Figures 4 and 6 may also reflect a closer re
lationship between the excited electronic states of vinyl 
and phenyl compounds than between vinyl and acetyl 
compounds, as these states are responsible for the large 
paramagnetic contributions to C 13 shifts.

Acknowledgment. The author is grateful to Professor 
George B. Savitsky for helpful discussions.
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Unimolecular Decomposition of Product Olefins in Methylene 

Chemical Activation Systems1

b y  F .  H .  D o r e r 2 a n d  B .  S. R a b i n o v i t c h

Department of Chemistry, University of Washington, Seattle, Washington 98105 (Received December 88, 1964)

Dilute mixtures of diazomethane in propene, butene-1, and pentene-1 were photolyzed with 
4300-A. radiation at room temperature. The proportions of products were measured for 
the primary unimolecular isomerizations of the chemically activated alkylcyclopropanes 
that arise. The quantitative aspects of the data are complicated by an apparent variability 
of the methylene radical [insertion/addition] ratios with pressure (at higher pressures) and 
reminiscent of earlier results which could be explained by the occurrence of some triplet 
methylene along with the singlet methylene. At low pressures, particularly, olefin decom
position is marked. Rate constants for the decomposition by allylic bond rupture of the 
vibrationally excited alkenes, butene-1, pentene-1, hexene-1, pentene-2, hexene-2, 2-methyl- 
butene-1, and 2-methylpentene-l, have been obtained. The alkene data comprise one of 
the few homologous series for which microscopic unimolecular rate constants have been 
measured. Comparison of calculated and experimental decomposition rate constants indi
cates that the entropy of activation for olefin decomposition seems considerably less than 
that conventionally assumed for alkane decomposition by C -C  rupture. The results also 
support a low value for the allylic resonance energy.

I n t r o d u c t i o n

This paper deals with the measurement of rates of 
some of the primary and secondary decomposition 
processes of vibrationally excited olefins and cyclo
propanes. Several homologous systems have been 
investigated by reaction of methylene with either pro
pene, butene-1, or pentene-1 in the gas phase. This 
technique was first used by Kistiakowsky and co-work
ers to produce various vibrationally excited, ground 
electronic state cyclopropanes.3 The subsequent reac
tion of hot product olefins is of particular interest here.

The addition of methylene to an olefin forms a 
vibrationally “ hot”  cyclopropane molecule having a 
minimum energy of approximately 100-110 kcal. mole-1, 
depending on the source of the methylene.4 5 The 
formed cyclopropanes may undergo structural isom
erization to olefins above a critical energy, E0, 
around 61 kcal., or be stabilized by collisions with the 
bath molecules.6 The olefins produced either by hot 
cyclopropane isomerization or, in the first instance, 
by methylene insertion across C~H bonds of the reac
tant olefin possess approximately 108-118 kcal. of

minimum energy.8d These excited olefins may undergo 
chemical reaction before collisional stabilization ac
cording to the general scheme6

CHaOAi) +  RCH==c h 2

R— C-C3II5 (a)

insertion product olefins* (b)

(1) Work supported by the National Science Foundation.
(2) National Science Foundation Predoetoral Fellow.
(3) (a) G. B. Kistiakowsky and W. L. Marshall, J. Am. Chem. Soc., 
74, 88 (1952); (b) G. B. Kistiakowsky and K. Sauer, ibid., 78, 5699
(1956) ; (c) H. M. Frey and G. B. Kistiakowsky, ibid., 79, 6373
(1957) ; (d) J. N. Butler and G. B. Kistiakowsky, ibid., 82, 759
(1960); (e) H. M. Frey, Progr. Reaction Kinetics, 2, 131 (1964).
(4) D. W. Setser and B. S. Rabinovitch, Can. J. Chem., 40, 1425 
(1962).
(5) (a) D. W. Setser, B. S. Rabinovitch, and J. W. Simons, J. Chem. 
Phys., 40, 1751 (1964); (b) J. W. Simons, B. S. Rabinovitch, and 
D. W. Setser, ibid., 41, 800 (1964).
(6) B. S. Rabinovitch and M. C. Flowers, Quart. Rev. (London), 18, 
122 (1964).
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isomerization product olefins* (c) 

R - c -C 3H6

decomposition products (d)

olefins

where most “ insertion”  and “ isomerization” products 
are the same species but not necessarily so. Apart 
from propylene where allylic C -H  rupture can occur,6b 
the principal mode of decomposition of a-olefins is by 
allylic C -C  rupture; butene-2 decomposition occurs 
mainly by allylic C -H  rupture, but pentene-2 and 
hexene-2 can decompose by allylic C -C  rupture. Ole
fin decomposition by allylic C -C  rupture involves a 
bond dissociation energy above7-9 65 kcal. mole-1, 
while allylic C-H  rupture requires7 8'9 >81 kcal. mole-1; 
the exact values vary with the bond site and are dis
cussed later.

The study of the isomerization of R-c-C3H5*, re
action c, is complicated by olefin product decomposition. 
Direct counting of the apparent amount of isomeriza
tion products offers incomplete information if olefin 
decomposition is important and if total isomerization 
and stabilization are not otherwise known. However, 
this information when coupled with known values of 
the unimolecular rate constants for the cyclopropane 
isomerization obtained by other methods10 yields the 
unimolecular rate constants for decomposition of the 
individual olefin products.

To our knowledge, the present study provides the 
first quantitative rate information on the elementary 
primary process of decomposition of a number of ho
mologous higher olefins.

E x p e r i m e n t a l

Materials. Diazomethane was prepared by the re
action of KOH with N,N-nitrosomethylurea. It was 
degassed by pumping at —160° in order to remove 
ethane and ethylene impurities and was then dissolved 
in butyl phthalate and stored at —196°. The olefin 
reactants were Phillips research grade and were further 
purified by gas chromatography where necessary.

Apparatus and Procedure. All gas handling was 
performed in a conventional vacuum system. Pyrex 
reactors in sizes ranging from 1 ml. to 5 1. were pumped 
down to 10-6 mm. before being loaded with reactants. 
Approximately 1:10 mixtures of diazomethane in ole
fin were photolyzed with a GE AH-6 high pressure 
mercury lamp for 1 to 2 hr. Dow Coming No. 5543 
and No. 3389 filters provided an average wave length 
of radiation absorbed by the diazomethane at 4358

R—C-C3H5*

olefins*

A. The frequency distribution of the radiation ab
sorbed by the diazomethane has been described else
where.4’511

Analysis. All products condensable at —196° 
were analyzed by gas chromatography. The methyl- 
ene-propene and -butene-1 systems were analyzed 
with 6.09 m. of 40% silver nitrate-ethylene glycol on 
firebrick followed by 2.74 m. of 40% 2,4-dimethyl- 
sulfolane on firebrick. The methylene-pentene-1 prod
uct analysis was done on a 91.4-m. squalane capillary 
column with an argon-type detector. Later methylene- 
butene-1 runs were also analyzed in this way.

R e s u l t s

Butene-1 Reactant. This system was studied the 
most thoroughly. The principal insertion and addition 
reactions are
CH2(1A1) +  CH3CH2C H =C H 2

c h 3c h 2c h 2c h = c h 2* (e)
&Ì2

— > c h 3c h 2c h = c h c h 3* (f)
3

----> CH3CH2(CH3)C = C H 2* (g)
kxA

(CH3)2C H C H =C H 2* 00

C2Hs— c-C3H6* (i)

Data on the relative rates, /%/7e(1, will be considered in 
the discussion since there is a difference between the ob
served high pressure relative rates and those deduced 
from lower pressure data.

The principal isomerization reactions are

C2H6—c-C3H6* CH3CH2CH2C H =C H 2* (j)
k*2

— ► CH3CH2C H =CH CH 3* (k)
Z* o

— ► CH3CH2(CH3)C = C H 2* (1)

Of the olefin products, 3-methylbutene-l is formed 
uniquely by insertion. Figure 1 shows the pressure 
dependence of the percentage of each of six C6Hi0 
hydrocarbon products produced in a series of methyl
ene-butene-1 runs over the pressure range 0.1-990 mm.

(7) M. J. Molera and F. J. Stubbs, J. Chem. Soc., 381 (1952) ; W. A. 
Bryce and P. Kebarle, Trans. Faraday Soc., 54, 1660 (1958).
(8) C. A. McDowell, F. P. Lossing, I. H. S. Henderson, and J. B. 
Farmer, Can. J. Chem., 34, 345 (1956) ; H. M. Frey and D. C. Mar
shall, J. Chem. Soc., 3981 (1962) ; S. W. Benson, A. N. Bose, and P. 
Nangia, J. Am. Chem. Soc., 85, 1388 (1963).
(9) A. F. Trotman-Dickenson, “ Gas Kinetics,” Butterworth and Co. 
Ltd., London, 1955.
(10) F. H. Dorer and B. S. Rabinovitch, J. Phys. Chem., 69, 1973 
(1965).
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a X 10-’  (sec.-1).
1.0 3.0 400 1200 2000 The 3-methylpentene-l and 4-methylpentene-l are 

formed uniquely by insertion. Figure 2 illustrates 
product variation for the methylene-pentene-1 sys
tem over the pressure range 10 ~2 to 46 mm. The 3- 
methylpentene-1 and 4-methylpentene-l peaks were 
only slightly separated on the squalane column, and 
only their combined total amount is known. The 
number and relative amounts of side products increased 
as the total pressure of the system decreased until, 
at the lowest pressure runs, the above seven C6Hi2 
products comprised only 60% of the more than 20 
products detected from C6 into the Cs region. A major

Figure 1. Variation of C6Hi0 product composition with 
pressure: ethylcyclopropane, ©; pentene-1, •; 
3-methylbutene-l, X ; 2-methylbutene-l, A; irans-pentene-2, O; 
cfs-pentene-2, □.

At lower pressures there is a significant number of 
other hydrocarbon products although these virtually 
disappear at high pressures. Detailed analysis of low 
pressure (0.33 mm.) runs on the 91.4-m. squalane 
capillary column revealed as many as 28 additional 
“ side products,”  C6 through C8. The six principal 
C5H10 products constituted approximately 50% of 
these 34 products. Roughly 20% of the side products 
were hexene isomers. Addition of 7%  of oxygen to 
the reaction mixture at low pressure virtually elimi
nated all 28 side products and produced several polar 
type peaks on the chromatogram instead.

Pentene-1 Reactant. The principal insertion and ad
dition reactions are

CHaCAi) +  CH3CH2CH2C H =C H 2
ki\

k\2

ka

kn

kd

c h 3c h 2c h 2c h 2c h = c h 2*

c h 3c h 2c h 2c h ==c h c h 3*

CH3CH2CH2(CH3)C = C H 2* 

(CH3CH2(CH3)CH CH =CH 2* 

i (CH3)2CHCH2C H =C H 2* 

CH3CH2CH2— c-C3H6*

(m)

(n)

(o)

(p)

(q)

(r)
For the reasons mentioned earlier, consideration of data 
for the relative rates, ki}/kd, will be delayed to the 
Discussion.

The principal isomerization reactions are

CH3CH2CH2— c-C3H5*
fcal

&a2

fca3

c h 3c h 2c h 2c h 2c h = c h 2*

c h 3c h 2c h 2c h = c h c h 3*

CH3CH2CH2(CH3)C = C H 2*

w X 10-6 (sec.-1).
1.0 2.0 3.0 4.0 5.0 200 400 600 800 1000

Figure 2. Variation of the C6Hi2 product yield with pressure: 
propylcyclopropane, 0 ; hexene-1, • ; 3-methylpentene-l +  
4-methylpentene-l, X ; 2-methylpentene-l, A; inms-hexene-2,
O; cis-hexene-2, □.

side product common to both this system and the bu
tene-1 system had the retention time of 1,5-hexadiene. 
In the pentene-1 system this product was detected at 
pressures as great as 0.6 mm. although it was absent 
at 2 mm.

Propene Reactant. The principal insertion and ad
dition reactions are

CHiOAO +  CH3CH=CH2
til

c h 3c h 2c h = c h 2* (V)
kii

— ► c h 3c h = c h c h 3* (w)
k\z

(CH3)2C = C H 2* (X)
kd

CH3— c-C3H6* (y)
The principal isomerization reactions of methyl- 

cyclopropane are30

GO
&,

CH3— c-C8H6* — ► c h 3c h 2c h = c h 2* (z)

(t) c h 3c h = c h c h 3* (aa)

0 0 (CH3)2C = C H 2* (b b )
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None of the insertion or isomerization products are 
uniquely formed in only one way. Only a limited 
study was conducted. The ratio [butene products/ 
methyleyclopropane] was determined at pressures from
0.23 to 63 cm.

Rates of Decomposition of Cyclopropanes. Figures 3- 
5 are plots of (2 olefin/cyclopropane) vs. w-1 for the 
three systems, where only those olefins that can 
arise by isomerization as well as by insertion are rele
vant and are included in the numerator. The quan
tity co is the specific collision frequency. The slopes of 
the lines in the plots are proportional to the total rate 
constants, fca, for the alkylcyclopropane isomerization 
to olefins if subsequent olefin decomposition is unim
portant3'1; otherwise the slopes are too small. fca 
is defined as wD/S, where D is the total isomerization 
amount of the hot cyclopropane and S is the collisionally 
stabilized portion.

Discussion
Thermochemistry and Reaction Parameters. The 

basis of the following remarks is given in Table I. 
The heat of addition of methylene to propene is 2.8 
kcal. mole-1 less than for ethylene, at 0°K. The 
heats of methylene addition to propene, butene-1, 
and pentene-1 are the same at 0°K. Since cyclo
propane formed at 300°K. by 4300-A. photolysis of 
diazomethane in ethylene is estimated to have an 
average internal energy, {E), around 110 kcal. mole-1,4’6 
the formed methyl-, ethyl-, and propylcyclopropanes

Table I : Gaseous Heats of Formation at 0°K. (kcal. mole 1)°

Molecule Ai?f°o Molecule A R f ° o

Ethylene 14.5 cfs-Pentene-2 -0 .2
Cyclopropane 16.7 b irams-Pentene-2 -1 .3
Propene 8.5 3-Methylbutene-l -0 .7
Methyleyclopropane 13.6e 2-Methylbutene-l -2 .3
Butene-1 5.0 Propylcyclopropane 6.3e
cfs-Butene-2 3.5 Hexene-1 -2 .5
irares-Butene-2 2.2 cis-Hexene-2 - 3 .9
Isobutene 1.0 irows-Hexene-2 - 5 .1
Ethylcyclopropane 10.0" 2-Methylpentene-l - 6 .0
Pentene-1 1.1 3- Methylpentene-l

4- Methylpentene-l
-3 .5
-3 .5

° All quantities are from ref. 15 unless otherwise specified. 
6 The 298°K. value [J. W. Knowlton and P. D. Rossini, J .  R e s .  

N a t l .  B u r .  S t d . ,  43, 113 (1949)] has been converted to 0°K.; 
the value given in ref. 4 is slightly in error. e Estimated from 
0°K. value for ethylcyclopropane by using a value for A ( A H t ° o )  

owing to addition or subtraction of a CH2 group as determined by 
comparison with related molecules. d  Obtained from the liquid 
(25°) heat of combustion value [private communication by E. J. 
Prosen to P. J. C. Pierens and J. Nasielski, B u l l .  s o c .  c h i m .  B e i g e s ,  

71, 187 (1962)], with an estimated Af?vap, and converted to 0°K.

with » - 1, where only those pentenes that arise by both 
insertion and ethylcyclopropane structural isomerization 
are included.

Figure 4. Variation of the [hexene/propylcyclopropane] 
ratio with &>-1, where only those hexenes that arise 
by both insertion and propylcyclopropane structural 
isomerization are included.

Figure 5. Variation of the [butene/methylcyclopropane] 
ratio with <u-1. The isobutene product amount has been 
estimated from the data of Butler and Kistiakowsky.3d

here have values of (E) of 107.9, 108.6, and 109.6 
kcal. mole-1, respectively; the exact amount for 
each species depends also on the contributions of ther-
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mal energy. The excess energies, (E +) =  (E) — 
E0, with respect to isomerization to olefins are just 
under3 50 kcal. mole-1.

Since structural isomerization of cyclopropanes to 
their respective olefins is exothermic at 0°K. by ^8 
kcal. mole-1, the exact amount depending on the par
ticular olefin formed, the excited olefins are formed with 
(E) 116 kcal. mole-1. The excitation level of each
olefin is independent of its route of formation in the 
approximation that there is no difference in the ener
gies of the methylenes which react by insertion or ad
dition. The critical energy E0 for primary-secondary 
allylic C -C  bond rupture in butene-1 is about 70 kcal. 
mole-1, the exact value varying with the estimate of 
the allylic resonance energy.7-9 Substitution of C for 
H on the terminal carbon atom lowers its dissociation 
energy by 1-2 kcal. mole-1 per attached C atom9: E0 
decreases in the order primary-secondary >  secondary
secondary >  secondary-tertiary, etc. Specific ex
amples are the dissociation energies of the allylic C-G 
bonds of the pentenes, which decrease as pentene-2 ~
2-methylbutene-l >  pentene-1 >  3-methylbutene-l, 
the energies ranging above 65 kcal. mole-1. The ole
fins in these systems thus have excess energy for allylic 
C -C  rupture, (E +) ~  46-55 kcal. Relative to the 
alkylcyclopropanes,9 the quasi-constancy of (E+) 
and the increase of the other parameter, (E), will cause 
a decrease in the relative olefin decomposition rate. 
However, the frequency factors for decomposition by 
C -C  bond rupture of alkanes are often given as >  1017 
sec.-1,9’11 a factor ~ 1 0 2 greater than those for the 
structural isomerization of the cyclopropanes.12 One 
might therefore expect that the rate constants for 
allcene decomposition by allylic C -C  bond rupture 
should be greater in general than those for alkylcyclo- 
propane isomerization.

The above discussion offers the most apparent fac
tors related to the estimate of energetic parameters. 
Later, we shall have occasion to note several other 
factors that may modify the thermochemistry. We 
shall wish to take account of possible changes in the 
estimate of allylic resonance energy, of a possible small 
barrier to radical recombination and hence an increase 
for E0 for decomposition, of other assumptions regard
ing the average energy of methylenes as affected by 
their mode of reaction, and of collisional de-energiza
tion of cyclopropanes that isomerize.

Cyclopropane Isomerization and Olefin Disappearance.
A. Methylene-Propene System; fca. The total rate 
constant, /ca, for the disappearance of methylcyclo- 
propane, given by the slope of the line in Figure 5, 
is 6.0 X 108 sec.-1. This value is less by a factor of 1.6 
than that obtained by a different technique that was

independent of the measurement of D .10 Since de
composition by allylic C-H  bond rupture has a much 
greater activation energy than the activation energy 
for decomposition by allylic C -C  bond rupture,9 
the low value of k& obtained from Figure 5 is due pri
marily to loss of butene-1 by the process CH3CH2C H =  
CH2-^ C H 3- +  • CH2C H =C H 2.

B. Methylene-Butene-1 System; ka. The thermal 
isomerization of ethylcyclopropane produces pentene-1 
and pentene-2 in equal amounts.123. Figure 1 indicates 
that there is considerably greater decomposition of 
pentene-1 relative to pentene-2 since the former scarcely 
increases in amount at lower pressures. Pentene-2 
decomposition involves primary-secondary allylic C -C  
bond rupture (reaction ee) and is expected to de
compose more slowly than would pentene-1 by secon
dary-secondary allylic C -C  rupture (reaction cc). 
In fact, addition of 5 to 10% of oxygen (which scavenges 
free radicals which otherwise can recombine) to a 
methylene-butene-1 system selectively reduces the 
percentage of pentene-1 at low pressure to below its 
high pressure limiting value.13

That the other pentene products do actually de
compose by allylic C-C bond rupture is indicated by 
the fact that there are large amounts of 2-methyl- 
pentene-1, 3-methylpentene-l, and hexene-2 produced 
at low pressure. These can arise by combination of 
ethyl radicals with the various possible methallyl 
radicals produced by pentene-2, 2-methylbutene-l, 
and 3-methylbutene-l decomposition by allylic C -C

(cc) 

(dd)

(ee) 

(ff)

(gg) 

(hh)

bond rupture (reactions ee, gg, and ii) 

CH3CH2CH2C H =C H 2*
k °  al

C2H6 +  -CH2C H =C H 2 D°i
co

c h 3c h 2c h 2c h = c h 2 S° 1

c h 3c h 2c h = =c h c h 3*

CH3 +  -CH2C H =CH CH 3 d °2
CO

c h 3c h 2c h = c h c h 3 S°2

CH3CH2(CH3:)C =C H 2*
k °  a3 ----> CH3 +  -CH2(CH3)C = C H 2 D° 3

CO
CH3CH2(CH3)C = C H 2

(11) B. S. Rabinovitch and D. W. Setser, Advan. Photochem., 3, 1
(1964) . The absolute rate constants in Table XIII of this reference 
should be multiplied by 2.
(12) (a) M. L. Halberstadt and J. P. Chesick, private communica
tion; (b) D. W. Setser and B. S. Rabinovitch, J. Am. Chem. Soc., 86, 
564 (1964); J. P. Chesick, ibid., 82, 3277 (1960).
(13) F. H. Dorer and B. S. Rabinovitch, J. Phys. Chem., 69, 1964
(1965) .
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(CH3)2CH CH =CH 2*

-A -  CH3 +  CH3CH CH =CH 2 D° 4 (ii)

- A  (CH3)2C H CH =CH 2 S°i (jj)

The superscript stands for olefin reaction. The ab
sence of propylcyclopropane and 1-butenylcyclopro- 
pane at low pressures indicates that the process

C2H6— c-C3H6 — ► CH3 +  CH2—c-C3H5 (kk)

does not occur. The rate constant, fca, calculated from 
the slope and intercept of the line in Figure 3 (in which 
the amounts of pentenes which were actually isolated 
were used as a measure of D), is 0.8 X 107 sec.-1 
and is smaller by a factor of 2.9 than the value measured 
by other techniques10; this is indicative of the exten
sive amount of olefin disappearance.

That pentene decomposition by allylic C -C  bond 
rupture is not the entire explanation of product disap
pearance or appearance in this system, however, is 
indicated by the behavior found for 3-methylbutene-l. 
Decomposition of this molecule involves rupture of a 
primary-tertiary allylic C -C  bond, with a critical 
energy possibly lower than that for pentene-1 decompo
sition, together with a reaction path degeneracy of 2. 
Figure 1 indicates that, at intermediate pressures, only
3-methylbutene-l shows a decline in amount with reduc
tion of pressure. This is due, at least in part, to the 
fact that, unlike the other insertion products, it is not 
replenished by the cyclopropane isomerization. At 
still lower pressures, nonetheless, there is onset of an 
increase in this product. This could obviously be 
due to recombination of methallyl and methyl radicals 
which arise from other sources, e.g., pentene-2 de
composition. However, addition of 5-10% of oxygen 
did13 not completely inhibit all of its increase, and a 
nonradical olefin isomerization reaction which produces
3-methylbutene-l must also occur. Isomerization 
reactions between 2-methylbutene-2, 2-methylbutene-l, 
and 3-methylbutene-l are known.14 15 However, thermo
dynamic considerations argue against formation of 3- 
methylbutene-1 from 2-methylbutene-l in this system,16 
while 2-methylbutene-2 constituted, at most, only 1% 
of the total C8H10 products at low pressures. The 
equilibrium constants for formation of 3-methylbu
tene-l from pentene-1 and pentene-2 are 0.69 and 0.68, 
respectively, at 1500°K.16 (an approximate lower limit 
to the “ temperature”  of these species). The actual 
concentration ratios at the lowest pressure measure
ments [3-methylbutene-l/pentene-l] and [3-methyl- 
butene-1 / pentene-2 ] are about 0.6 and 0.4 indicating 
a possibility that these two olefins isomerize to 3-meth- 
ylbutene-1 in this system somewhat.

The rate constants k°aj, then, are unimolecular rate 
constants for olefin disappearance, the primary mode of 
which is most probably allylic C -C  bond rupture but 
which may include a contribution from isomerization 
reactions between the pentene isomers that could 
effectively increase or decrease their net apparent rate 
of decomposition.

C. Methylene-Pentene-1 System. The product pres
sure dependence shown in Figure 2 may be explained 
by arguments analogous to those given for the butene 
system. In this system, however, no primary-second
ary allylic C-C bonds are involved, only weaker ones; 
the critical energies for bond rupture of some of the 
hexenes are lower than for the pentenes,9 thereby mak
ing decomposition relatively more important.

CH3CH2CH2CH2C H =C H 2*
2.0 -

— >  c 3h 7- +  • c h 2c h = c h 2 

- A -  c h 3c h 2c h 2c h 2c h = c h 2 

c h 3c h 2c h 2c h = c h c h 3*

A t  c 2H6- +  -CH2CH=CHCH3 

- A -  c h 3c h 2c h 2c h = c h c h 3

CH3CH2CH2(CH3)C = C H 3*
LO „

— -> C2H6- +  -CH2(CH3)C = C H 2

-A- CH3CH2CH2(CH3)C = C H 2 

CH3CH2(CH3)CH C H =C H 2*
c 2h 8- +  c h 3ç h c h = c h 2

CH r +  CH3CH2ÇH CH =CH

c 3h 7- +  -c h 2c h = c h 2

(CH3)2CHCH2C H =C H 2*
„ jC H 3CH2(CH3)C H C H =C H 2) 

j (CH3)2CHCH2C H =C H 2 (

D°i (11)

S° 1 (mm)

d °2 (nn)

S ° 2 (oo)

D° 3 (PP)

s ° 3 (qq)

(rr)

D° 4 (ss)

(tt)

S°4 (uu)

(vv)

An indication of the importance of olefin decomposition 
in this system is that the constant k& for propylcyclo
propane isomerization, as calculated from Figure 4 and 
ignoring olefin product disappearance, is 0.4 X 106 
sec.-1 ; this is a factor of 3.8 less than that measured 
by a method that does not employ a count of the prod
uct olefins.10

(14) (a) M. C. Flowers and H. M. Frey, J. Chem. Soc., 1157 (1962); 
(b) M. C. Flowers and H. M. Frey, ibid., 3953 (1959).
(15) F. D. Rossini, “ Selected Values of Physical and Thermodynamic
Properties of Hydrocarbons and Related Compounds,” American 
Petroleum Institute, 1953.
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There is first a marked decrease with lowering of 
pressure and then an increase in the sum of the 3- 
methylpentene-1 and the 4-methylpentene-l, which is 
analogous to the behavior noted earlier for 3-methyl- 
butene-1. Although no low pressure oxygen studies 
were done in this system, presumably processes analo
gous to those that governed 3-methylbutene-l be
havior also occur here.

Measurements of k°& for Olefin Disappearance. Some 
Experimental Complications. Two different complica
tions were encountered in different pressure regions,
(a) The “ high pressure” region, in which hot cyclo- 
propanes and olefins are largely quenched by collision 
before they can react,16 should provide, in principle, 
a clear experimental basis for the determination of the 
relative amounts of methylene addition to the double 
bond and of insertion into the various C~H positions 
of the olefin substrate. Instead, it was found that the 
ratios of [addition/insertion] and also the relative 
amounts of insertion into various C -H  bond types were 
a function of the total pressure (mixture composition 
remaining constant) within the high pressure region, 
at least up to 100 mm. The following discussion will 
consider this matter more explicitly. However, it may 
contribute to the clarity of the presentation to describe 
the most important conclusions. Namely, the data 
obtained in the region just below 10 mm., i.e., in an 
“ intermediate pressure” region, are the most reliable 
and accurate. The insertion ratios deduced from the 
intermediate region are virtually statistical in relative 
magnitude, while the high pressure values discrimi
nate somewhat against insertion, particularly into the 
vinyl C -H  bond, (b) In a “ low pressure”  region, 
below the intermediate region, it was found that the ob
served rate constants deduced for olefin decomposition, 
k°Aj, tended to decline markedly. This is attributed 
to the fact that in the low pressure region, where de
composition was quite extensive, reverse recombination 
of radicals, which is not allowed for in a naive calcula- 
tional scheme, becomes significant; cf. reactions ee, gg, 
and ii described earlier.

These complications, together with olefin isomeriza
tion mentioned earlier, limit the accuracy of these 
experimental measurements of /c°a;- and give rise to 
drift with pressure, in some cases. The values deduced 
below should not be considered accurate to better than 
a factor of 2.

Rate Formulation. I f  the only modes of formation of 
a vibrationally excited olefin is methylene insertion and 
cyclopropane isomerization, the steady-stage assump
tion applied to the concentrations of each of the hot 
species leads to (compare eq. 2 of ref. 13)

fc°a j  =  +  “ ) +  k a j j "  —  «  ( 1 )

If a particular hot olefin is formed only by insertion, 
eq. 1 becomes

k% ■ i M (t- + ">} ■" (2)
From known values for k&, fc /̂fcd, k ^ /ka measurements of 
S/S°j as a function of co yield the rate constants k0aj. 
As mentioned earlier, the total rate constants, /ca, 
have been measured independently for methylcyclo- 
propane, ethylcyclopropane, and propylcyclopropane.10 
The details of the measurement and assignment of 
values for the other two parameters, kaj and k-^/kd, 
are now discussed.

The Parameter fcai. The pentene isomer distribu
tion produced by the thermal isomerization of ethyl- 
cyclopropane is the same as the analogous butene iso
mer distribution produced by the thermal isomerization 
of methylcyclopropane.12 Thus, the relative values 
of fca;/fca for chemically activated ethylcyclopropane 
may be assumed to be the same as for chemically acti
vated methylcyclopropane measured by Butler and 
Kistiakowsky (as determined in a pressure region where 
subsequent olefin decomposition was not important).3*1

The Ratio ky/ka. The determination of the ratio 
[insertion/addition] requires a more detailed exami
nation of the high pressure region in these systems. 
Our methylene-propene work does not offer new infor
mation, but the other two systems are more useful. 
It was found that the [total olefin/cyclopropane] 
ratios decrease at a faster rate with increasing co (in
sets, Figures 3 and 4) than the known rate constants10 
for the respective alkylcyclopropane isomerizations 
permit. That is to say, the [olefin/alkylcyclopropane] 
ratios for these systems, even when corrected for any 
very minor occurrence of olefin decomposition or cyclo
propane isomerization, in the high pressure region are 
all pressure dependent and decrease with increasing co. 
The values obtained at lower pressure, in the inter
mediate region, are the more reliable; Table II gives 
the measured butene-1 system and pentene-1 system 
ratios for [insertion/addition] as determined in both 
the intermediate and high pressure regions. The rela
tive rates of insertion measured at lesser pressure are ob
viously closer to statistical than the values found at 
pressure 10- to 100-fold higher.

Similar behavior has previously been observed by * 20

(16) The value of S/D for ethylcyclopropane at p =  10 mm. (a; =
20 X 107 sec.-1) is 10. The value of S/D for propylcyclopropane at 
V — 2 mm. (u = 46.6 X 107 sec.-1) is 31.1.
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Table U : The Relative Rates of Methylene Insertion to 
Double-Bond Addition for the Methylene-Butene-1 and 
Methylene-Pentene Systems

' k ij /  kd '
Product Intermed. High C -H  bond
molecule press.® press.& type

Pentene-l 0.47(0.16)' 0.36(0.12) Primary
Pentene-2 0.33(0.16) 0.16(0.08) Vinylic
2-Methylbutene-l 0.12(0.12) 0.08(0.08) Vinylic
3-Methylbutene-l 0.33(0.16) 0.26(0.13) Allylic
Hexene-1 0.45(0.15) 0.29(0.10) Primary
Hexene-2 0.22(0.11) 0.12(0.06) Vinylic
2-Methylpentene-l 0.11(0.11) 0.05(0.05) Vinylic
3- Methylpentene-l +  1
4- Methylpentene-l /0.54(0.14) 0.38(0.10) Allylic and 

secondary

“ Butene system ratios obtained at 10 mm.; pentene system 
ratios are averages for 2 and 5 mm. 6 Butene system ratios are 
averages of measurements in the 200 to 1000 mm. range; pentene 
ratios are from runs at 46 mm. '  Numbers in parentheses are 
ratios per C-H bond.

Frey17 in diazomethane photolysis systems (although the 
above interpretation was not applied). Also, similar 
pressure dependence of methylene insertion into the 
C-H  bonds of butane relative to double-bond addition 
has been observed in this laboratory when diazomethane 
is photolyzed in butene-1 plus n-butane mixtures.10 
These various examples of increase of the [insertion/ 
addition] ratios with decreasing pressure are in the 
same direction as the change produced in the present 
work by addition of 5 to 10% of oxygen to a diazo
methane-butene system at fixed (high) pressure al
though the magnitude of the oxygen effect is somewhat 
less. An increasing importance of insertion in ketene- 
butene-2 photolysis systems with added oxygen has 
previously been attributed to the presence at high 
pressures of approximately 29% of triplet methylene.17 18 
The presence of 10 to 20% of irans-dimethylcyclo- 
propane of the total addition product when diazo
methane was photolyzed19 in admixture with cfs-butene- 
2 at total pressures greater than 500 mm. could also be 
attributed to 20 to 35% of triplet methylene, as based 
on known ratios of these isomers formed by triplet 
methylene reaction with os-butene-2.20

The above facts and arguments suggest that the 
pressure dependence of the [insertion/addition] ratio 
found in the systems under consideration here may be 
due, in part at least, to an increasing percentage of 
triplet methylene at the higher pressures.18 It is also 
important to note that both the insertion ratio effects 
and the geometric stereochemical nonspecificity of ad
dition18 alter in parallel fashion at higher pressures.

Summary of the Experimental Values of the k

Figure 6. Variation of k \  with a  for the pentenes: 
pentene-1, • ; pentene-2, O; 2-methylbutene-l, A .

The rate constants fc°ai, /c°a2, and /c°a3 for the pentenes 
are illustrated in Figure 6 as a function of w. Their 
extreme pressure dependence for values of o> <  107 
sec.-1 (p <  0.53 mm.) is attributed to the low pressure 
complication of re-formation of the pentenes by radical 
recombination at low pressures. The magnitudes of 
k°ai, fc°a2, and k°a3 reported for this system in Table III 
are averages of runs with co >  107 sec.-1 The value of 
k°a4 for 3-methylbutene-l decomposition is too inac
curate to describe quantitatively. It is estimated to 
be >5 X 107 sec.-1.

Table H I: The Rate Constants for Chemically Activated 
Olefin Decomposition by Allylic C-C Bond Rupture

Olefin k°n, see.-1

Butene-1“ 1.5 X 108
Pentene-16 2.0 X 107
Hexene-1' 2.5 X 106

Pentene-26 9.0 X 10«
Hexene-2' 3.7 X 106

2-Methylbutene-l6 1.0 X 107
2-Methylpentene-lc 5.8 X 106
3-Methylbutene-l >5 X 107

° Average of measurements with a  >  2.1 X 108 sec.-1 (>11.8 
mm.). b Average of measurements with a  >  107 sec.-1 (>0.53 
mm.). '  Quantities obtained by extrapolation to a  =  5 X 106 
sec.-1 (0.21 mm).

(17) H. M. Frey, Proc. Roy. Soc. (London), A250, 409 (1959)
(18) J. W. Simons and B. S. Rabinovitch, J. Phys. Chem., 68, 1322 
(1964) ; a similar collision-induced, pressure-dependent mode of for
mation of triplets, described in this reference, may apply here.
(19) (a) H. M. Frey, Proc. Roy. Soc. (London), A251, 575 (1959); 
(b) D. W. Setser, F. H. Dorer, and B. S. Rabinovitch, unpublished 
results.
(20) F. J. Duncan and R. J. Cvetanovic, J. Am. Chem. Soc., 84, 3593 
(1962).
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The rate constants for hexene-1, hexene-2, and 2- 
methylpentene-1 decomposition are pressure dependent 
over most of the range (mainly in the low pressure re
gion) of these measurements (Figure 7); i.e., radical 
recombination at low pressures again causes fall of the 
apparent k°&j. The values reported in Table III 
were obtained from the highest pressure values which 
enter the intermediate pressure region (« =  5 X  106 
sec.-1, p =  0.21 mm.). The values for hexene-1 
disappearance (fc°ai) have been corroborated (Figure 7) 
by work13 involving methylene reaction with pentene-1 
and 5,5,5-trifluoropentene-l mixtures.

co X 10-8 (sec.-1).
Figure 8. Variation of k°ai with a  for butene-1 decomposition.

Figure 7. Variation of/fc°a with w for the hexenes: hexene-1,
• ; hexene-2, O; 2-methylpentene-l, A. Additional results 
for &°ai were provided by the internal comparison measurements 
of ref. 10.

The value of /c°a4 for the sum of the disappearance of
3-methylpentene-l and the 4-methylpentene-l was 
again too inaccurate to estimate quantitatively. It is 
simply estimated to be >5  X 106 sec.-1.

The rate constants fc°al for butene-1 decomposition 
(Figure 8) decrease at the lowest pressure measurements 
(where S/D for butene-1 is ~0 .3 ). Such pressure de
pendence is due to radical recombination at lower pres
sures. Butene-2 decomposition was not significant 
at pressures where decomposition of butene-1 was al
ready quite noticeable. A value of fc°al for butene-1 
decomposition is included in Table III.

Comparison of Calculated and Experimental Rate 
Constants. Even though the experimental data are 
not highly accurate, they are still adequate for com
parison with theoretical rate constants and can provide 
insights into the nature of these olefin decomposition 
processes.

Since for these methylene-olefin systems the distri
bution function for the formed olefin species is quite 
narrow relative to (R+),4’6 the experimental rate con
stant may be closely approximated by k<E), the specific 
rate constant at the average energy. The average 
energy of the formed species is determined by the 
(known) thermal energy of the reactants systems4’6 
and the thermochemistry of the various species involved

(Table I). For butene-1, pentene-1, and hexene-1, 
(E) =  116.5, 117.2, and 118.2 kcal. mole-1, respec
tively.10

We consider now several prior assertions that affect 
both (E) and E0. The assumption that the excitation 
level of each olefin is independent of whether it is formed 
directly by insertion or by isomerization of the hot cyclo
propane formed on addition is believed reasonable. 
Since the reactivity of methylene with olefin double 
bonds is of the order of the collision rate,Se the scaveng
ing effect of the double bonds should cause any energy 
fractionation of the methylenes reacting by the two 
paths to be negligible.

Another matter that affects the estimate of (E) 
is the question of whether the average energy of the 
olefins formed by isomerization is lowered because the 
alkylcyclopropanes may undergo stepwise collisional 
deactivation. Since the deactivation step sizes in 
diazomethane-olefin systems are quite large5 and, more
over, only a fraction of the olefins arise by the isom
erization pathway, (E) for the formed olefins would at 
most be lowered by, say, 2 kcal. mole-1. This places 
lower limits on (E) of 114.5, 115.2, and 116.2 kcal. 
mole-1 for butene-1, pentene-1, and hexene-1, respec
tively.

Recent estimates of the allylic resonance energy8 
(~ 12  kcal. mole-1) suggest that the critical energy 
E0 for decomposition of butene-1 by allylic C -C  bond 
rupture may be as high as 72 kcal. mole-1. In addition, 
if we seek an upper limit, a small barrier for allyl radical 
recombination is plausible. We may consider that this 
establishes a reasonable upper limit: for butene-1
decomposition, E0 =  74 kcal. mole-1. Pentene-1 and 
hexene-1 would have correspondingly altered (although 
lower) critical energies for allylic C -C  rupture.

The RRKM  formulation for kE, the specific uni- 
molecular rate constant at the energy E, is

P+1 ZPffi+yr) 
hP* 1 N(E*vr) (3)

The Journal of Physical Chemistry



Unimolecular D ecomposition of Product Olefins 1961

Table IV : Molecular Vibration Models for Butene-1 Decomposition

--------------- Activatied complex models6-------
Motion Molecule“ 1 2 3 4 c

CH str. 3080, 3000 (2), 2968, 2965 3140,2985 (2)
2917,2882,2860

C =C  str. 1642 1400 1400 1400 1500
C—C str. 1055,845 0,1200 0,1200 0,1200 0,1115
CH bend. 1295, 635 1295, 785
CH2 def. 1415,910 1425, 880
CH2 wag 1325,1165 1190,1085
CH2 bend 1450 1425
CH2 twist 1275 1040
CH2 rock 765 190 125 190 Free rot.
CH3 wag 1165 290 195 290 Free rot.
CH3 rock 960 240 160 240 Free rot.
CH3 def. 1465(2), 1380 1420(2), 950
C = C  torsion 995 600 600 600 550
C— C torsion 225, 102 56, 250 38, 250 Free rot., 250 Free rot., 350
Skeletal bend 435, 271 375, 70 375, 45 375, 70 415, free rot.

a The molecule frequency assignment is that of ref. 22. 6 Only the frequency changes made in forming the activated complexes are 
indicated. Those CH stretching frequencies changed from the molecule assignment to form the OH stretching frequencies for the 
planar methyl of complex 4 are underlined. ° Model 4 contains the vibrational frequencies for a planar methyl radical and an allyl 
radical. The methyl radical frequency assignment is that of ref. 11 and J. B. Howard, J .  C h e m .  P h y s . ,  3, 207 (1935). For allyl, cr = 
2 and skeletal angle of 120° were used.

Table V : The Molecular Vibration Models for Pentene-1 Decomposition

r-----------------------Activated complex models-----------------------»
Motion Molecule“  *6 1 2

CH str. 3080, 3000 (2), 2965 (2), 2928, 2916,
2885, 2862,2852

C = C  str. 1642 1400 1400
C—C str. 1035,926,845 0,1200 0,1200
CH bend 1295, 635
CH2 def. 1415,910
CH2 wag 1391,1258,1165
CH2 bend 1460,1444
CH2 twist 1292,1249
CH2 rock 845, 725 210,180 140,120
CH3 wag 1165
CH3 rock 1005
CH3 def. 1468,1461,1370
C = C  torsion 995 600 600
C— C torsion 215,102, 88 180, 25,° 250 180,17,° 215
Skeletal bend 435,401,188 375,100,47 375, 67, 30

“ The molecule assignment is that of ref. 22. b The molecule frequencies changed in forming the activated complex are underlined. 
Only the frequency changes made in forming the complexes are tabulated. ° See footnote c, Table VI.

where P +i/P*i is the ratio of the partition functions of 
adiabatic degrees of freedom, 2P(E+VT) is the sum 
over all vibrational-internal rotational energy eigen
states of the activated complex, and N(E*YT) is the 
density of the vibrational-internal rotational energy 
eigenstates for the activated molecule. This expression

has been discussed in detail in earlier presentations.4-18’21 
Calculations are made here for butene-1, pentene-1, 

and hexene-1 decomposition by allylic C -C  rupture on

(21) B. S. Rabinovitch, R. F. Kubin, and R. E. Harrington, J. Chem. 
Phys., 38,405 (1963).
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Table VI : Molecular Vibration Models for Hexene-1 Decomposition

<-----------------------Activated complex models--------- -----------—>
Motion Molecule°,& 1 2

CH str. 3080, 3000 (2), 2965 (2), 2929, 2919,
2915,2882,2862,2856, 2852

C = C  str. 1642 1400 1400
C—C str. 1065,1035,935, 845 0,1200 0,1200
CH bend 1295, 635
CH2 def. 1415,910
CH2 wag 1356,1303,1242,1165
CH2 bend 1463,1453,1444
CH2 twist 1303,1277,1236
CH2 rock 1038, 740, 723 185,180 123,120
CH3 wag 1085
CH3 rock 1005
CH3 def. 1472,1462,1370
C = C  torsion 995 600 600
C—C torsion 208,125. 94, 61 102,250,15“ 102, 250, 10c
Skeletal bend 435, 370, 303,139 375, 76, 45 375, 50, 23

“ The molecule frequency assignment is that of ref. 22. b Those molecule frequencies changed in forming the complexes are under
lined. Only the frequency changes made in forming the complexes are tabulated. c Such a low libration frequency is a formal conse
quence of the method of assigning the complex frequencies; it provides a rate comparison with more physically realistic models using 
higher values (or free rotation about the C-C bond, as for butene).

the assumption that all internal degrees of freedom are 
active, while over-all rotations are effectively adiabatic. 
The vibrational-internal rotational frequency assign
ment for these molecules is that used earlier.22 23 The 
activated complexes correspond pictorially to

C B X JH ,
■/

R • • • H2C

The reaction coordinate is taken to be a C-C stretch. 
There is some frequency tightening in the allylic frag
ment owing to allylic resonance. For butene-1, two 
methyl motions, one CH2 wag, the CH3 torsion, and one 
skeletal bend were lowered. The corresponding pen- 
tene-1 and hexene-1 complexes were formed in the same 
manner except that a CH2 motion and a skeletal bend 
and torsion are lowered in the complex instead of methyl 
motions. The molecule and complex models are tabu
lated ir. Tables IY -YI. The sum and density terms were 
evaluated on an IBM  7094 using programs written by 
Mr. G. Z. Whitten.

The calculations for butene-1 decomposition are the 
most extensive, and, consequently, they will be dis
cussed first. Values are presented here for four dif
ferent butene-l-activated complex models. In Table 
VII are tabulated the calculational results for these 
complex models for various combinations of the pos
sible energy parameters. Model 1 corresponds to a 
semiloose activated complex in that the modes that 
would go over to free rotations in a “ loose”  complex

Table VII: Calculational Results for k ( E )  (sec.-1) for
Various Butene-1 Activated Complex Models“

-Activated complex model-
{E f lc 2d 3' i f Eoh

116.5 5.8 X 109 3.7 X 1010 65
116.5 3.2 X 109 2.0 X 1010 67
116.5 0.9 X 1011 70
114.5 0.65 X 1011 70
116.5 6.4 X 108 4.0 X 109 2..5 X 10s 4.7 X 1010 72
114.5 4.5 X 108 2.2 X 109 1..7 X 10* 3.6 X 10“ 72
116.5 3.2 X 108 2.0 X 109 1.,3 X 10s 2.6 X 10“ 74
114.5 2.3 X 108 1.5 X 109 1.9 X 10“ 74
Exptl. 1.5 X 108

“ The calculated rate constants include the ratio of the parti-
tion functions for the over-all rotational degrees of freedom; a 
factor of \̂1 .6 for models 1, 2, and 3 and a factor of ~5.2 for 
model 4. b Energy units are kcal. mole-1. c The calculated 
ART frequency factor for this model is 2.0 X 10I6sec.-1 at750°K. 
The corresponding Arrhenius frequency factor for footnotes c, d, 
e, and/would be 11.5, 15.0, 7.5, and 2.5 times larger, respectively. 
d  The calculated A R T  frequency factor for this model is 1.3 X 1016 
sec.-1 at 750°K. * The calculated A R T  frequency factor for this 
model is 9.3 X 1014 sec.-1 at 750°K. 1  The calculated A R T  fre
quency factor for this model is 4.4 X 1017sec.-1 at 750°K. Ref. 
26 contains an error of a factor of 2.

are lowered to only one-quarter of their magnitude in 
the molecule. The C • • • C distance23 corresponds to

(22) M. J. Pearson and B. S. Rabinovitch, J. Chem. Phys., 42, 1624 
(1965).
(23) D. R. Herschbach and V. W. Laurie, ibid., 35, 458 (1961).
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Table VILI: Calculational Results for k ( E )  (sec.-1) for Pentene-1 and Hexene-1 Decomposition

-Pentene-1-
Ea l 2 Po“

117.2 3.1 X 10s 2.5 X 109 65
115.2 2.2 X 10s 1.8 X 10* 65
117.2 1.1 X 10» 8.8 X 10s 68
115.2 7.5 X 10’ 6.3 X 10s 68
117.2 2.0 X 10’ 1.7 X 10s 726
115.2 1.4 X 10’ 1.1 X 10« 72
Exptl. 2.0 X 10’

-Hexene-1-
Ea l 2 Po“

118.2 6.0 X 10« 6 . 1 X 1 0 ’ 68
116.2 4.0 X 10« 4.1 X 10’ 68
118.2 2.5 X 10« 2.6 X 10’ 70
116.2 1.7 X 10« 1.8 X 10’ 70
118.2 1.1 X 10« 1.1 X 10’ 726
116.2
Exptl.

7.4 X 10s
2.5 X 10«

7.5 X 10« 72

“ Energy units are kcal. mole-1. The calculations for lower values of E 0 are given for illustrative purpose, 
value E 0 =  74 for butene-1 with the assumption of a lowering of 2 kcal. in D(C-C) for this molecule.

b Corresponds to the

O

2.1 A. (and lower moments of inertia) relative to the 
very large values (5-6 A.) that accompany an asser
tion of free rotation in a loose model.11 This model 
anticipates a small barrier for methyl-allyl radical 
recombination and consequently a lower entropy of ac
tivation. Model 2 illustrates the effect of lowering the 
bendings and internal libration to one-sixth of their 
values with further extension of r(C • • • C) to 2.3 A. 
Model 3 illustrates the effect on the sum term of sub
stituting a free internal rotation for a low frequency 
libration. One notes that free rotation may actually 
decrease the magnitude of the sum under the conditions 
of these calculations. Model 4 represents a completely 
“ loose”  model of the Gorin type24 25 in which the methyl 
and allyl groups are allowed to tumble freely against 
each other. Such a model may be tolerated for 
ethane,26 but is not valid, in general, as pointed out by 
Johnston and Goldfinger.11’24 Calculational details 
and other models are contained in ref. 26.

The striking result of the calculations (Table VII) is 
that a loose model 4, or a highly semiloose equivalent 
model, is incompatible with the experimental data 
(Table III) even for the most favorable limiting values 
for the energy parameters. The tighter model 1 is in 
better agreement with the experimental results, which 
indicates that alkene decomposition by allylic C-C 
rupture has a substantially lower entropy of activation 
than that for ethane decomposition by C -C  rupture.27 
Model 1, with use of a spin factor of l/i and a reaction 
path degeneracy of 2, corresponds to a collision effi
ciency factor for recombination of 5.0 X  10-3. This is 
similar to H atom addition to olefins. For model 2, 
this would rise to 3.0 X 10-2. The calculations for pen- 
tene-1 and hexene-1 decomposition (Table VIII) also 
compare favorably with the experimental results for a 
moderate semiloose activated complex (model I). 
Furthermore, even for this model, a relatively high value 
for E0 of around 72-74 kcal. mole-1 is needed to repro

duce the experimental rates for butene-1, pentene-1, and 
hexene-1 decomposition. These data thus suggest that 
the allylic resonance energy is <  12 kcal. mole-1, which 
is in agreement with the latest estimates.8

It is hoped that other workers will be led to make 
independent measurements of these decomposition 
rates. We believe that our values are essentially 
correct, but, in view of their important implications, 
they should be further checked.

Unfortunately, the inaccuracy of the experimental 
results and the uncertainties in the energetics obscure 
the details of the dependence of the rate on molecular 
complexity for the homologous series butene-1, pen
tene-1, and hexene-1. However, the gross effects are 
obvious, and the comparison with the theory is good 
(Tables VII and VIII). The experimentally meas
ured decrease in fca per methylene group is a factor of 
■~8. The calculated factors (for the highest E0 
parameters, Tables VII and VIII) are somewhat 
higher, but not unsatisfactory in the light of both 
experimental inaccuracy and the uncertainty in ther
mochemical parameters. In view of this, however, it 
did not seem useful to make calculations for the other 
olefins of Table III since insertion of appropriate 
changes of bond dissociation energies into model 1 
types of complexes is bound to give order of magnitude 
agreement for these olefins also.

(24) H. S. Johnston and P. Goldfinger, J. Chem. Phys., 37, 700 (1962).
(25) There is an interesting relation between the calculated rates ob
tained with semiloose models which invoke lowered skeletal bendings 
and those obtained from loose models: the latter models give rates 
of decomposition for large or asymmetric molecules which are matched 
in magnitude on a semiloose model only when very low frequency 
bendings are employed; by contrast, for the symmetrical ethane 
molecule matching of rates predicted by the loose model is obtained11 
with more modest lowering of the bending modes.
(26) F. H. Dorer, Ph.D. Thesis, University of Washington, 1965.
(27) D. W. Setser and B. S. Rabinovitch, J. Chem. Phys., 40, 2427 
(1964).
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Unimolecular Reactions of Chemically Activated Species Produced in 

Systems of Methylene with Propene, Butene-1, 3,3,3-Trifluoropropene, 

and 4,4,4-Trifluorobutene-l1

by F. H . Dorer2 and B. S. Rabinovitch

Department of Chemistry, University of Washington, Seattle, Washington 98105 (Received December 38, 1964)

Dilute mixtures of ketene in propene, in butene-1, in 3,3,3-trifluoropropene, and in 4,4,4- 
trifluorobutene-1 were photolyzed at 3200 A. and 25°. The rates were measured for some 
isomerization processes of the chemically activated alkyl cyclopropanes that arise. Ex
periments were performed both in the presence and absence of 3-8%  added oxygen. The 
effect of oxygen on product composition is explained in terms of an earlier suggestion that 
the proportion of triplet methylene reaction is pressure dependent and that there is approxi
mately 29% triplet methylene in these systems at higher pressures. Some mechanistic 
effects of the trifluoromethyl group on the relative rates of methylene reaction with olefins, 
and on various competitive rates connected with alternative modes of hot alkylcyclopro- 
pane isomerization, are noted.

Introduction
The preceding paper3a described the decomposition 

of chemically activated alkene products formed in 
methylene systems by photolysis of diazomethane- 
alkene mixtures. The present paper compares the 
rates of some primary and secondary processes that 
occur after methylene produced by ketene photolysis 
has reacted with propene, butene-1, 3,3,3-trifluoro
propene, and 4,4,4-trifluorobutene-l. The systems 
ostensibly follow the scheme

C H sO A i)  +  R C H = C H 2

— >• R— c-C3H6* — > olefins* — > olefins

R— C-C3H5
k\_ co

— > olefins* — > olefins

where R  is CH3, C2H6, CF3, and CF3CH2. The vibra- 
tionally excited cyclopropanes are formed with 100-  
105 kcal. mole-1 of energy and can undergo structural 
isomerization to excited olefins with a critical energy 
E0 ~  61 kcal. mole-1.4 The vibrationally excited 
olefins, whether formed by isomerization or insertion 
(some are formed uniquely by insertion), have approxi

mately 8 kcal. mole-1 more energy than the cyclo
propanes; unless collisionally stabilized, they may 
undergo decomposition by allylic C -C  bond rupture 
with critical energy of approximately 70 kcal. mole-1.3 
The relative amounts of the olefin and cyclopropane 
products have been measured over a range of pressures 
in each system, both in the presence and in the absence 
of 3 to 8%  added oxygen.

Experimental

Materials. Ketene was purified by gas chroma
tography at —78° with a Fluoropak column.413 The 
hydrocarbons were Phillips research grade and were 
further purified by gas chromatography when neces
sary.

The 3,3,3-trifluoropropene was prepared by two 
methods. First,5 an equimolar gaseous mixture of

(1) Work supported by the National Science Foundation.
(2) National Science Foundation Predoctoral Fellow, 1962-1964.
(3) (a) F. H. Dorer and B. S. Rabinovitch, J. Phys. Chem., 69, 1952 
(1965); (b) F. H. Dorer, Ph.D. Thesis, University of Washington.
(4) (a) D. W. Setser and B. S. Rabinovitch, Can. J. Chem., 40, 1425 
(1962); (b) J. W. Simons and B. S. Rabinovitch, J. Phys. Chem., 68, 
1322 (1964); (c) J. W. Simons, B. S. Rabinovitch, and D. W. Setser, 
/ .  Chem. Phys., 41, 800 (1964).
(5) R. N. Haszeldine, J. Chem. Soc., 2856 (1949).
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trifluoromethyl iodide and ethylene was photolyzed 
with a G.E. AH-6 high pressure lamp in a Pyrex reac
tor having a bottom collection tip at 0° which was 
shielded from radiation. The product was dehydro- 
iodated with solid KOH. The propene was also syn
thesized by the reaction of SF4 with acrylic acid in a 
stainless steel vessel at approximately 20 atm. and 
100°.6 After purification by gas chromatography, the 
principal product from both methods had the same 
infrared spectra and a mass spectral pattern with a 
parent peak at mass 96.

4,4,4-Trifluorobutene-l was prepared by SF4 reaction 
with 1-butenoic acid. Yields were approximately 50% 
of the starting acid. The gaseous product was purified 
by gas chromatography. Its infrared spectra showed 
the vinylic CH stretch and C-C  double bond stretch 
frequencies reported by Haszeldine.7 The product had 
a mass spectral parent peak at mass 110.

Apparatus and Procedures. Pyrex reactors, ranging 
in sizes from 1 to 5000 cm.3, were pumped to at least 
10 mm. on a conventional vacuum apparatus before 
being loaded with a 1:10 ketene-olefin mixture. React
ants were photolyzed for 1 to 2 hr. with an AH-6 
lamp fitted with a quartz water jacket and a filter of a 
NiS04-C oS04 • 7HiO solution circulating through a 
Corex D glass envelope. The average wave length 
absorbed by the ketene was 3200 A.4b

Product Analysis. Condensable products were ana
lyzed by gas chromatography. The methylene-pro- 
pene products were separated on a column of silver 
nitrate-ethylene glycol on firebrick. This column 
did not separate isobutene from the propene so that 
aliquots of the products were also run on a hexamethyl- 
phosphoramide firebrick column. The methylene- 
butene-1 products were analyzed with the silver nitrate- 
glycol column followed by a 2,4-dimethylsulfolane 
firebrick column. The fluorocarbon systems were 
analyzed on the 2,4-dimethylsulfolane column followed 
by a dibutyl phthalate column. The hydrocarbon 
analyses were calibrated with known samples of each 
product. Peak area calibrations for several compounds 
were used as the basis of the measurement of the 
amounts of fluorocarbons.

Results

Ketene-Propene Systems. The isomerization of 
chemically activated methylcyclopropane in oxygen- 
free systems has previously been studied by Butler 
and Kistiakowsky8 * (BK). The present results for the 
3200-A. photolysis of ketene in propene, with and 
without 3 to 8% added oxygen, are illustrated in Figure
1.

The mechanism and notation of the preceding paper

co X  1 0 “3, s e c .” 1.
20 40 60 80 100 120 140 160

Figure 1. The variation of the C4H8 product composition with 
total pressure for the ketene-propene photolysis system.
Open points are pure system results and filled points are results 
for 5 to 10% oxygen added to the photolysis mixture: 
methylcyclopropane, O; butene-1, A; frares-butene-2, 0 ; 
cis-butene-2, □; isobutene, V.

are used. If olefin decomposition were unimportant, 
the steady-state assumption applied to the hot species 
would lead to

total butenes 
methylcyclopropane

(butene)^
methylcyclopropane

Here fcp/fca is the rate of each type of CH insertion
relative to double bond addition by the methylene, and

3
ki =  The ratio fcaj-//ca represents the fractional

y-i
rates of formation of the butene isomers by methyl cyclo-

3

propane isomerization, and fca = 53 fcai. The same
3 =  i

olefins are formed by both insertion and isomerization: 
butene-1, butene-2, and isobutene (j  =  1, 2, 3, respec
tively). Figure 2 presents plots of [total butenes/ 
methylcyclopropane] vs. co-1 for both the pure and 
oxygen systems. From eq. 1, the slopes of these lines

(6) The sulfur tetrafluoride and some helpful literature were gener
ously supplied by the DuPont Chemical Co. ; W. C. Smith, Angew. 
Chem. Intern. Ed. Engl., 1, 467 (1962); W. R. Hasek, W. C. Smith, 
and V. A. Engelhardt, J. Am. Chem. Soc., 82, 543 (1960).
(7) R. N. Haszeldine, J. Chem. Soc., 2040 (1954).
(8) J. N. Butler and G. B. Kistiakowsky, J. Am. Chem. Soc., 82, 759
(1960).
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Table I : The Rate Constants and Rate Ratios for the Ketene-Propene System

-Isomerization“------------- . .------------------ Insertion6-
k &, sec.-1 k t a / k & h a t / k a k& z/ha k u / k d k u / k d k u / k d

Pure system 3.4 X 10®8 0.30 0.47 0.23 0.063 0.039 0.035
Pure system (BK) 8.2 X 108d 0.53 0.45 0.18 0.060 0.035 0.029
Oxygen system 7.2 X 108C 0.27 0.46 0.28 0.097 0.070 0.070

“ Results of least-squares analysis of [(butene),/methylcyclopropane] v s .  w_1 curves.36 Low pressure scatter of the oxygen data in
troduces an estimated uncertainty of ±25%  in those results. 6 Experimentally measured (per bond) ratios at high pressure. c k a  cal
culated by setting butene-1 equal to the measured butene-2 from isomerization; the change incurred, relative to value based on the 
measured butene-1, averaged + 5% . d Value of BK has been converted to the collision diameters used here.

X 10s, sec.

Figure 2. The variation of the butene/methylcyclopropane 
ratio with a>-1 for ketene photolysis in propene. The open 
circles are pure system results; the closed circles are results 
for 5 tc 10% oxygen added.

are proportional to fca. Table I tabulates the results 
obtained from Figure 2 and plots of [ (butene) J  
methylcyclopropane] vs. co-1 plots3b (not shown). The 
results obtained by BK from the 3100-A. photolysis of 
ketene in propene are included for comparison.

The disagreement between the total fca values found 
here and by BK for the pure system cannot be recon
ciled by the difference in photolysis energy. (It may 
be noted that the present value at 3200 A. accords better 
with the fca value determined at 2600 A. by BK than 
does their value at 3100 A.) However, the discrepancy 
between the two measurements of k&i/ka is due at 
least in part to the process

c h 3c h 2c h = c h 2 c h 3- +  • c h 2c h = c h 2

Butene-1 and butene-2 should probably arise in nearly 
equal amounts from methylcyclopropane, as suggested 
by the thermal isomerization.9 The present measure
ments included lower pressures than BK, and some 
butene-1 decomposition occurs. The observed rate of 
isomerization to butene-1, fcai, compared to butene-2, 
fca2 (Table I), may reflect preferential loss of butene-1.

The rate constant, fca, included in Table I was cal
culated by correcting the butene-1 count for the 
amount that has decomposed, assuming that fcai/fca =  
k&2/ka.

The oxygen results for the k a j / k a  are reliable only 
to ±25% , due to the excessive scatter and sparsity of 
the data for [(butene)i/methylcyclopropane] ratios 
below 60 mm. The relative amount of insertion to 
addition at higher pressures was found to change upon 
the addition of oxygen (Table I). Similar behavior 
has been noted previously at higher pressures in a 
cfs-butene-2-ketene system4b; the effect of added oxy
gen in that system was attributed to the presence of 
29% triplet methylene.

Ketene-Butene-1 Systems. Figure 3 gives the pressure 
dependence of the percentage of each of the principal

co X 10“7, sec.“ 1.
2.0 4.0 800 1600

p ,  mm.
Figure 3. The variation, of the C6Hi0 product composition 
with total pressure for the ketene-butene-1 photolysis system. 
Bottom figure gives the pure system results and the top figure 
gives the results for 5 to 10% oxygen added to the photolysis 
mixture: ethylcyclopropane, 0 ; pentene-1, A; t r a n s - pentene-2, 
O; cfs-pentene-2, □; 3-methylbutene-l, X ;
2-methylbutene-l, V.

(9) (a) D. W. Setser and B. S. Rabinovitch, J .  A m .  C h e m .  S o c . ,  8 6 ,

564 (1964); (b) J. P. Chesick, i b i d . ,  82, 3277 (1960).
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Table II : The Rate Constants and Rate Ratios for the Ketene-Butene-1 System

.-----Isomerization“-----. ------------------ Insertion1*-
k a , sec.” 1“ k a , sec. 1& k a \ / k a k az / k a k a: i / k a k n / k i k a / k i k n / k i k n / k i

Pure system 4.1 X 10® 5.8 X 10® 0.13 0.70 0.15 0.077 0.075 0.045 0.095
Oxygen system 3.6 X 10« 6.4 X 10® 0.00 0.85 0.15 0.120 0.070 0.070 0.125

“ Rate constants from least-squares analysis of the curves of Figure 4 which ignores all olefin decomposition. 6 Rate constants based 
on the most stable olefin, pentene-2, and calculated from the [pentene-2/ethylcyclopropane] v s .  tc-1 curve.3b This estimate of k a can 
still be as much as a factor of 1.6 too low because of pentene-2 decomposition. 0 These results are from least-squares analysis of the 
[(pentene^/ethylcyclopropane] v s .  w-1 curves.3b These numerical results serve to indicate that there is extensive olefin decomposition 
in this system; they do not reflect the true relative rates for olefin formation by ethylcyclopropane isomerization. d These are experi
mentally measured (per bond) quantities at high pressure.

C5H10 products of the total C5H10 products for the 
oxygen-free system, and for the system with 4 to 8%  
oxygen added. It reveals that at low pressures olefin 
decomposition and isomerization also occur in ketene 
systems. This behavior is shifted to lower pressures 
than for diazomethane,3 corresponding to the lower 
energy of methylene as produced by ketene photolysis.4 
At high pressure, oxygen again has the effect (Table
II) of altering the [insertion/addition] ratios from the 
pure system values. A more detailed analysis of the 
effect of oxygen in the propene and butene-1 systems is 
postponed to the Discussion.

The general mechanism of the reaction of methylene 
with butene-1 has been outlined in the preceding paper3; 
the same notation is continued here

CH2 +  CH3CH2C H =C H 2
fcil

hi2

&is

&Ì4

c h 3c h 2c h 2c h = c h 2*

c h 3c h 2c h = c h c h 3*

CH3CH2(CH3)C = C H 2*

(CH3)2CH CH =C H 2*

The products of hot ethylcyclopropane isomerization 
are

C2H5—c-C3H6* —4» c h 3c h 2c h 2c h = c h 2* 

c h 3c h 2c h = c h c h 3*

CH3CH2(CH3)C = C H 2*

Figure 3 shows that although the pentene-2 qualita
tively conforms to the simple mechanism, the pen- 
tene-1 appears to be decomposing as fast as it is formed 
at low pressures. The increase of 3-methylbutene-l 
at low pressures in the pure system, as well as the (re
duced) increase in the oxygen system, indicates that it

is being formed by some reaction in addition to free 
radical processes. Similar behavior was displayed by 
these products in the diazomethane-butene-1 system.3

Unfortunately, explicit values of h°aj could not be 
obtained from the data.

The [total pentene/ethylcyclopropane] vs. w_1 curve 
(Figure 4) is roughly linear throughout the pressure 
region of the measurements in both the pure and oxy
gen systems. Only those olefins that can arise from 
both the insertion reaction and the isomerization of 
ethylcyclopropane are (or need be) included in the 
figure. The slopes of the curves in Figure 4 are naive 
measures of fca (eq. 1), which neglect the complication 
of olefin decomposition; i.e., they yield an apparent 
(too low) ka value.

cu-1 X 107, sec.
Figure 4. The variation of the pentene/ethylcyclopropane 
ratio with w_1 where only those pentenes that arise by both 
insertion and ethylcyclopropane structural isomerization 
are included. The open circles are pure system results and the 
closed circles are results for 5 to 10% oxygen added.

The experimentally determined rate constants and 
rate ratios from these data are tabulated in Table II. 
Since pentene-2 decomposes more slowly than the other 
pentene products,3 a rate constant, fca, was calculated
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from the [pentene-2/ethylcyclopropane] pressure de
pendence assuming that the pentene-2 is produced by 
the ethylcyclopropane in the same ratio as the butene- 
2 is produced by chemically activated methylcyclo- 
propane isomerization.8 This value is also included in 
Table II for both systems. It is a lower limit to the 
true rate.

Ketene-8,8,8-Trifluoropropene Systems. Figure 5 
shows the pressure dependence of the five major prod
ucts of the two series of runs over the pressure range
0.4 to 360 mm.

The principal insertion reactions of methylene on 
trifluoropropene are simplified in that methylene ap
parently does not insert across CF bonds,10 an observa
tion that was confirmed here. The insertion and ad
dition reactions are

CH2 +  CF3C H =C H 2

CF3CH =CH CH 3* (cis and trans)

CF3(CH3)C = C H 2*

CF3—c-C3H6*

The isomerization reactions of the trifluoromethyl- 
cyclopropane are

CF3— c-C3H6*

c f 3c h 2c h ==c h 2*

CF3CH =CH CH 3* (cis and trans) 

CF3(GH3)C = C H 2*

Each of the five products gave a mass spectral parent 
peak at mass 110. The 2-trifluoromethylpropene and
4,4,4-tr:fluorobutene-l were further identified by com
parison of their g.l.p.c. retention times with known 
samples. The major product at high pressure was 
unaffected by bromine (in contrast to the other prod
ucts) and was identified as trifluoromethylcyclopro- 
pane. The two remaining unidentified products, the 
butene-2 pair, could be isomerized to each other by 
the technique11 of addition of ~ 1 %  H2S and heating 
to 450° for 3 min. Their identity as the butene-2 
isomers was confirmed by comparison of their g.Lp.e. 
retention times with those of the gaseous products 
resulting from dehydroiodation of the liquid produced 
by trifluoromethyliodide photolysis in propene. The 
pyrolysis of trifluoromethylcyclopropane supported the 
above product assignment.12

The reaction of methylene with trifluoropropene ap
peared very clean at all pressures. Only one extra 
product in the C4 to C6 hydrocarbon range was ob-

to X 10-1, sec.-1.
10 20 30 200 400 600

p, mm.
Figure 5. Variation of the C4F 3H5 product composition with 
total pressure in the ketene-3,3,3-trifluoropropene system.
The bottom figure gives the pure system results where, for 
several runs, only the total of the butene-1 and frons-butene-2 
were measured; the top figure gives the results for 5 to 10% 
oxygen added: trifluoromethylcyclopropane, O; 
trifluorobutene-1, A; irarcs-trifluorobutene-2, 0 ;  
cis-trifluorobutene-2, □; 2-trifluoromethylpropane, V.

served and at most it amounted to only 3%  of the ole
fin products. No C2F6 was observed at any pressure. 
Olefin decomposition is therefore not important for 
this system in the pressure region of these measure
ments.

Figure 6 presents the [total butene/trifluoromethyl- 
cyclopropane] vs. o>_1 curve for the two systems; the 
measurements in the oxygen-free system extend to 
lower pressures. Data obtained by least-squares 
analysis of these and the [(butene)cyclopropane] vs. 
<o-1 plots8b (not shown) are tabulated in Table III. 
The sparsity of the data limit the accuracy of the kai/  
kx value for the pure system. The effect of oxygen, as 
measured at high pressure, was again to increase the 
relative importance of the insertion reaction a little, 
although it had little effect on the ka values here be-

(10) B. A. Grzybowska, J. H. Knox, and A. F. Trotman-Dickenson, 
J. Chem. Soc., 746 (1963).
(11) F. S. Looney and B. S. Rabinovitch, unpublished work.
(12) D. W. Placzeck and B. S. Rabinovitch, J. Phys. Chem., in press.
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Table HI : Rate Constants and Rate Ratios for the Ketene-Trifluoropropene System

fco , B e o . “ ■ t a a /^ a îl/̂ da fe/fcd“ &ia/&d

Pure system 3.6 X IO7 0.26 0.57 0.05 0.00 0.026 0.015
Oxygen system 4.1 X IO7 0.28 0.68 0.03 0.00 0.033 0.030

“ These are high pressure measured ratios per CH bond.

trifluoromethylcyclopropane ratio with a -1  for the 
ketene-trifluoropropene photolysis system. Open circles are 
pure system results and closed circles are results for 5 to 10% 
oxygen added.

cause of the relatively small amounts of insertion that 
occur in these systems in any case.

Ketene-4,4,4-Trifluorobutene-l Systems. Figure 7 il
lustrates the pressure dependence of the principal 
products produced in both the oxygen and oxygen- 
free systems. Only the total of trifluoropentene-1 and
2-methyltrifluorobutene-l was determined.

The principal addition and insertion products of 
methylene here are

CH2 +  CF3CH2C H =C H 2- ^ -  c f 3c h 2c h = c h c h 3*

A -  c f 3c h 2(c h 3)c ==c h 2*

CF3(CH3)CH CH =CH 2 

-%■ CFaCHz—c-C3H6*

The isomerization reactions of the trifluoroethylcyclo- 
propane are

CF3CH2—c-C3H6* CF3CH2CH2C H =C H 2*

c f 3c h 2c h = c h c h 3

CF3CH2(CH3)C = C H 2*

b X 10-*, sec.-i.
0.4 0.8 1.2 1.6 400 1200

p, mm.
Figure 7. Variation of the C6F3H7 composition with pressure 
in the ketene-4,4,4-trifluorotutene-l photolysis system. The 
top figure gives the pure system results and the bottom 
figure gives results for 5 to 10% oxygen added: 
trifluoroethylcyclopropane, 0 ; 5,5,5-trifluoropenteneT +
2- methyl-4,4)4-trifluorobutene-l, A ; frans-5,5,5-trifluoropentene-2, 
O; as-5,5,5-trifhioropentene-2, □;
3- methyl-4,4,4-trifh]orobutere-l, X .

Identification of the principal products was made by 
comparison of g.Lp.c. retention times of similar and 
known compounds, their mass spectra, and their be
havior with bromine.

Hot olefin decomposition does occur in these systems 
although not as extensively as in the analogous hydro
carbon systems. A run at 0.28 mm. with diazomethane 
as the methylene source (S/D for trifluoroethylcyclo
propane was ^ l ) , 13 and analyzed on a 91.5-m. squalane 
capillary column, revealed ten products besides the 
principal products in the C4 to C6 hydrocarbon range,

(13) F. H. Dorer and B. S. Rabinovitch, J. Phys. Chem., 69, 1973 
(1965).
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Table IV : Rate Constants and Rate Ratios for the Ketene-Trifluorobutene-1 System

(&ai + k&ù /
fca, sec. 10 fca6 fcaa/fca6 fcil/fcdC fcj2/fcd5 fcii/fcd' fcil/fcdc

Pure system 1 .5  X 106 0.46 0.52 0.00 0.040 0.016 0.013
Oxygen system 2.0 X 106 0.44 0.50 0.00 0.050 0.023 0.015

a These values are too low by '-'20% due to neglect of olefin decomposition. 6 These ratios are from the respective [(trifluoropen- 
pentene)i/trifluoroethylcyclopropane] v s .  a -1 curves.® Their numerical values are only of qualitative significance because of olefin 
decomposition. °  These are ratios per CH bond measured at high pressure.

and no other side products through C7. The primary- 
products of interest constituted 70-80% of the total 
products. This is in contrast to the 28 extra (higher) 
products that constituted 50% of the total in the diazo
methane-butene-1 system at these pressures at which 
olefin decomposition was extensive3; side reaction went 
essentially to zero at high pressures. Butene-1 plus 
butadiene (not separated by analysis) was the major 
side product in this fluorocarbon system and it con
stituted up to 7%  of the total products. Hexafluoro- 
ethane, trifluoropropene, and a small amount of a prod
uct suspected of being hexafluorobutane (CF3CH2CH2- 
C F3) were observed. It is difficult to ascertain if the 
processes

CF3CH2— c-C 3H 6* — >  CF3- +  ■CIT- C-C3II5 

— > CF3CH2- +  —  c-C 3H 6

take place at all.
Figure 8 shows the [total olefin/cyclopropane] vs. 

w-1 plots for these systems. Detailed plots of [(ole
fin) ̂ /cyclopropane] are given elsewhere.3b The data 
obtained from these plots using the measured 
high pressure limits are recorded in Table IV for both 
the pure and oxygen systems. These fca values are 
probably low by a factor of ~T.2 due to olefin de
composition.

Discussion
Effect of Oxygen. In all systems studied here, the 

relative rate of insertion to addition by the methylene 
generally increased (the exact amount depending on 
the bond type) when 5-10% oxygen was added to a 
reaction mixture (Tables I to IV). The effect of oxy
gen on the high pressure product composition in the 
ketene-cfs-butene-2 and ketene-cfs-butene-2-d8 sys
tems has been attributed earlier to the presence of 
'--'29% triplet methylene.4b The high pressure product 
composition resulting from triplet methylene (pro
duced by mercury-photosensitization of ketene) reac
tion with butene-114 is compared in Table V to the 
measured high pressure (j> >  170 mm.) product com
position of the ketene-butene-1 (3200 A.) photolysis

a»-1 X 107, sec.
Figure 8. Variation of the trifluoropentene/ 
trifluoroethylcyclopropane ratio with w“ 1 where only those 
trifluoropentenes that arise by both insertion and 
trifluoroethylcyclopropane structural isomerization are included. 
Open circles are pure system results, closed circles are results 
for 5 to 10% oxygen added.

system. Not unlike an earlier comparison for ketene- 
cfs-butene-2 systems,4b agreement here between the 
oxygen results and the pure system results as corrected 
for the presence of ~ 2 9 %  triplet methylene is striking 
(even to the extent that although over-all insertion 
becomes more important in a pure singlet system, the 
percentage of pentene-2 product decreases).

Earlier, we suggested3 that since the percentage of 
apparent “ insertion”  products decrease in the triplet 
methylene-olefin systems,14-16 at least part of the pres
sure dependence of the insertion/addition ratio found in 
the diazomethane-olefin photolysis systems is due to 
an increasing concentration of triplet methylene with 
increase of pressure at high pressures. Indications are 14 15 16

(14) F. J. Duncan and R. J. Cvetanovic, J. Am. Chem. Soc., 84, 
3593 (1962).
(15) F. J. Duncan and R. J. Cvetanovic, private communication.
(16) H. M. Frey, J. Am. Chem. Soc., 82, 5947 (1960).
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Table V : Product Composition (% ) for Reaction of Singlet
and Triplet Methylene Radicals 

Triplet0

with Butene-1
Corrected6

; Exptl.6 singlet O2 resultsd

Ethylcyclopropane 79.2 61.3 54.5 54.8
Pentene-1 4.8 14.0 18.0 19.7
cis-Pentene-2 4.1 3.4 3.1 2.7
irans-Pentene-2 7.3 5.6 5.0 4.8
2-Methylbutene-l 3.2 4.6 4.0
3-Methylbutene-l 4.8 11.8 14.8 13.7

“ Triplet methylene reaction with butene-1 data is from the
mercury-photosensitization of ketene in butene-1 (ref. 14 and 
private communication). h Experimental results measured for 
the pure system at high pressures. c Data for pure system cor
rected assuming the presence of 29% triplet methylene by using 
column 1. d Experimental results from this work for system with 
5-10% oxygen added.

that the proportion of triplet methylene is pressure de
pendent in the ketene-m-butene-2 systems also4b; 
similar dependence, although not unexpected, could 
not be demonstrated as explicitly in the present systems 
because of the uncertainty in the true values of the 
relevant fca and fc°a quantities.

Another manifestation of the pressure dependence of 
a triplet methylene component is that the rate con
stants for structural isomerization of cyclopropane,17 
and of methylcyclopropane studied here, are enhanced 
by a factor of at least 2 when 5 to 10% oxygen is added 
to the system. These systems exhibit relatively high 
/ca values and were studied at pressures above 10 mm. 
in general. By contrast, the fca values for the slower 
structural isomerization reactions of trifluoromethyl- 
cyclopropane and of dimethylcyclopropane,4b and 
studied below 10 mm., are unaffected (or even decreased 
by ~ 3 0 % ) by the presence of oxygen. Thus, in the 
lower pressure region triplet methylene effects seem 
again to be substantially decreased.

The quantum yield of photolytic decomposition of 
pure ketene is pressure dependent even at 3130 A.18-19; 
this suggests that some of the present behavior could 
conceivably be due to changing average energy of the 
formed methylene with total pressure of the system due 
to collisional vibrational deactivation of excited singlet 
ketene.19 However, the pressure effects in our systems 
cannot be adequately explained by a possible variation 
of the average energy of the reacting methylene and 
therefore these results support the possibility of a 
collision-induced singlet-triplet transition of the ex
cited ketene followed by triplet methylene formation, 
as suggested earlier.4b

Trifluoromethyl Influence on Insertion/ Addition 
Ratios. It has been reported that fluorine substitution

in ethylene makes the double bond and the remaining 
CH bonds less susceptible to reaction with methylene.20 
The data of ref. 13 have shown that a trifluoromethyl 
group adjacent to a double bond does not cause a de
creased rate of methylene addition. However, the 
present data (Tables I to IV) reveal that the presence 
of a trifluoromethyl group does decrease the rate of 
methylene insertion into CH bonds relative to double 
bond addition. The extent of deactivation of the CH 
bond depends on its proximity to the trifluoromethyl 
group. The closer it is to the trifluoromethyl group the 
greater is its deactivation; this becomes as great as a 
factor of 7 to 8 in the pure and oxygen systems for the 
relative rate of allylic CH insertion to addition for tri- 
fluorobutene-1, as compared to the allylic CH insertion 
to addition ratio for butene-1, i.e., (ku/kd)n/(ku/ 
kd)v — 7-8. Such deactivation is plausible in terms of 
the electrophilicity of methylene.

The Relative Rates of Olefin Formation by Alkyl 
Cyclopropane Isomerization. Table VI gives the ratios 
for the relative rates of olefin formation by methyl- 
cyclopropane and trifluoromethylcyclopropane. Due 
to the sparsity of the data in several cases and the ex
perimental complications, these results are only of a 
semiquantitative nature. They do indicate, however, 
that the relative probability for formation of 2-tri- 
fluoromethylpropene by trifluoromethylcyclopropane 
isomerization is less than the relative probability of iso
butene formation by methylcyclopropane, i.e., (fca%/ 
fca)H/ (k^/k/)? = ~ 4 -8  for pure and oxygen systems. 
The activation energy for isobutene formation from 
methylcyclopropane isomerization is greater than that 
for the formation of the other butene isomers9 and 
these data suggest that the activation energy difference 
is greater yet for trifluoromethylcyclopropane iso
merization.

Table VI: Comparison of the Relative Rates of Olefin 
Formation by Methyl Cyclopropane“ 
and Trifluoromethylcyclopropane

(fcal/Æ a) H  ( f a i / f e p H

(A a l/fe p F  (J W * a )F

Pure system 1.5 0.7
Oxygen system 1.4 0.6

“ Corrected for butene-1 decomposition.

(fcaa/fa) H  

(fes/fa)F
4
8

(17) J. W. Simons, Ph.D. Thesis, University of Washington, 1964.
(18) B. T. Connelly and G. B. Porter, Can. J. Chem., 36,1640 (1958).
(19) G. B. Porter and B. T. Connelly, J. Chem. Phys., 33, 81 (1960).
(20) A. F. Trotman-Dickenson, Proc. Chem. Soc., 249 (1964).
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The data of Table III show that the probability of 
formation of the trifluorobutene-2 is more than twice 
as great as the formation of trifluorobutene-1, i.e., 
(&a2/&ai)F ~  2. This reflects a tendency for H atoms to 
transfer to the C atom farthest from the trifluoromethyl 
group (both butene isomers arise by rupture of the 
same C-C  bonds and involve H transfer to different C 
atoms with the same reaction path degeneracy). The 
corresponding ratio is unity8 for methylcyclopropane.

Decomposition of the pentene products makes a 
comparison like that shown in Table VI impossible for 
the ethylcyclopropane and trifluoroethylcyclopropane 
systems. However, the ratios kaj/kB, in the trifluoro
ethylcyclopropane system (Table IV), even though un
corrected for olefin decomposition, still show that the 
relative rate of formation of the trifluoropentenes by 
the isomerization reaction is more statistical (the 
statistical ratio (&al +  k^/k^ is 1.5, experimental is
0.9) than the analogous trifluorobutene isomer forma
tion by trifluoromethylcyclopropane isomerization for 
which (fcai +  KD/k^ =  0.5 (Table III)). Removal of 
the trifluoromethyl from the reaction site by one 
-C H 2 group thus reduces its mechanistic influence by a 
factor of almost 2.

Total Cyclopropane Structural Isomerization Rate 
Constants. Unfortunately, the use of a naive measure 
of olefin formation (D) in order to obtain the total rate 
constant, ka, does not yield quantitative results for 
molecules larger than the methylcyclopropanes because 
of the “ hot”  olefin decomposition. Other methods that 
do not depend on a direct count of D have been used to 
obtain the fca quantities for the larger cyclopropanes 
and are reported in a later paper.13

Since butene-1 decomposition is small and can be 
corrected in the methylcyclopropane system, while 
fluorobutene decomposition is negligible in the pres
sure region of the measurements for trifluoromethyl
cyclopropane, their measured rate constants, fcaH and 
fcaF, are fairly reliable. The rate constants measured 
here for these two systems (without oxygen) are a fac
tor of ~ 3  lower than those obtained for these mole
cules when diazomethane is the methylene precursor13; 
this is about the difference expected due to the differ
ence in the methylene energy for the two sources.4 A 
more quantitative experimental investigation and a 
theoretical treatment of the rate constants for alkyl 
and trifluoroalkylcyclopropane structural isomerization 
reactions is given in the following paper.13
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An Experimental Generalization of Quantum Statistical Weight Effects 

in Nonequilibrium Unimolecular Reactions1

by F. H . Dorer2 and B. S. Rabinovitch

Department of Chemistry, University of Washington, Seattle, Washington 98105 (Received December 28, 1964)

The unimolecular rate constants for the structural isomerization of a series of vibrationally 
excited alkylcyclopropanes and for their trifluoro analogs have been measured. The com
pounds CH3(CH2)ra-c-C 3H6 (n =  0, 1, 2) and CF3(CH2)re-c-C 3H6 (n =  0,1, 2) were studied 
by an internal comparison chemical activation technique. Confirmation of the internal 
comparison technique was obtained by measurement of the rate constants for a member of 
the series, ethylcyclopropane, by an alternative butane monitor technique. These series 
of molecules provide two different types of examples and tests of the variation of microscopic 
elementary rate constants that occur when systematic variat on of molecular structure, and 
hence of molecular vibrational-rotational frequency patterns, is made: first, successive 
methylene group structural increments, and second, the simpler F atom substitution for H 
atom. With regard to the first, the isomerizations of the homologous series of molecules 
c-C3H6, CH3- c-C3H5, C2H6- c-C3H5, and n-C3H7-c-C 3H6 and of a shorter second series CF3-  
c-C3H5, CF3CH2- c-C3H5, and CF3CH2CH2-c-C3H5 provide two more new examples and 
tests of the relation between rate and structure within homologous series. With regard to 
the Second, comparison between the two series provides an effect owing to the replacement 
of three H by three F atoms; it yields an experimental quantum statistical effect of 1.69 
per F atom, which is in excellent agreement with the theoretical R RK M  calculations for 
these systems in which all internal degrees of freedom are taken as active and efficient 
intramolecular energy relaxation occurs. Agreement between the calculated and experi
mental rate constants for members of the two homologous series is also good.

Introduction
Experimental investigation of quantum statistical 

weight effects3 in nonequilibrium unimolecular re
actions has so far been limited to the study of inter- 
molecular secondary isotope effects.4-7 Depending 
upon the mode of activation of the molecules, both 
normal4 5 and inverse6 7 secondary isotope effects may arise. 
Chemical activation has been used to investigate the 
magnitudes of normal secondary isotope effects with 
respect to extent of isotopic substitution and energetic 
parameters.6 Theoretical formulation3 of these sys
tems in terms of the RRKM  theory8 has been given. 
Agreement between theory and experiment is good.

A requirement for a “ pure”  secondary normal iso
tope effect is that substitution involves normal co
ordinates which are orthogonal to the reaction co
ordinate. Thus, substitution of D for H decreases the

ratio of the accessible volumes of phase space of acti
vated complex to the energized species without altering 
the details of the potential energy surface for reaction.

(1) Supported by the Nations Science Foundation.
(2) National Science Foundat.on Predoctoral Fellow, 1962-1964.
(3) B. S. Rabinovitch, D. W. Setser, and F. W. Schneider, C'a». J. 
Chem,., 39, 2609 (1961); B. S. Rabinovitch and J. H. Current, ibid., 
40, 557 (1962).
(4) B. S. Rabinovitch and E . W. Setser, J. Am. Chem. Soc., 84, 
1765 (1962) ; J. H. Current and B. S. Rabinovitch, J. Chem. Phys., 
38, 1967 (1963).
(5) F. W. Schneider and B. S. Rabinovitch, J. Am. Chem. Soc., 85, 
2365 (1963).
(6) J. W. Simons, B. S. Rabinovitch, and R. F. Kubin, J. Chem. 
Phys., 40, 3343 (1963).
(7) J. W. Simons and B. S. Rabinovitch, J. Phys. Chem., 68, 1322 
(1964).
(8) R. A. Marcus and O. K. Rice, J. Phys. Colloid Chem., 55, 894 
(1951); R. A. Marcus, J. Chem. Phys., 20, 359 (1952).
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This condition allows experimental generalization of 
the investigation of quantum statistical effects by the 
substitution of atoms of different chemical type (rather 
than D) for H. Specifically, we have substituted F 
for H, thereby obtaining a more general experimental 
characterization of the dependence of quantum sta
tistical effects on molecular vibrational frequency 
patterns, and this work is reported here.

General quantum statistical weight effects cannot 
be studied in thermal systems at (or near) the high 
pressure limit. The effects in question have been 
shown to largely cancel under equilibrium conditions, 
so that the microscopic rate constants for decompo
sition, kE, which reflect the effects of variation of 
structural parameters, are not obtained.3 Low pres
sure, nonequilibrium thermal conditions could, in 
principle, be used to yield useful quantitative data of 
the type desired, but such information does not yet 
exist. Nonequilibrium data are, in fact, more readily 
obtained by the chemical activation method employed 
here.

Previously, it was shown7 that, even for species with 
high excess energy E+ above the critical energy E0, 
secondary isotope effects may be large if E0 is large. 
Ketene photolysis by 3200-A. radiation when carried 
out in the presence of cis-butene-2 or of cfs-butene-2- 
ds, at 300°K., produces the respective vibrationally 
excited cis-l,2-dimethylcyclopropanes. The average 
energy of these hot molecules is (E) ~  106 kcal. mole-1, 
and (E +) ~  46 kcal. mole-1. The secondary inter- 
molecular isotope effect for structural isomerization of 
these alkylcyclopropanes to olefins is 4.3.7 The rate 
constants, I a, for structural isomerization of chemically 
activated CH3(CH2)re-c-C3H6 (n =  0, 1, 2) and CF3- 
(C’lLR-c-C.TL (n =  0, 1, 2) have now been measured 
by an internal comparison technique that does not 
require a direct count of the amount of decomposition. 
Affirmation of the results of this technique has also been 
made by an independent measurement of the rate con
stants for one of the molecules in the series by an al
ternate method using a butane monitor.

Activation by methylene addition to olefins at room 
temperature offers the advantage that the distribution 
function of the formed species is quite narrow9; i.e. 
HE) ~  d(E), so that fca ~  where is the experi
mental rate constant, and is the specific rate con
stant at the average energy (E). The exact value of 
(E) is a function of the exothermicity of the addition 
reaction and of the average thermal energy of the re
actants. The normal quantum statistical weight 
effect is then given by

E  +

fcaH fc(Æ)H _  TrH j 7   ̂ Ŷ H N*(E)f ,
K f ~  k( m  ~  7rP X  g p(i?+vr)F AT*(A0h 1 ;

o
where I iu/Pf is the ratio of the partition functions 
for the adiabatic degrees of freedom, P(E+ vr) is the 
sum of the vibration-rotation energy eigenstates at 
the energy J?+vr for the activated complexes, and the 
N*(E) are the densities of vibration-rotation energy 
eigenstates at the energy E for the activated molecules.

The results obtained in the present work also pro
vide microscopic rate constants for two homologous 
series of molecules, c-C3H6 through CH3(CH2)2-c- 
C3H6 and CF3- c-C3H6 through CF3(CH2)2-c-C 3H6, 
at a much greater level of total energy and of critical 
energy than the alkyl radical series10 recently reported.

Experimental
Materials. Diazomethane was prepared and then 

stored at —196° as described previously.11 The olefins 
were Phillips research grade materials that were further 
purified by gas chromatography where necessary. 
The 3,3,3-trifluoropropene and 4,4,4-trifluorobutene- 
1 preparations have been described.12 The 5,5,5- 
trifluoropentene-1 was prepared in small (3%) yields, 
based on the starting acid, by the sulfur tetrafluoride 
reaction with 5-pentenoic acid under conditions similar 
to those used for the trifluorobutene-1 preparation.12

Apparatus and Procedures. Photolysis of olefin- 
trifluoro olefin mixtures containing 10% diazomethane 
was carried out at room temperature for 1 to 2 hr. 
with 4358-A. radiation by similar procedures and with 
the same apparatus as those used for the diazometh
ane-olefin photolysis experiments.11 The fluoro olefin: 
olefin relative concentrations used for these runs were 
trifluoropropene : propene =  0.551, trifluorobutene- 
1 :butene-1 =  0.840, trifluoropentene-1 :pentene-l =
0.699; for standard mixtures, not even their compo
sition need be known accurately with this technique. 
The Pyrex reactors were pumped to 10-6 mm. before 
being loaded with reactants. After photolysis, the 
product mixtures were run through a short silver 
nitrate-glycerol on firebrick column to decompose 
any unreacted diazomethane.

(9) D. W. Setser and B. S. Rabinovitch, and J. W. Simons, J. Chem. 
Phys., 40, 1751 (1964) ; D. W. Setser and B. £j. Rabinovitch, Can. J. 
Chem., 40, 1425 (1962).
(10) M. J. Pearson and B. S. Rabinovitch, J. Chem. Phys., 41, 280
(1964) ; see M. J. Pearson, B. S. Rabinovitch, and G. Z. Whitten, ibid., 
submitted, for the deuterioalkyl series.
(11) F. H. Dorer and B. S. Rabinovitch, ./. Phys. Chem., 69, 1952
(1965) .
(12) F. H. Dorer and B. S. Rabinovitch, ibid., 69, 1964 (1965).
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Experiments were also performed with butene-1- 
butane mixtures which were photolyzed with diazo
methane. The butene-1: re-butane ratio was 1.15.

Analysis, (a) Propene-Trifluoropropene System. 
The products of the photolysis were analyzed on a com
bination of a 40% silver nitrate-ethylene glycol on 
firebrick column followed by a short dibutylphthalate 
or by a dimethylsulfolane column. Two analyses 
were necessary with these columns in order to obtain 
the trifluoromethylcyclopropane: methylcyclopropane 
ratio. Calibrated peak areas were used to determine 
these product ratios although, in general, absolute 
product sensitivities were not actually required by this 
experimental technique.

(ib) All other systems were analyzed on a 109.4-m. 
squalane capillary column with an argon-type detector. 
Although in several cases not all of the products were 
completely separated by this column, the relative 
amounts of the primary stabilization products of in
terest were always isolated for each of the systems.

R e s u l t s

Internal Comparison Method. Methylene was pro
duced by photolysis and allowed to react with mixtures 
of olefins and trifluoro olefins at room temperature

CH2(1A1) +

CH3(CH2)„C H =C H 2 olefins*

CH3(CH2)n—C-C3H5* 

CF3(CH2)nC H = C H 2 - S -  olefins*

CF3(CH2)re~ c -C 3H6* 

CH3(CH2)n— c-C3H6* ^  clefins* (Dn)

- ^ C H 3(CH2) „ - c -C 3H6 (Ah) 

CF3(CH2)„— c-C3H6* olefins* (I)F)

CF3 (CH2) re— c-C3H6 (Af)

The rate constants, fc*, for structural isomerization are 
defined as co X  (D/S), where co is the specific collision 
frequency of the energized species. If the decomposi
tion and stabilization events following activation are 
both of random nature, then

cohR h  

fcaH +  «H 
COf R f

k ^ F  +  COF

—  Ah (2)

=  Af (3)

where Rf is the total amount of CH3(CH2)„-c-C3H6* 
formed, and similarly for Rf . Division of (2) by (3)

with rearrangement yields

—  0>F (4)

The ratio [Rf/R h ] depends on the relative rate of 
addition of methylene to the two reactant olefins, 
kdv/kdH, and can, in principle, be measured at pres
sures high enough so that no decomposition of the 
formed cyclopropanes occurs. Measurement of the 
ratio Ah/A f at any two lower pressures where decom
position occurs leads to the determination of the two 
unknowns fcaH and &aF through eq. 4. Alternatively, 
three measurements of Ah / A f in the low pressure re
gion may be used to calculate the three unknowns 
K f, &aH, and kdF/kdBi by eq. 4.

Butane Monitor Method. An independent check of 
the above method was made by measurement of fca 
for ethylcyclopropane isomerization by the procedure 
of treating methylene with an re-butane-butene-1 
mixture. Experiments on methylene reaction with 
pure re-butane revealed that, although the apparent 
primary-secondary C -H  insertion ratio is pressure 
dependent, the formed vibrationally excited re-pentane 
and isopentane did not decompose appreciably (<10% ) 
even at the lowest pressure (0.3 mm.). Therefore, 
from the known, measured relative rates of methylene 
reaction with butene-1 and re-butane, either of these 
pentane products could be used to monitor the dis
appearance of ethylcyclopropane even in its low pres
sure region. In these experiments, isopentane was 
actually used as standard for analytical reasons. 
The following scheme illustrates the principal processes

CH2('A!) +  M-C4EF0 re-C6H12*

f-C6H12*

CH2(1A i) +  C4H8-I —■> olefins*

C2H6— c-C3H6*

C2H6— c-C3H6* olefins*

kaF
coF Rf 
wh Rh

Ah 
_ Af

(& aH  +  Wh )

C2H6— c-C3H5

ì-C6Hj2* f-C5H12

Equation 5 may be derived for this system by appli
cation of the steady-state assumption to the concen
trations of the excited species

f-C6H1:
C2H6— c-C3H5

k* X  C4H10 K 
. C4H8-1 x  kd_ +

kd X C4H8-1 (5)
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Here CJELo/CiHg-l is the ratio of the concentrations of 
the reactant hydrocarbons. A plot of [i-C5H12/  
C2H6- c-C3H6] vs. co-1 should then be a straight line; 
its slope and intercept yield ka and ks/kd.

Internal Comparison Measurements. Figure 1 il
lustrates the experimental results in the form of Sh/Sf 
ratios as a function of co-1 for the three pairs of mole
cules studied. Within experimental error there was 
no difference in the relative rate of methylene addi
tion to the double bonds of the two propenes. By 
contrast, fluorine substitution directly on the double 
bond in ethylene decreases the rate of addition to the 
double bond.13 It was then assumed that there was 
no difference in the relative rate of addition to the two 
butene-1 and the two pentene-1 molecules. Any error 
in this assertion has absolutely no consequence for 
the determination of &aH and fcaF from eq. 4. It was

Figure 1. Plots of relative amounts of stabilization products 
v s .  &>-1 for the several internal comparison systems at 25°. 
The data are normalized to a 1:1 mixture ratio of the 
reactant olefins.

found for each mixture that the high pressure limiting 
values of double bond addition, as calculated by use 
of eq. 4 with the lower pressure data, agreed with the 
measured high pressure ratios. There was, thus, no 
pressure dependence of the relative rate of methylene 
addition to the two olefins, in contrast to pressure de
pendence of the internal insertion: addition ratios 
reported earlier for butene-1.11

The data for the trifluoromethylcyclopropane: 
methylcyclopropane ratio were less precise since two 
analyses per run were necessary; the closeness on the 
pressure scale of some of the measurements accentuated 
the experimental error. Consequently, eq. 4 was ap
plied only to measurements not adjacent in pressure 
in order to minimize the experimental error on feaH 
and kaF.

For the remaining two systems, eq. 4 was applied 
to all possible pairs of low pressure runs to obtain 
average values of /can and fcaF. The experimental 
results for these systems by this method may be found 
in Table I.

n-Butane Monitor Measurements. The isopentane: 
ethylcyclopropane ratio is illustrated as a function of 
co-1 in Figure 2. Least-squares analysis of all the runs 
gives K  — 2.4 X 107 sec.-1 for ethylcyclopropane isom
erization. However, insertion: addition ratios in 
diazomethane-hydrocarbon systems are known to be 
pressure dependent,11 and a better evaluation of the 
rate is made by considering only the low pressure 
measurements (here p <  3.2 mm.). The five low pres
sure results give =  1.9 X  107 sec.-1, in good agree
ment with the value reported in Table I.

Further evidence of the pressure dependence of the 
insertion: addition ratio is provided by these runs. 
The extrapolated value for kB/kd (per secondary C -H

Figure 2. Plot of the isopentane: ethylcyclopropane ratio vs. 
w_1 for diazomethane photolysis in a butene-1 and n-butane 
mixture at 25°. The butene-1 :n-butane ratio was 1.15.

(13) A. F. Trotman-Dickenson, Proc. Chem. Soc., 249 (1964).
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Table I: Summary of Calculated and Experimental Rate Constants

(3). Eo, ( f c ( E » H W h

System kcal. mole“ 1 kcal. mole-1 k(E)t sec. 1 k& (exptl.), sec. “ 1 ( £ ( E » F (U p

c-CaHe“ 113.0 62.7 (4.5 X  1010) 4.5 x  1 c 10
CH3-C-GH 5 107.9 61.4 3.98 X  108 9.7 x  ics 9.7* 8.1
C2H 5-C-C3H5 108.6 61.4 1.79 X  107 2.0 X  1C7 4.6 4.5

60.4 2.36 X  107C 6. T
C3H7-C-C3H 5 109.6 61.4 1.27 X  106 1.4 X  1C8 4.5 4.8

60.4 1.68 X  106C 6.0C
CF3-C-C3H 5 109.0 64.0 4.10 X IO7 1.2 X  It8
CF3CH2- c-C3H5 1C9.7 61.4 3.88 X  106 4.4 X  10«
CF3CH2C H ^ c-C3H 5 110.6 61.4 2.80 X  106 2.9 X  1C)6

“ Data of ref. 7. 6 Calculated for AE a ( i . e . ,  EaF — EaH) = 2.6 kcal. mole-1 for this pair. °  Calculated with the possible assertion 
ABa ( i . e . ,  E aF — E aH) =  1 kcal. for this pair; the boldface value, for AE  = 0, is considered more correct for the propyl ratio and 
may be more correct for the ethyl ratio.

bond) from the low pressure runs (p <  3.2 mm.) is
0.17, and the value measured at high pressure (160 
mm. <  p <  1000 mm.) is 0.12.

D i s c u s s i o n

Calculational Results. Comparison with Experiment. 
The pertinent energy parameters for a diazomethane 
source of methylene are presented in Table I and are 
discussed in Appendix I. The level of excitation is 
increased somewhat relative to a ketene source. The 
rate ratio k^n/k^-p is given by eq. 1. In the calcu
lations, all vibrational and internal rotational modes 
have been taken as active for both the energized 
molecules and their respective activated complexes. 
For both the alkyl- and trifluoroalkylcyclopropanes it 
is more instructive at this time to consider a general 
model for the isomerization complexes that is rational 
for all of the cyclopropanes (with appropriate altera
tions for each specific species) rather than to attempt, 
in each case, to fit the existing thermal data which dis
play some difficultly interpretable, if minor, vagaries. 
The details of the calculations including frequency 
assignments are given in Appendix II.

A. Quantum Statistical Weight Effect Produced by 
F Atom Substitution for H (kss/k^). Table I gives 
both the experimental and calculated rate ratios. 
Their agreement is remarkably good. One certainly 
expects, as indeed thermal activation energy measure
ments show (Appendix I), that the trifluoromethyl 
group exerts a mechanistic effect on trifluoromethyl- 
cyclopropane structural isomerization. However, the 
activation energy measurements also show that these 
mechanistic effects are quite small for trifluoroethyl- 
cyclopropane,14’15 and one is reasonably confident that 
they are negligible for the trifluoropropylcyclopropane,

so that at least the rate ratio ka,n/ks.F for the propyl- 
cyclopropane pair represents essentially a pure quan
tum statistical weigh; effect. These experiments, 
thus, provide the first14 illustration that experimental 
investigation of atomic substitution may be extended 
to substitution of one Type of atom by others of dif
ferent chemical type and need not be limited to isotopic 
substitution.

The ratio of the total rates of propyl and trifluoro
propylcyclopropane isomerization is 4.8. This sta
tistical weight effect of ~1.69 per F atom is consider
ably greater than the value of ~ 1 .2  per D measured in 
a similar cyclopropane system with approximately the 
same energetic parameters.7 F atom substitution for 
H in systems having lower relative values of (E+) 
should cause an even more pronounced effect on rates.

B. Rates in Homologous Series. The present data 
and calculations provide still another manifestation 
of the effect of molecular vibrational-internal rotational 
frequency patterns on microscopic rate constants, kE, 
namely, a more complex but interesting comparison 
of members of a homologous series. For a particular 
mode of activation, addition of a methylene group to 
the side chain causes an increase in both N*(E) and 
2P(H+Vr) in eq. 1, while altering the potential energy 
surface for the reaction little or not at all. The alkyl 
and deuterioalkyl radical series10 have so far provided 
the only examples of quantitative experimental 
investigations of this effect. The observed decrease 
in k&r„ per added methylene group for (2-butyl to 2- 
octyl) radical decomposition was a factor of ~ 5  (al

(14) F. H. Dorer, B. S. Ra’miovitch, and D. W. Placzek, J. Chem. 
Phys., 41, 3995 (1964).
(15) D. W. Placzek, J. Phy~. Chem., 69, 1782 (1965).

Volume 69, Number 6 June 1965



1978 F. H. D orer and B. S. R abinovitch

though the intrinsic factor would be ~ 8  if excitation 
energy were constant in the series, rather than rising 
a little as it did); in those systems (E) was ~ 4 4  
to 48 kcal. mole-1 and E0 was ^31-33 kcal. mole-1. 
In the present studies, the alkyl- and trifluoroalkyl- 
cyclopropanes provide two further examples of such 
reaction series, but at a much higher level of total 
energy, critical energy, and excess energy. They, 
therefore, provide an illustration of the effect on 
k(E) produced by this type of vibrational-rotational 
frequency pattern change at a different level of these 
energy parameters. In a preceding paper,11 data 
were presented for a fifth reaction series, the decompo
sition of homologous alkenes.

Cyclopropane may be compared as a member of one 
series (Table I) along with methyl-, ethyl-, and propyl- 
cyclopropanes; this is permissible because the differ
ence in Eo for cyclopropane relative to the other mem
bers is only 2 kcal. relative to the very large values of 
both (E) and (E +), which tends to minimize the effect 
of small “ mechanistic”  differences. Again, as with 
the alkyl radical series, agreement between theory and 
experiment is fairly good, particularly for the larger 
molecules. The principal disagreement between cal
culation and experiment for the alkylcyclopropanes 
is those comparisons involving methylcyclopropane. 
The error here may be due in part to uncertainties in 
the energy parameters. The decrement in k {E) per 
additional methylene group is considerably greater 
than that measured in the alkyl radical series. This 
change in the increment per methylene group with 
change of energy parameters reflects the nature of the 
changes in the sum and density terms in eq. 1 between 
the different reaction series.

C. Absolute Rate Constant Comparisons. Various 
assumptions about the energetics, activated com
plexes, etc. tend to cancel, partially or completely, 
for comparison of rate ratios. A more stringent test 
of the theory is the comparison of the calculated and 
measured rate constants for a particular species where 
these assumptions do not cancel. Agreement here 
between k(E} and ka is good, especially for the larger 
molecules. In fact, in view of the uncertainties in 
energetics and assumptions involved for the activated 
complex, the agreement is even better than expected. 
For the hydrocarbon series, the agreement extends 
over a range of absolute rates that vary by a factor 
which is >3 X 10,4 from cyclopropane to propylcyclo- 
propane.

Appendix I. Thermochemistry

(E). The heat of formation at 0°K. of ethylcyclo- 
propane calculated from the heat of combustion data

dictates that the exothermicity of the addition of 
methylene to butene-1 is 2.8 kcal. mole-1 less than that 
of its addition to ethylene.16 17 18 19 20 Estimates of AHt°0 
of methylcyclopropane and propylcyclopropane indi
cate that the heats of addition of methylene to propene, 
butene-1, and pentene-1 are the same at 0°K. Since 
for cyclopropane produced under these experimental 
conditions (E) = 1 1 0  kcal. mole-1,9 the formed alkyl
cyclopropanes should have (E) correspondingly lowered 
by 2.8 kcal. mole-1 ; however, the contribution of the 
thermal energy of the reactants either partially or 
completely (depending on the complexity of the formed 
species) offsets the change.

It has been assumed, for lack of thermochemical 
data, that the exothermicity of the addition of methyl
ene to the fluoro olefins is the same as for addition 
to the corresponding olefin. The validity of this 
assumption improves along the two homologous series.

E0. The following measured thermal activation 
energies, A'a, are relevant (kcal. mole-1) : CH3-  
c-C3H6, 63.2 (ref. 17); C2Hb- c-C3H5, 61.6 (ref. 18); 
(CH3)2-c-C 3H4, 63.2 (ref. 19); irans-CH3-c-C 3H4CH3,
63.3 (ref. 20); CF3-c-C 3H6, 65.6 (ref. 15); CF3CH2-  
C-C3H5, 63.6 (ref. 15). From the value of E& for methyl
cyclopropane, the calculated21 value of E0 is 61.4 
kcal. Some uncertainties regarding the pyrolysis 
mechanism of ethylcyclopropane suggest that the 
measured E& for this molecule is not precisely estab
lished. Inspection of the E& values for the dimethyl 
molecules similar to ethylcyclopropane offers no sup
port for a low value of 61.6 kcal., and for the purposes 
of these calculations a composite value of 63.2 kcal. 
mole-1 was also chosen from which, again, E0 is 61.4 
kcal. mole-1. The same value is reasonably assumed 
also to apply for propylcyclopropane. Calculational 
results for some lower values of E0 for ethyl- and propyl
cyclopropane are also included in Table I but are less 
compatible with the experimental results.

The trifluoromethyl group causes an increase in Ea for 
ring rupture. The magnitude of the effect depends 
upon the proximity of the trifluoromethyl to the ring. 
Since the activation energy increase for trifluoroethyl- 
cyclopropane relative to the hydrogen analog is quite

(16) Relevant heat of formation data and explanation of their origin 
are contained in ref. 11.
(17) (a) D. W. Setser and B. S. Rabinovitch, J. Am. Chem. Soc., 86, 
564 (1964); (b) J. P. Chesick, ibid., 82, 3277 (1960).
(18) M. L. Halberstadt and J. P. Chesick, private communication.
(19) M. C. Flowers and H. M. Frey, J. Chem. Soc., 1157 (1962).
(20) M. C. Flowers and H. M. Frey, Proc. Roy. Soc. (London), 
A260, 424 (1961).
(21) S. Gladstone, K. J. Laidler, and H. Eyring, “The Theory of 
the Rate Processes,” McGraw-Hill Book Co., New York, N. Y., 1941, 
p. 194.
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Table II : F requ ency  Assignm ents for 
th e A lkylcyclopropanes“

Motion CH3-c-C3H6& C2H6-c-C8H6b CsHr-c-CaHs6

Skeletal bending 291, 349 290, 370 290, 370

Torsion 225
441
225,150

441, 155 
225,100

HCC ring0 7 5 6 ,  8 0 4 7 4 7 ,  7 6 8

88
7 4 7 ,  7 6 8

810,911 817,918 817,918
983, 1016 957, 1012 957,1012

1111,1387 1107,1329 1107,1329
HCH ring 1419, 1488 1427,1460 1427, 1460
Ring deformation 8 8 9 , 1 0 4 7 8 9 0 , 1 0 2 9 8 9 0 , 1 0 2 9

1 2 0 2 1 1 9 8 1 1 9 8

C-C stretch 968 983, 1088 983, 1088(2)
HCC methyl 1021,1072 941,1041 941,1041
HCH methyl 1380, 1465 1383, 1460(2) 1383, 1460(2)

HCC methylene
1474

1273,1310 1273(2), 1310(2)
CHz-CCH methyl

ene 768 768(2)
HCH methylene 1444 1444(2)
CH stretch-ring 3017(2), 3055 3006(2), 3069(2) 3006(2), 3069(2)

3079, 8 1 0 0 8 0 8 0 8 0 8 0

CH stretch methyl 2898, 2976(2) 2909, 2965(2) 2909, 2965(2)
CH stretch meth

ylene 2936,2965 2936(2), 2965(2)

“ Frequencies are in  units o f  cm ._1. b T h e  ita lic  frequencies 
were changed to  th e  fo llow ing  values in  constructing the acti
v a ted  com plexes: H C C  ring, 670 and 680; ring deform ations, 
640, 930, and 1300; C H  stretch -ring, 0. T h e  rem aining fre
quencies were n o t changed. c T h e  nom enclature in  th is colum n 
is th a t o f ref. 22a.

small (<1 kcal. mole-1); th.e activation energy difference 
for the propylcyclopropane pair may be assumed to 
be negligible. Correspondingly, the critical energy 
differences between the light and the trifluoropropyl- 
cyclopropanes are close to zero.

Appendix II. Calculational Details
Molecular Vibration Models. (a) Alkylcyclopro

panes. The molecular vibrational frequency assign
ments for methyl- and ethylcyclopropane22a were ex
tended, by addition of the nine frequencies associated 
with another methylene group, to include propylcyclo
propane. Calculations were made in which the methyl 
torsion was taken either as a free rotation or as a libra- 
tion in both the activated complex and the excited 
molecules; the former treatment raises the values of 

by only 20%. All other internal rotations were 
assigned as low librational frequencies. 10>22b

The activated complexes were geometrically similar 
to the cyclopropane model for isomerization to pro
pylene.14 However, there are three different activated 
complexes7 corresponding to formation of these dif
ferent olefin isomers by each alkylcyclopropane mole
cule. An over-all complex was constructed for each 
alkylcyclopropane from a weighted average of the three 
different complexes. The frequency assignments fit

the measured thermal data for methylcyclopropane 
structural isomerization.17a

(6) Trifluoroalkylcyclopropanes. The molecule fre
quency assignments were made by appropriate alter
ation of their hydrocarbon analogs. The trifluoro- 
methyl frequency assignments were guided by the 
available assignments for 1,1,1-trifluoroethane22 23 and 
hexafluoropropene.24 Bending frequencies were con
structed by analogy with the n-propyl halide25 and 
isopropyl halide skeletal motions.26 Mass effects on 
the ring frequencies were deduced by extension of the 
alteration produced in cyclopropane by addition of 
a methyl, ethyl, or propyl group to a trifluoromethyl, 
trifluoroethyl, and trifluoropropyl group.

The activated complexes were assigned the same 
geometrical configuration as their hydrocarbon analogs.

Table III : F requ ency  A ssignm ents for 
th e  T riflu oroa lkylcyclopropanes“

CF3CH2-C- CFsCHzCHr-c-
Motion CFj-c-CsHt6 CsHft6 CaHs6

Skeletal bending 200, 300 200, 320 150,290
335 325, 335

Torsion 90 90, 80 90, 80, 60
HCC ringc 6 S 0 , 7 5 0 6 2 0 ,  7 6 0 6 2 0 ,  7 1 ,7

810,870 817,847 817,847
920,1000 920,1000 920,1000

1100,1170 1100,1120 1100,1120
HCH ring 1419,1450 1427,1430 1427,1430
Ring deformation 7 0 0 , 1 0 S 5 7 0 0 , 1 0 2 0 7 0 0 , 1 0 2 0

1 2 0 2 1 1 9 8 1 1 9 8
C-C stretch 700 800, 820 800, 900

983
FCC methyl 365(2) 365(2) 365(2)
FCF methyl 541,361 541,361 541, 561

605 605 605
HCC methylene 
CHz-CCH methyl

1170,1250 1273(2), 1310(2)

ene 768 768(2)
HCH methylene 1444 1444(2)
CH stretch-ring 3017(2), 3055 3006(2), 3069(2) 3006(2), 3069(2)

3079,3100 3080 3080
CF stretch methyl 
CH stretch meth

1233(2), 1280 1233(2), 1280 1233(2), 1280

ylene 2936,2965 2936(2), 2965(2)

“ Frequencies are in  units o f  c m .-1 . b T h e  ita lic  frequencies 
were changed to  th e fo llow ing  values in  constructing th e a cti
v a ted  com plexes: H C C  ring, 600 and 620; ring deform ations, 
576, 930, and 1300; C H  stretch-ring, 0. T h e  rem aining fre
quencies were n o t changed. e See fo o tn o te  c, T a b le  I I .

(22) (a) L. M. Sverdlov and E. P. Kraynov, Opt. i  S pektroskopiya , 7, 
460 (1959); (b) B. S. Rabinovitch and D. W. Setser, A dvan. P hoto- 
chem., 3, i (1963).
(23) J. R. Nielsen and H. H. Claassen, J . Chem. P h ys ., 18, 1471 
(1950).
(24) J. R. Nielsen, H. H. Claassen, and D. C. Smith, ib id ., 20, 1916 
(1952).
(25) J. K. Brown and N. Sheppard, Trans. F araday Soc., 50, 1164 
(1954).
(26) N. Sheppard, ib id ., 46, 533 (1950).
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There was some frequency lowering for increased mass 
effects. All internal rotations were assigned as low 
librational frequencies. The fit of k„ given by these 
models as compared with the thermal isomerization 
data16 was good for trifluoromethyleyclopropane (within 
~ 5 0 % ) and fair for trifluoroethylcyclopropane (within 
a factor of 3). The frequency assignments are tabu
lated in Tables II and III.

Further computational details and results of calcu
lations for various models may be found elsewhere.27

Computations. The 7r ratio in eq. 1 reduces to the

product of the ratio of the principal moment of inertia 
ratio of the complex and molecule and the reaction 
path degeneracy. The moment of inertia ratio is 
-—'1.1, and the reaction path degeneracy is 10.

Acknowledgment. The evaluation of the vibrational- 
rotational energy eigenstate sums and density terms 
was done on an IBM 709 computer using a program 
written by Mr. G. Z. Whitten.

(27) F. H. Dorer, Ph.D. Thesis, University of Washington, 1965.

The Solution Thermochemistry of Polyvalent Electrolytes. III. 

Barium Hydroxide Octahydrate

by Harry P. Hopkins, Jr., and Claus A. Wulff1

Department of Chemistry, Carnegie Institute of Technology, Pittsburgh, Pennsylvania 15213 
(.Received December 28, 196If)

The solution thermochemistry of Ba(0H )2-8H20  has been investigated using a newly de
termined enthalpy of solution with data from the literature. The major problem besetting 
this system is the value of the ionization constant for Ba(OH)+. Evidence is presented 
favoring a value of K2 =  0.006 rather than the commonly accepted value of O.23. For 
dissolution of the octahydrate, we compute AG° =  4.9 ±  0.2 and AH° — 13.7 ±  0.1 kcal./ 
mole, and for the standard partial molal entropy of Ba(OH)+, 14 cal./(mole °K.).

As part of a continuing investigation of the solution 
thermochemistry of polyvalent electrolytes, we have 
determined the enthalpy of solution of barium hydroxide 
octahydrate in water, i.e., AH1 0 for eq. 1. A previous

Ba (OH) 2 -8H20  ( c)  =  Ba+2(aq) +  20H “ (aq) +
8H20(1) (1)

paper in this series2 supported the conclusion that cal
cium hydroxide is a “weak”  base in its second ioniza
tion. Data in the literature3“ 6 indicate similar be
havior for barium hydroxide but show considerable 
discord with respect to the value for the second ioniza
tion constant. Davies,8a and Gimblett and Monk,3b

using the data of Hamed and Mason4’5 report Ki =
O.23 for

Ba(OH)+(aq) =  Ba+2(aq) +  OH“ (aq) (2) 

Kruger and Thilo,6 however, report Kz =  0.006 at 20°.

(1) To whom inquiries should be addressed.
(2) H. P. Hopkins, Jr., and C. A. Wuiff, J. Phys. Chem., 69, 6 (1965).
(3) (a) C. W. Davies, J. Chem. Soc., 349 (1939) ; (b) G. R. Gimblett 
and C. B. Monk, Trans. Faraday Soc., 50, 965 (1954).
(4) H. S. Hamed and C. M. Mason, J. Am. Chem. Soc., 54, 1439 
(1932).
(5) H. S. Harned and G. M. Mason, ibid., 54, 3112 (1932).
(6) G. Kruger and E. Thilo, Z. anorg. allgem. Chem., 308, 242 
(1961).
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(Temperature coefficients for such changes in state are 
sufficiently small that no error is introduced by taking 
the latter value to be 0.006 at 25° also.) Both sets 
of data are based upon e.m.f. studies and could be in 
error because of carbon dioxide in the solutions. 
Hamed and Mason4’5 utilized the cells H2-Ba(OH)2-
(m), BaCl2(m')-AgCl-Ag, and II2-Ba(OH)2(m)-Ba^- 
Hg-Ba(OH)2(m ')-H 2, whereas the results of Kruger and 
Thilo6 were based upon the cell H2-Ba(OH)2(m)- 
saturated calomel. Hamed and Mason, themselves, 
point out the difficulties involved in the use of the 
barium amalgam, and the AgCl-Ag couple is less 
reliable in basic than in acidic media.

Robinson and Stokes7 compute the Bjerrum distance 
of closest approach for the Ba(OH)+ and Ca(OH) + 
species (using K 2 =  O.23 for barium) and compare 
these with the sums of the crystallographic radii. 
For calcium the agreement is excellent, while the 
Bjerrum value for barium is almost twice the sum of the 
radii. Substitution of K 2 =  0.006 into the Bjerrum 
relations7 gives a distance of closest approach (2.7 A .) 
quite close to the sum of the radii (2.9 A .). In view of 
the lack of an a priori choice between the two values 
for Ki, we have investigated the thermodynamics of 
eq. 1 and 2 in an attempt to resolve the discord.

The standard Gibbs free energy of solution of the 
octahydrate, A(ri°, is given by

A(7i° =  — RT In mBa+2moH-27Ba+!7oH-2aH,o8 (3)
The activity of water in the saturated solution (m =
0.2748) may be approximated by using the osmotic 
coefficient for CaCl27-—and is close to unity in any 
case. The concentrations and activity coefficients are 
solutions to the following set of equations.

log Ti =  -0.5052i271/!/ ( l  +  I'h) +  0.157 (4)

7 =  m( 1 +  2a) (5)

K2 =  (mBa+!WrOH-/7WBaOH+)(yBa+2yOH-/TBaOH+) (6)

Equation 4 is an extended Debye-Hiickel relation of 
the type introduced by Davies,9 where the constant 0.15 
has been chosen to reproduce the measured activity 
coefficients of BaCl2 and BaBr2. The parameter a 
is the degree of second ionization defined by a =  
wBa«/(TOBati +  mBaoH+)- These equations have been 
solved by an iterative process to give A(?i° =  3.2 
or 4.9 kcal./mole, reflecting the choice of K2 =  O.23 or 
K2 =  0.006, respectively.

The entropy of the octahydrate has not been de
termined calorimetrically but may be estimated from 
the data for BaO, CaO, and Ca(OH)210 and from Lati
mer’s rules11 as 102 cal./(mole °K.). The entropy 
increment for eq. 1, A/S10, may be estimated from this

datum and the tabulated standard entropies10 as 29 
±  3 cal./(moIe °K.). The standard enthalpy of solu
tion, A H i° ,  is then either 11.8 ±  1.0 or 13.5 ±  1.0 
kcal./mole—the two values again reflecting a choice 
of Ki =  O.23 or A 2 =  0 006, respectively. Literature 
data for this quantity are 14.5 (de Forcrand12), 15.2 
(Thomsen13), 16.2 (Sill14) and 19.8 (calculated from the 
temperature dependence of the solubility8) kcal./mole. 
The work of de Forcrand and Thomsen^ was done in 
“ dilute solution,”  presumably at about 18°, that of 
Sill in saturated solution, and that from the solubility 
relation is inherently dubious. From the preceding 
it is obvious that an accurate determination of the 
enthalpy of solution of the octahydrate is a necessary 
datum in the resolution of the thermodynamics of this 
system.

Experimental
Fisher Certified Reagent grade barium hydroxide 

was used without further purification in all calori
metric determinations. Titration with standard HC1 
indicated a purity of 99.7 ±  0.2%. Calorimetric 
measurements were carried out in a solution calorim
eter, similar to one already described,15 in which a 
laboratory wound, nicksl coil resistance thermometer 
was used as the temperature-sensing device. All 
measurements were mace into 950 ml. of freshly boiled 
distilled water. A  gran formula mass of 315.50 was 
used to convert the observed heats to enthalpies of 
solution. In the concentration range m =  0.002 to
0.007, the data were fitted, by least squares, to the 
straight line

ATfobsd =  13.72 +  7. i.3mI/j ±  0.035 kcal./mole (7) 

where the uncertainty if the standard deviation. 

Discussion
The concentration dependence of A H ohsd in eq. 7 is 

three times as steep as that of a typical completely 
dissociated 2-1 electrolyte.16’17 From this observa

(7) R. A. Robinson and R H. Stokes, “Electrolyte Solutions,” 
Butterworths Scientific Publications, London, 1959, p. 410.
(8) E. Terres and K. Bruchner, Z. Elektrochem., 26, 1 (1920).
(9) C. W. Davies, J. Chem. £oc„ 2093 (1938).
(10) K. K. Kelley and E. G King, “Contributions to the Data on 
Theoretical Metallurgy. XiV. Entropies of the Elements and 
Inorganic Compounds,” U. S Government Printing Office, Washing
ton, D. C., 1961.
(11) W. M. Latimer, “Oxidation Potentials,” Prentice Hall, Inc., 
New York, N. Y., 1952, p. 359.
(12) R. de Forcrand, Compt. rend., 130, 834 (1900).
(13) J. Thomsen, “Thermc chemische TJntersuchungen,”  Johann 
Ambrosius Barth Verlag, Leipzig, 1883.
(14) H. F. Sill, J. Am. Chem. Soc., 38, 2632 (1916).
(15) C. Wu, M. M. Birky, an-d L. G. Hepler, J. Phys. Chem., 67, 1202
(1963).
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tion we can conclude that our measurements encom
pass the heat effects of a secondary process as well 
as those of solution. The observed enthalpy of solu
tion can be expressed in the form

AHobsd — 4>h =  A //i° — (1 — a) AH 2° (8)

where <f>l is the concentration-dependent, relative, ap
parent heat content of the solution (estimated from 
the known quantities for completely dissociated 2-1 
electrolytes16 17), AH\° and All2 ° are the standard 
enthalpy increments for eq. 1 and 2, respectively, and 
a is as defined before. Table I contains representative 
values for a and (j> l, at various concentrations for both 
values of K m. Equation 8 was fitted, by least squares, 
to the straight lines

AHobaa -  to  =  13.81 +  (1 -  a)9.6 (K2 =  0.23)
(9a)

AH0bsd -  * l =  13.61 +  (1 -  a) 1.1 ( K m =  0.006)
(9b)

Table I : Enthalpies of Solution and Dilution“

m a Aüobsd

K m =  0.23
0 . 0 0 2 0.988 14.041 0.095
0.007 0.967 14.319 0 .17 1

K 2 =  0.006
0 . 0 0 2 0.70 14.041 0.090
0.004 0.58 14.169 0 . 1 2 0

0.006 0.52 14.226 0.130
0.007 0.49 14.319 0.150

“ Units: kcal./mole.

The value of AH2°, —9-6 kcal./mole, from the as
sumption that K 2 =  O.23 is very uncertain in view of 
the small variation of a over the concentration range 
studied. A better estimate of this quantity can be ob
tained from the value of Affobsd in saturated solution14 
and estimates of to  from those for BaCl2 and BaBr2.18 
These data lead to AH2° =  —8.3 kcal./mole.

We are now in a position to compute the standard 
entropy increment for eq. 2, AtSV, and the standard 
partial molal entropy, S°, for Ba(OH)+(aq). For 
K 2 =  0.23, A(h° =  —1364 log O.23 = 0.9 kcal./mole, 
and for Km =  0.006, AGV =  3.0 kcal./mole. The corre
sponding values of ASV are then (—8.3 — 0.9)/0.298 =  
-3 1  and (-1 .1  -  3.0)/0.298 =  - 1 4  cal./(mole °K ). 
Comparison with the corresponding entropy increment

for Ca(OH)+, —12 cal./(mole °K .),2 indicates that 
the latter value is to be preferred for Ba(OH) +. From 
the tabulated standard entropies10 we compute S° = 
14 cal./(mole °K.) for Ba(OH)+.

Gimblett and Monk3b have estimated Aff2° from 
the temperature dependence of K m as —1.75 kcal./ 
mole. In view of the data leading to that value, it is 
difficult to justify their implied precision since a rea
sonable estimate of the uncertainty is 0.8 kcal./mole. 
Even so, this datum can be considered to accord with 
our derived value (eq. 9b) of —1.1 kcal./mole, based, 
however, on K 2 =  0.006. Such a coincidence might 
indicate an unnoticed systematic error in the e.m.f. 
work leading to K 2 =  O.23.

Our derived value for AHj° can be compared with the 
estimates made previously from the free energies and 
entropy of solution. Such a comparison indicates the 
schema utilizing Km =  0.006 to be preferable. How
ever, the uncertainties in the computed values of AHi° 
are large, owing to the estimated entropy of the octa- 
hydrate.

We can now make a choice between the two litera
ture values for K2. If the smaller value, 0.006, is 
assumed then (a) calculated and observed values of
AH]° agree and (b) the values of to  and AAV (which 
are not independent in our derivation) are consistent 
with those of similar systems. If, on the other hand, 
we adopt K2 =  O.23, the accord between calculated 
and observed values of AffV is poorer, and the con
centration dependence of to  and/or AAV must be 
assumed to be substantially different from those for 
similar substances.

We conclude that K2 =  0.006 is to be preferred and 
on that basis calculate the following values for the 
thermodynamic state function increments for the solu
tion of Ba(0H )2-8H20 (c): AAV = 4.9 ±  0.2 kcal./ 
mole; AHV =  13.7 ±  0.1 kcal./mole; AAV =  29 
cal./(mole °K.).
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(17) H. S. Haraed and B. B. Owen, “ The Physical Chemistry of 
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ing Office, Washington, D. C., 1952.
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Glutaronitrile. Calorimetrically Determined Thermal Properties from 

5 to 350°K . and Statistical Gaseous Entropyla

by H . Lawrence Clever, Claus A. Wulff, and Edgar F. Westrum, Jr.lb

Department of Chemistry, University of Michigan, Ann Arbor, Michigan (Received February 8, 1965)

Heat capacities of solid and liquid glutaronitrile and the enthalpy of fusion have been de
termined by adiabatic calorimetry. The entropy of fusion at the triple point, 244.21 °K., 
is 12.32 cal./mole °K. This entropy of fusion and the absence of an enantiomorphic 
transition indicate that this substance does not possess a plastic crystal phase. Values 
of the heat capacity (Cp), entropy (S°), enthalpy function [(H° — H°0)/T], and Gibbs 
energy function [(Cf° — H°0)/T] are 43.80, 57.23, 32.44, and —24.79 cal./mole °K., 
respectively, for the liquid at 298°K. For the ideal gas, the entropy at this temperature 
is 88.1 cal./mole °K. from thermal data. The close accord of this datum with the calcu
lated value, 88.1, evidences lack of residual disorder in the solid at low temperatures.

Introduction

Though lacking the high molecular symmetry usually 
associated with plastic crystals, succinonitrile has been 
shown to possess most of the macroscopic properties 
characteristic of this state.1 2 3 The entropy of transition 
from normal to plastically crystalline succinonitrile 
can be quantitatively accounted for in terms of changes 
in molecular and crystalline symmetry, the onset of 
hindered internal rotation, and the concomitant volume 
increment, van de Vloed8 has shown that the homo
log, glutaronitrile (GN), on fast cooling goes to a 
metastable form. Matsubara’s4 5'6 infrared studies in
dicate that the metastable solid (crystal II) and the 
stable solid (crystal I) contain different rotational 
isomers. This paper reports a study of glutaro
nitrile in the stable solid and liquid phases; the meta
stable phase was not formed in the cryostat. Because 
of the reported phase complexity and the desirability 
of verifying the absence of residual disorder in the GN 
crystal phase on which our measurements were per
formed (presumably the crystal I phase of Matsubara) 
the entropy of the ideal gaseous state is calculated 
from spectroscopic data and compared with the experi
mental value.

Experimental
Glutaronitrile Sample. The center cut of a GN sam

ple (Eastman Kodak Co.) that had been subjected to

three successive vacuum distillations in a Podbielniak 
fractionating column was degassed by repeated freez
ing, evacuation, and melting cycles and was transferred 
as a liquid into the evacuated calorimeter. Vapor- 
liquid partition chromatography indicated that the 
distillation procedure virtually eliminated the only 
detected contaminant. The sample was further char
acterized by infrared spectroscopy and by fractional 
fusion as will be discussed later.

Anal. Calcd. : C, 63.81; H, 6.42; N, 29.76. 
Found: C, 63.84; H,6.43; N, 29.74.

Cryostat and Calorimeter. Measurements were made 
by employing a gold-plated copper calorimeter W-246 
sealed with a gold-gasketed, demountable valve in the 
Mark III cryostat.7 The quasi-adiabatic technique8 
was used. The scale of the capsule-type platinum 
resistance thermometer (laboratory designation A-3) 
is considered to accord with the thermodynamic tem-

(1) (a) This work was supported in part by the U. S. Atomic Energy 
Commission; (b) to whom communications should be addressed.
(2) C. A. Wulff and E. F. Westrum, Jr., J. Phys. Chem., 67, 2376 
(1963).
(3) A. van de Vloed, Bull. soc. chim. Beiges, 48, 229 (1939).
(4) I. Matsubara, J. Chem. Phys., 35, 373 (1961).
(5) I. Matsubara, Bull. Chem. Soc. Japan, 34, 1719 (1961).
(6) E. T. Chang and E. F. Westrum, Jr., J. Phys. Chem., in press
(7) E. F. Westrum, Jr., J. Chem. Educ., 39, 443 (1962).
(8) E. F. Westrum, Jr., J, B. Hatcher, and D. W. Osborne, J. Chem. 
Phys., 21, 419 (1953).
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perature scale -within 0.03°K. from 10 to 90°K. 
and within 0.04°K. from 90 to 350°K. The heat 
capacity of the calorimeter-heater-thermometer as
sembly was determined by a separate series of measure
ments with small adjustments applied as needed for 
slight differences in the quantities of helium and 
thermal-conductivity grease between the runs with 
sample and without. Manual shield control was used 
below 80°K. Above this temperature three separate 
channels of recording electronic circuitry provided with 
proportional, rate, and reset control actions main
tained the adiabatic shield within approximately a 
millidegree of the calorimeter temperature. Thus 
the energy exchange between calorimeter and sur
roundings was reduced so that it was negligible in 
comparison with other sources of error. All measure
ments of temperature, time, potential, resistance, 
and mass were referred to standardizations or calibra
tions of the National Bureau of Standards.

The degassed sample of glutaronitrile was trans
ferred as a liquid into the calorimeter and 399 torr of 
helium gas was added to the 8-cc. vapor space to en
hance thermal equilibration. The sample had a mass of 
67.923 g. in vacuo. Its heat capacity was at minimum 
64% of the total (i.e., of sample, calorimeter, heater, 
and thermometer).

Results and Discussion

Heat Capacity. The experimental heat capacity 
measurements are presented in Table I in chronological 
order so that temperature increments across individual 
runs in a series may be estimated from adjacent mean 
temperatures and are shown in Figure 1 as a function 
of temperature. The data are stated in terms of the 
defined thermochemical calorie exactly equal to 4.1840
j., an ice point of 273.15°K., and a gram formula mass 
of 94.117 g. An analytically determined curvature 
correction has been applied to the measured values of 
AH/AT. These data are considered to be character
ized by a probable error of about 4%  near 10°K., 
decreasing to 1% at 15°K. and to less than 0.1% above 
25°K.

Heat Capacity of the Liquid. The vapor pressure is 
sufficiently low,9 13 \x at 303°K., to preclude the need 
for a vaporization correction. Three heat-capacity 
determinations in series X II were made on the under
cooled liquid. These and the heat capacity of the 
normal liquid are fitted by the least-squares line Cp =
0.03170T +  34.25 ±  0.06%.

Thermodynamic Functions for the Condensed States. 
The molal values of the heat capacity, entropy, en
thalpy increment, and Gibbs energy function are listed 
in Table II at selected temperatures. Derived thermal

Table I : Heat Capacity of Glutaronitrile“

T CB

«——Series I ------,
196.74 25.94
203.44 26.56
212.04 27.85
221.23 30.54
230.37 34.74
237.83 61.29
241.68 218.1
242.98 708.4
243.44 1672.5
243.64 3187
243.76 4736
243.86 4985
246.79 64.73

-Series II— .
144.09 21.46
151.96 22.22
161.22 22.98
165.18 23.30
174.29 24.10
183.19 24.86
192.29 25.62
201.45 26.43
210.43 27.57

.—-—Series III----- .
230.12 34.44

A H m  Run A

•----- Series IV----- .
A H m  Run B

—Series V----- -
5.55 0.0449
5.88 0.0643
6.82 0.1096
7.75 0.1731

<——Series VI----- .
6.39 0.0883
7.19 0.1327
8.08 0.2012
9.01 0.2903

10.08 0.4235
11.21 0.5615
12.50 0.7517
13.90 1.013

T

15.45 1.335
17.19 1.738
19.10 2.214
21.15 2.765
23.41 3.401
26.12 4.181

<----- Series VII------,
24.85 3.816
29.76 5.219
33.32 6.217
37.03 7.214
40.94 8.171
45.22 9.151
49.99 10.16
55.46 11.20

*— Series VIII-----
57.30 11.53
64.28 12.72
70.97 13.68
78.29 14.69
86.37 15.88
93.86 16.64

101.97 17.46
120.67 19.33

—Series IX ----- .
92.37 16.46

102.32 17.50
111.33 18.42
120.38 19.31

«------Series X ------.
130.83 20.29
139.76 21.11
148.67 21.99
157.72 22.77
166.76 23.55
179.97 24.62
206.86 27.90

A H m  Runs C

<=------Series XX------»
232.08 36.85
239.06 80.65
242.27 346.0
243.18 1081
243.51 2174

T Cs

243.69 3850
243.79 6394
254.79 108.0
270.61 42.83
278.77 43.03
286.85 43.36
294.78 43.67
302.58 43.94
310.32 44.32
318.00 44.66
325.63 44.94
333.15 45.21
340.62 45.60
346.82 45.86

<— Series XII— .
234.72 41.725
238.51 41. SI6
241.97 41.956
245.41 42.00
248.84 42.06

-— Series XIII— .
233.16 37.16

A H m  Runs D

—Series XIV— . 
A H m  Runs E

«— Series XV-
209.40 27.40
218.03 29.42
226.26 31.10
233.76 37.96
239.25 74.51
241.96 235.3

«— Series XVI---- .
A H m Run F

251.15 42.23
257.56 42.43
263.95 42.65
270.31 42.83
276.63 43.02
Enthalpy Run G
329.20 45.07
336.61 45.39
343.97 45.72

° Units are calories, moles, and degrees Kelvin. b Data on 
undercooled liquid.

property values have been calculated with a high
speed digital computer by integration of a least-squares 
polynomial fitted through the data points. Below 5°K.

(9) A. L. Woodman, W. J. Murbach, and M. H. Kaufman, J. Phys. 
Chem., 64, 658 (1960).
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the heat capacity data were extrapolated by means of 
the Debye T3 limiting law. Nuclear spin and isotopic 
mixing contributions have not been included in the 
entropy and Gibbs energy functions. Estimated 
probable errors in the thermodynamic functions are 
less than 0.1% above 100°K.

T. 'K .

Melting. In the course of heat capacity measure
ments seven sets of runs (c/. Table III) were made 
through the melting region; two of these, series I 
and series XV, define purity and melting point. The 
average enthalpy of melting, 3008 ±  1 cal./mole, 
corresponds to an entropy of melting of 12.32 cal./ 
mole °K. The GN crystalline phase characterized by 
these measurements is, therefore, obviously not plasti
cally crystalline. Melting points were taken during 
runs C and D to confirm that the same crystal phase 
was present.

The amount of liquid-soluble solid-insoluble impurity 
can be estimated from a plot of the apparent melting 
temperature, T, against the fraction melted, 1/F. 
The temperature (243.87°K.) corresponding to 1/F =  
1 is the triple point, Ti, of the calorimetric sample. 
That (244.21°K.) corresponding to 1/F =  0 is the 
triple point, T0, of the pure sample. The mole fraction 
of impurity, N2) is given by

N 2
A H m ( T 0 — T i) 

RTV
0.0086

The melting point has previously8’10 been reported as 
-29 .45° (243.70°K.).

Attempts to Obtain a Metastable Solid. Matsubara4-5 
reported that the metastable«olid is obtained by cooling 
the liquid rapidly to about 213°K. Two such rapid

Table II : Thermodynamic Properties of Glutaronitrile“

T C . s ° 0 1 in o o

-  (G °  -  H ° o)/ 
T

5 0.033 0.011 0.042 0.003
10 0.399 0.118 0.916 0.027
15 1.236 0.423 4.S18 0.102
20 2.45 0.938 13.92 0.243
25 3.86 1.636 29.67 0.449
30 5.29 2.466 52.56 0.714
35 6.67 3.387 82.50 1.029
40 7.94 4.362 119.1 1.385
45 9.11 5.362 161.8 1.771
50 10.16 6.381 210.0 2.181
60 12.00 8.401 321.1 3.050
70 13.57 10.37 449.1 3.956
80 14.95 12.28 591.9 4.878
90 16.18 14.11 747.7 5.802

100 17.30 15.87 915.2 6.722
110 18.32 17.57 1,093 7.632
120 19.28 19.21 1,281 8.528
130 20.22 20.79 1,479 9.411
140 21.14 22.32 1,686 10.28
150 22.06 23.81 1,902 11.13
160 22.95 25.26 2,127 11.97
170 23.80 26.68 2,361 12.79
180 24.60 28.06 2,603 13.60
190 25.38 29.41 2,853 14.40
200 26.27 30.74 3,111 15.18
244.21 36.37 4,354 18.54

244.21
Liquid

48.69 7,362 18.54
250 42.16 49.67 7,605 19.25
260 42.46 51.33 8,028 20.45
270 42.79 52.94 8,455 21.63
280 43.13 54.50 8,884 22.77
290 43.49 56.02 9,317 23.89
300 43.87 57.50 9,754 24.99
310 44.26 58.95 10,195 26.06
320 44.67 60.36 10,639 27.11
330 45.10 61.74 11,088 28.14
340 45.54 63.09 11,541 29.15
350 46.00 64.42 11,999 30.14
273.15 42.90 53.44 8,590 21.99
298.15 43.80 57.23 9,673 24.79

“ Units are calories, moles, and degrees Kelvin.

(10) J. Timmermans and J. Navean, Bull. soc. shim. Beiges, 67, 560 
(1958).
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Table III : Enthalpy of Melting of Glutaronitrile“

Number Excess
Designation of runs (Hm  — Hwi) (Hm -  Hm)1 A Hm

Series I 9 3624 2962 3009
A H m  Run A 1 3624.0 2961 3008
A H m  Run B 1 3623.7 2961 3008
A H m  Runs C 2 3623.9 2961 3008

Series XV 8 3623 2960 3007
A H m  Runs D 2 3625.7 2963 3010
A H m  Run E 1 3625.3 2962 3009

Ay. 3008 db 1

0 Units are calories, moles, and degrees Kelvin. * 1 . e . ,  enthalpy 
above the extrapolated normal lattice curve. The excess 
( H 230 — f f m )  is 47 cal./mole for each set of runs.

cooling experiments were tried in which the sample was 
cooled from 315 to 225°K. at rates of 1.7 ±  0.1°K./min. 
This is the maximum cooling rate obtainable even with 
exchange gas in the cryostat. Heat capacity determi
nations and equilibrium melting temperatures at the 
same fraction melted on the rapidly cooled samples 
(series X IV  and XV) did not differ from values found 
for the more slowly cooled solid. The presence (or 
absence) of certain impurities or inadequate quenching 
rates may account for failure to obtain the metastable 
solid phase.

Entropy of the Gas
In view of the phase behavior recorded previously for 

glutaronitrile, it is desirable to verify that the sample 
used for heat capacity measurements contains no resid
ual disorder. The thermodynamic state function 
most applicable to this end is the entropy, which is 
capable both of elucidating the existence of disorder 
and of providing a quantitative estimate of its extent. 
The usual schema, to be applied here, is a comparison 
of the measured thermal entropy (invoking the third 
law postulate) with an entropy computed from the 
energetics of the system as derived from structural 
and spectroscopic data. However, the computational 
difficulties involved limit such a comparison to the ideal 
gas standard state.

Experimental Entropy of the Gas. The low tempera
ture thermal data on the condensed phases augmented 
by vapor pressure data of Woodman, et al.,9 on liquid 
GN permit an estimate of the entropy of ideal gaseous 
glutaronitrile. Details of the calculation are shown in 
Table IV.

Calculated Entropy of the Gas. Description of the 
position, spatial alignment, and internuclear separations 
of an n-atom molecule requires specification of posi
tional coordinates for the 3n degrees of freedom.

Table IV : The Thermal Entropy of GN (Ideal Gas) at 
298.15°K.“

Temp., °K. AS

0-5 Debye T 3 extrapolation 0.01
5- T m Numerical integration of C p à T / T 36.36
243.87 A H m / T m ,  melting 12.32
TV-298.15 Numerical integration of C p d T / T 8.54

/Afft)/298.15, vaporization* 53.6
1R  In p ,  compression to 1 atm.* -2 2 .7

298.15 \ Ideal gas correction' 0.00

f Thermal entropy of GN (ideal gas) 88.1

“ Units are calories, moles, and degrees Kelvin. * See ref. 9. 
'  Negligible since vapor pressure of GN is only 1.075 X 10~6 
atm. at 298 °K.

After delineation of the translational and rotational 
coordinates, the remaining (3n — 6) degrees of freedom 
1:1 are assigned to correspondence with the (3n — 6) 
fundamental vibrations deduced by normal coordinate 
analysis. Upon the assumption of (a) separability of 
the 3n degrees of freedom, (b) rigid rotation about the 
center of mass, and (c) harmonic oscillator behavior 
for the (3n — 6) normal vibrations, high-temperature 
limits for the 3n partition functions in terms of the 
molecular mass, equilibrium internuclear separations, 
and the normal vibrational frequencies and resultant 
thermodynamic state functions may be evaluated. 
However, calculation is complicated by the necessity 
for using two of the normal vibrational degrees of 
freedom to describe the internal rotational degrees of 
freedom and by the concomitant rotational isomerism. 
Internal rotation results in nine configurations grouped 
into four enantiomorphic pairs11 (TG, GT, GG, and GG') 
and one unpaired configuration11 (TT). The entropy 
calculation is simplified in the manner adopted for 
succinonitrile,2 i.e., an entropy is computed for each 
conformation that exists in GN vapor; these contri
butions together with the entropy of isomer mixing are 
summed to obtain the molai entropy, S°, of GN 
(ideal gas).

S° = E  X A  j:  S} ) - R

A. Translation. The high-temperature, limiting, 
translational, partition function is dependent only on 
the molecular mass and is, therefore, identical for all 
rotational isomers. Taking the gram formula mass to 
be 94.117, the entropy of translation is given by12

(11) For the nomenclature of rotational isomerism see S. Mizushima,
“ Structure of Molecules and Internal Rotation,” Academic Press, 
Inc., New York, N. Y., 1954.
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S°tr =  R (z/ 2 In M +  5/ 2 In T) -
2.315 = 39.541 cal./mole °K.

B. Over-all Rotation. The high-temperature rigid- 
rotor limit of the partition function is dependent on 
the value of the moment of inertia determinant, D, 
and upon the rotational symmetry number, a. Of the 
rotational conformations listed previously the GG' 
is absent in GN,6 and the TG and GT are spectroscop
ically and rotationally equivalent. For C— C, C = N , and 
C—H bond lengths of 1.542,1.149, and 1.071 A., and for 
C, N, and H atomic masses of 12.01, 14.008, and 1.008, 
respectively, the evaluation of the moment of inertia 
determinants yields the values given in Table V. 
Values of a and of the rotational entropy, S°T,12 which 
is given by

S°r = R[V, In (D X  10117) +  V* In T -  In a] 
also are presented in the same table.

Table V : Rotational, Vibrational, and Conformational 
Entropy Contributions for GN“

Contribution or quantity TT
-Conformations-

TG.GT GG
Inertial determinant, D  X 10113,

g.3 cm.6 5.28 6.21 5.01
Symmetry number, a 2 1 2
S °  r 26.555 27.923 26.331
s°. 11.156 10.234 9.939
Mole fractions 0.43 0.50 0.07
Configurations 1 4 2
$°298*15 84.71 85.16 83.27

°  Entropies are in calories per mole degree Kelvin.

C. Vibration. Of the 3n =  39 degrees of freedom 
for the molecule we have assigned 6 for translation and 
over-all rotation and 2 for the internal rotations. The 
remaining 31 degrees of freedom correspond to the fun
damental vibrations of the molecule and differ for the 
spectroscopically distinguishable conformations. An 
analysis of the infrared spectrum of GN between 4000 
and 400 cm.-1 has been reported by Matsubara4 
and a complete set of fundamental, skeletal vibrations 
based upon force constants derived from the observed 
spectrum has been given for each conformation existent 
in GN. Summations of the entropy contributions 
for each set of 31 frequencies are made by utilizing 
tabulated harmonic oscillator functions.13 These sums 
are in Table V also.

D. Internal Rotation. The potential energy func
tion describing the hindered internal rotation in GN 
is a function of two angles which can be thought of

naively as rotations about the two C-C bonds. An 
exact treatment involving the calculation of appropriate 
energy levels is prohibitively difficult, necessitating 
the adoption of some approximate treatment. As has 
been indicated,14 since the entropy is not very sensitive 
to assumed potential energy function, even a severely 
strained potential model might provide a suitable value 
for this entropy contribution.

One approximate treatment is provided by the en
tropy tabulations of Pitzer and Gwinn15 for hindered 
rotation of groups attached to a rigid framework. 
If the central methylene group in GN is considered as 
the rigid framework, the reduced moment of inertia, 
IT, 6.83 X 10- 40 g. cm.2, is computed using the atomic 
masses and bond lengths given previously. A cosine 
potential of the form V =  1/iVo(\ — cos cf>) is assumed 
with Vo, the maximum barrier height, ranging between 
3000 and 3600 cal./mele, these values being consistent 
with those for a number of substituted alkanes. The 
internal rotation symmetry number, n, is taken as 3 
and will be discussed later. The high-temperature 
limit of the partition function12 is 2.7935(1088/ rT )I/y  
n =  4.203. The entropy contribution consists of 
three terms and is for both internal rotators.

S°ir =  2B(V, +  In 4.203) -  2 (St -  S) +  R In g

The first of these terms is the contribution calculated 
on the basis of free internal rotation, i.e., V0 =  0. The 
second is the effect of the nonzero V0 and can be eval
uated using the tables of Pitzer and Gwinn15 where 
(St — S) is tabulated as a function of 7r and Vq. The 
third term is related to the rotational symmetry number
n. The parameter g is the number of distinct conforma
tions produced by complete rotations about the two 
axes of internal rotation. As stated above, nine con
figurations are grouped into five distinct conformations. 
Since only four of these contribute to the partition 
functions of GN, g =  4 and the entropy contribution 
is R In 4. An alternate approach to evaluating the 
effect of rotational isomerism involves inclusion of all 
five conformations in g, but restriction of the integra
tion of the potential energy to regions that do not in
clude the GG' configurations. For the analogous, but 
simpler, system— succinonitrile—both methods were 
employed and gave results which differed in entropy

(12) G. N. Lewis and M. Randall, “ Thermodynamics,”  2nd Ed., 
revised by K. S. Pitzer and L. Brewer, McGraw-Hill Book Co., Inc., 
New York, N. Y., 1961.
(13) J. Hilsenrath and G. G. Ziegler, “ Tables of Einstein Functions,” 
U. S. National Bureau of Standards, Monograph 59, U. S. Govern
ment Printing Office, Washington, D. C., 1962.
(14) C. A. Wulff, J. Chem. Phys., 39, 1227 (1963).
(15) K. S. Pitzer and W. D. Gwinn, ibid., 10, 428 (1942).
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by 0.15 cal./mole °K. Because of the approximations 
already made here, use of the alternate method was 
not warranted. The entropy is computed as

S°ir = 2 ft(y 2 +  In 4.203) -  2(1.49 ±  0.12) +
ft In 4 =  7.46 ±  0.25 cal./mole °K.

and the precision index is determined by the range of
V0.

A second route is available to the evaluation of 
(St — S) through the work of Scott and McCullough,16 
who considered the effect of rotational isomerism upon 
thermodynamic functions. Their tabulations of (St —
S) are dependent on two barrier heights that character
ize a synthesized potential energy function. Assigning 
values of V2 — 1000 ±  200 cal./mole and Vi =  2000 
±  200 cal./mole (notation of Scott and McCullough) a 
value of 7.84 ±  0.25 cal./mole °K. is obtained for S°¡r. 
The munerical values assigned to the two barrier heights 
are those used for succinonitrile2 and are consistent with 
barriers observed in substituted alkanes. A  mean 
value of 7.83 ±  0.40 cal./mole °K. has been adopted 
for S° ,r and is the same for each of the conformations.

E. Entropy of Mixing. No data exist for the vapor 
phase energy separations of the configurations con
tributing to GN. A conformeric distribution is avail
able for the symmetrically substituted analog, n-

pentane.17 This differs little from that for similar 
compounds17 and has been adopted for GN. Mole 
fractions of -Vyy- =  0.43, A" ^ — 0.50, and X qo —
0.07 yield an entropy of mixing of 3.30 cal./mole °K.

F. Entropy of GN (Ideal Gas) at 298.15° K. 
From the composition and the conformational entropies 
summarized in Table V the entropy of GN (ideal gas) 
is 88.1 ±  0.6 cal./mole °K.

Comparison of Calculated and Thermal Entropies. 
The agreement between the thermal (88.1 ± 0 . 1  cal./ 
mole °K.) and calculated (88.1 ±  0.6 cal./mole °K.) 
values for the entropy of GN (ideal gas) indicates a 
lack of residual disorder at low temperatures in the 
crystalline phase characterized by these thermal 
measurements. However, because of the assumptions 
made in obtaining the calculated value, the thermal 
value is preferred for chemical thermodynamic use.
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The Critical Temperature and Coexistence Curve for Bismuth Bromide

by J. W . Johnson, D. Cubicciotti, and W . J. Silva

Stanford Research Institute, Menlo Park, California (Received December 29, 1964)

The critical temperature of BiBr3 has been found to be 1220 ±  5°K. and the critical density 
to be 1.487 ±  0.015 g./cc. The coexistence curve for liquid and vapor has been fitted by 
the equations: p =  1.487 +  1.486[(1220 -  T)/1220] ±  2.819[(1220 -  77)/1220]1/3 ( +  for 
liquid phase; — for vapor phase). These equations are of the same form as those de
veloped by Guggenheim for argon, nitrogen, oxygen, methane, and carbon monoxide.

Introduction
In a previous paper1 it was shovm that some of the 

empirical relationships developed to describe the liquid- 
vapor coexistence curve for molecular fluids were also 
applicable to the liquid-vapor coexistence curve for 
ionic bismuth chloride. To determine if the relation
ships could be applied to other bismuth halides, the 
critical temperature and orthobaric densities of bis
muth bromide were determined. This paper is a 
report of the results of that investigation.

Experimental
The apparatus and methods used for determining the 

critical temperature and orthobaric densities of bismuth 
chloride1 were employed in this work.

Bismuth bromide, purified by three distillations 
under a dry oxygen atmosphere, was distilled into 
quartz tubes of various dimensions under dry oxygen 
at a pressure of 100 mm. The tubes were evacuated to 
remove residual gas and sealed off under vacuum. 
The oxygen atmosphere served to oxidize any re
duced bismuth to bismuth oxide, which has a negligible 
vapor pressure and is insoluble in bismuth bromide at 
the temperature used for distillation.

The tubes intended for use in the critical tempera
ture determinations were constructed of 2-mm. bore 
by 6-mm. o.d. quartz tubing 6 cm. long. These were 
filled to approximately one-third the total internal 
volume with molten bismuth bromide at 300°. The 
tubes used in the liquid and vapor density determina
tions were 3-mm. bore by 6-mm. o.d. with a few of the 
low temperature density determinations being made 
with 4-mm. bore by 6-mm. o.d. tubes. The quartz 
floats of predetermined density were placed in the 
empty tubes, which were sealed to the quartz manifold,

and then the required amount of bismuth bromide was 
distilled into them. The vapor density determinations 
were made by observing the temperature of the dis
appearance of the last trace of liquid in the bottom of 
the tube. The weight of bismuth bromide and the 
internal volume of the tube were determined after the 
run from which the vapor density could be calculated.

In the critical temperature determinations, con
tinuous visual observation of the meniscus as it ap
proached the critical temperature from below was not 
practical owing to the high radiation losses occurring 
at the critical temperature of bismuth bromide. These 
radiation losses set up large temperature gradients 
between the sample and the nickel block. The proce
dure adopted was to keep the nickel block rotated so 
that the sample was not exposed to the observation 
slit until it had reached the desired temperature. 
Visual observation was made by rotating the nickel 
block until the sample became visible and the presence 
or absence of a meniscus was determined. Through 
careful adjustment of the temperature it was possible 
to reduce the difference between the presence or ab
sence of the meniscus to an interval of 3-4° and in some 
instances less. The practice of keeping the sample tube 
shielded until ready to make an observation reduced the 
temperature gradient between the sample position and 
the block to less than 1°.

Results and Discussion

The method of observing the presence or absence of a 
liquid-vapor interface at a definite temperature pre
cluded observation of the sample as it approached,

(1) J. W. Johnson and D. Cubicciotti, J. Phys. Chem., 68, 2235 
(1964).
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reached, and exceeded the critical temperature. The 
temperatures at which the absence or presence of a 
meniscus was determined are listed in Table I. When

Table I : Critical Temperature Data for Bismuth Bromide

.------Temp., °C., meniscus------>
Tube no. Absent Present Av. density, g./cc.

1 948.1 944.6
946.9 945.5 1.416
946.0 945.6

2 944.9 943.5
945.1 943.6 1.732
945.7 944.0

3 948.5 944.0
947.9 944.6 1.630
947.0 944.9

Accepted value 945 ±  5°.

the meniscus was absent, visual observation was con
tinued until the sample had cooled sufficiently for the 
meniscus to appear in the interior of the tube. This 
ensured that the loading was sufficient for both a 
liquid and vapor phase to be present just below the 
critical temperature. In view of the spread of tempera
tures in Table I, the critical temperature was taken 
as 945 ±  5°. The three tubes used for the critical 
temperature experiments were opened, and the weight 
of charge and internal volume of the tube determined. 
From these quantities the average density of the 
sample was calculated and appears in Table I. The 
density interval (1.416 to 1.732 g./cc.) in which the 
critical transition can be observed is surprisingly large, 
amounting to 20% of the critical density. However, 
the critical transition has been observed in ethane2 over 
an interval amounting to 15% of the critical density. 
This flat top character is somewhat arbitrary since 
the temperature range is ±5°K .

The experimental densities of bismuth bromide liquid 
and vapor at various temperatures are presented in 
Table II, and the coexistence curve is shown in Figure
1. All the liquid densities, except for the critical transi
tion experiments, were determined with quartz “ floats,”  
while the vapor densities were all determined by volume 
(see ref. 1). An uncertainty of ± 3 °  is assigned to all 
temperatures listed in Table II.

The empirical equation developed by Guggenheim3 
for the coexistence curves of the inert gases has the form

Figure 1. Coexistence curve for bismuth 
bromide. Dashed line from ref. 4.

where pcru is the critical density, T0 is the critical 
temperature, a and b are constants, the positive sign 
is used for the liquid phase, and the negative sign is 
used for the vapor phase.

This equation was found to apply to bismuth chloride 
and so was used to fit the data for bismuth bromide. 
It was determined, by trial and error, that the data 
could be fitted by

where the critical density is 1.487 g./cc. and the critical 
temperature Tc is 1220°K. This value of the critical 
temperature is higher than the value 1218°K. given 
in Table I but is still within the estimated limits of

(2) J. G. Mason, S. N. Naldreth, and O. Maass, Can. J. Res., 18B, 
103 (1940).
(3) E. A. Guggenheim, J. Chem. Phys., 13, 253 (1945).
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error. The equation fits the experimental data for the 
liquid phase with an average deviation of ±0.015 g./cc. 
and the vapor phase data with an average deviation of 
±0.014 g./cc. The solid line in Figure 1 was calcu
lated by means of eq. 2.

Rearranging eq. 2 to give an equation for the average 
density of coexisting liquid and vapor results in

—  +  Pvsp =  1.487 +  1.218 X 10_3(1220 -  T) (3) 2

Keneshea and Cubicciotti4 determined the density 
of bismuth bromide from the melting point to the 
boiling point. Assuming a negligible vapor density 
in this temperature range, their data give an average 
density equation

Pliq +  Pv ap
2 1.488 +  1.20 X 10_3(1220 -  T) (4)

The excellent agreement between (3) and (4) is some
what fortuitous since the average deviation of the 
experimental liquid and vapor densities from values 
calculated by (2) is ±0.015 and the critical temperature 
is uncertain by ± 5 °K . This confirms the observa
tion made in the case of bismuth chloride that a good 
approximation to the critical density can be obtained

Table II : Orthobaric Densities of Bismuth Bromide
.------ Density, g ./cc.---------

up., °C. Temp., °K . Obsd. Calcd. Dev., g ./cc.

Liquid
300 573 4.525 4.558 0.033
379 652 4.344 4.365 0.021
494 767 4.051 4.066 0.015
537 810 3.924 3.947 0.023
594 867 3.772 3.782 0.010
654 927 3.590 3.597 0.007
773 1046 3.182 3.172 -0 .0 1 0
859 1132 2.802 2.768 -0 .0 3 5
883 1156 2.586 2.621 0.035
903 1176 2.468 2.473 0.005
915 1188 2.360 2.364 0.004
929 1202 2.207 2.201 -0 .0 0 6
939 1212 2.024 2.025 0.001

Av. ±0.015

Vapor
581 854 0.035 0.045 0.010
743 1016 0.160 0.181 0.021
815 1088 0.290 0.304 0.014
881 1154 0.503 0.501 -0 .0 0 2
898 1171 0.593 0.581 -0 .0 1 2
924 1197 0.800 0.765 -0 .0 3 5
936 1209 0.920 0.913 -0 .007

Av. ±0.014

Figure 2. Comparison of reduced liquid densities.

by a linear extrapolation of half the density of the liquid 
below the boiling point to the critical temperature of 
these salts.

Figure 2 gives the reduced densities for the liquid state 
of BiBr3 and BiCl3 as a function of reduced tempera
ture compared with the values for argon and water 
given by Landolt-Bomstein.5 The curves, estimated 
by Kirschenbaum, et zZ.,6 for NaCl and KC1 are also 
shown. The reduced density curves for the bismuth 
halides fall between those for Ar and H20 , as do the 
many molecular fluids such as AI2Br6, SnCl4, C 02, S02, 
and HC1.6 If similarity of position on the reduced 
density scale is indicative of a similarity in the nature 
of liquid forces, the bismuth halides should then be 
classed as molecular fluids in spite of the relatively high 
electrical conductivities of their liquids.

The critical parameters for normal molecular fluids 
have been related to their vapor pressures and liquid 
densities by Riedel. A  convenient scheme for esti
mating the critical parameters based on the Riedel 
relationship has been given by Pitzer and co-workers.7 
This method was applied to bismuth bromide. The 
data used were the normal boiling point (735°K.),8 
the 100-mm. boiling point (633°K.),8 and the density 
of the liquid (4.343 g./cc. at 650°K.).4 The critical

(4) F. J. Keneshea and D. Cubicciotti, J. Phys. Chem., 63, 112 
(1959).
(5) ‘ ‘Landolt-Bomstein Tafeellen,1 ’ 5th Ed.
(6) A. D. Kirschenbaum, J". A. Cahill, P. J. McGonigal, and A. V, 
Grosse, / .  Inorg. Nucl. Chen., 24, 1287 (1962).
(7) See K. S. Pitzer and L. Brewer, revision of “ Thermodynamics” 
by Lewis and Randall, McGraw-Hill Book Co., Inc., New York, 
N. Y., 1961, Appendix 1.
(8) D. Cubicciotti and F. J. Keneshea, J. Phys. Chem., 62, 999 
(1958).
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parameters estimated by the method of Pitzer were 
Te = 1185°K., Pc =  83 atm., Vc =  310 cc. (and acen
tric factor =  0.32). These compare with the experi
mental values reported above: Tc =  1220°K. and 
Vc =  302 cc.

The agreement of the estimated T0 and Va with the 
experimental values is good. This indicates that the 
correspondence between critical constants (T c and 
Vc) and liquid density and vapor pressures observed 
for many molecular fluids by Riedel also obtains for 
bismuth bromide (as for bismuth chloride). Pitzer7 
indicates that a more stringent test of a normal fluid 
can be made with the surface tension. Using the meas
ured Tc and Fc, we calculated from Pitzer’s eq.7 
A 1-20 a value for a0 of 148 dynes/cm. and from his 
eq. A 1-19 and the measured values of T0 and

density a value of 75 dynes/cm. for the surface tension 
of the liquid at 250°. An experimental value of 66.5 
dynes/cm. was given by Jaeger.9 1 Pitzer7 indicates 
that a deviation of the calculated surface tension of 
more than 5% from the estimated value indicates 
significant deviation from normal behavior. There
fore, although bismuth bromide behaves like a molecu
lar fluid with regard to its critical volume and tempera
ture, it may be expected to deviate from “normal” 
behavior in some of its other properties.
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The Radiation-Induced Oxidation of p-Xylene Sensitized by

Organic Bromine Compounds
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The oxidation of p-xylene at 25° induced by 60Co 7-radiation is accelerated by the addition 
of organic bromine compounds. CBr4 is the most efficient sensitizer, and the rate of ab
sorption of oxygen accelerates to a maximum at about 2%  oxidation and then decreases. 
The observed kinetics are consistent with a mechanism in which the autoretardation and 
the postirradiation oxidation result from the reaction, ROOH +  HBr — RO- +  H20  +  
Br-, between the hydroperoxide and hydrogen bromide formed as intermediates.

Introduction
The oxidation of p-xylene to terephthalic acid is 

normally carried out in organic acid solution in the 
presence of metal bromides at temperatures above 
120° 1 The metal ion catalyzes the conversion of the 
transient peroxy radicals to an aldehyde, and the 
bromine atoms formed abstract a hydrogen atom from

the methyl group in the intermediate p-toluic acid much 
more readily than peroxy radicals are able to do.2

In an attempt to increase the rate of oxidation of 
p-xylene Imamura and Ohta8 investigated the influence

(1) G. H. Whitfield, British Patent 837,321 (1960).
(2) D. A. S. Ravens, Trans. Faraday Soc., 55, 1768 (1959).
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of 60Co 7-radiation on the reaction. At 80° no ac
celeration of the reaction occurred on irradiating, but 
at 135° irradiation doubled the rate of hydroperoxide 
formation and increased the production of acids. How
ever, no terephthalic acid was obtained, and the con
version did not exceed 5 mole %  owing to the production 
of an inhibitor. Irradiation of the much faster cobalt 
naphthenate catalyzed oxidations of p-xylene or p-toluic 
acid caused negligible changes.

Costea, et aZ.,3 4 5 oxidized p-xylene at temperatures 
from 60 to 130° using reactor irradiation, but even at 
the higher temperature they found that conversion to 
peroxide and p-toluic acid was less than 2%  after 40 
hr. However, with 1% cobalt naphthenate catalyst, 
these authors found that irradiation gave a yield of 
20% p-toluic acid in 8 hr. under conditions where 
negligible reaction occurred in the absence of radia
tion.

Bakh6 found that the radiation-induced oxidation of 
toluene at 25° gave a low yield of peroxides, the total 
G value being 1.8. Peroxy radicals do not readily 
abstract primary hydrogen atoms from alkyl benzenes6 
so that a similar nonchain mechanism is expected 
for the radiation-induced oxidation of pure p-xylene 
at 25°. However, bromine atoms have a low activa
tion energy for such abstractions7 and may be able 
to induce a chain oxidation at room temperature, 
similar to that observed in gas phase oxidations cata
lyzed by HBr, in which the following propagating 
sequence occurs.8

Br- +  RH — >  HBr +  R- 

R- -(- O2 R02- 
R 0 2- +  HBr — ► R0OH +  Br-

We have therefore examined the 60Co 7-radiation- 
induced oxidation of p-xylene containing organic 
bromine compounds at 25°. The radiolysis of the 
additive should produce a steady supply of bromine 
atoms which could possibly maintain the oxidation 
sequence to high conversions of the p-xylene.

Experimental

Materials. p-Xylene (Phillips Petroleum Co., pure 
grade) was repeatedly shaken with concentrated 
H2S04 until the acid layer was colorless. It was then 
washed with 10% Na2C 03 solution and several times 
with distilled water, then dried with anhydrous CaS04. 
After repeated shaking with mercury until tarnishing 
was insignificant, it was fractionally distilled in a 
nitrogen atmosphere through a 72-theoretical-plate 
column. The distillate was passed through a 12-cm. 
column of chromatographic alumina, collected in a

blackened flask, and stored under nitrogen in a grease- 
free automatic buret. The boiling point range 138.36 
±  0.03° (corrected to 760 mm.) agreed with the litera
ture value,9 and gas-liquid chromatographic analysis 
revealed no detectable impurities. The rate of the 
radiation-induced oxidation of the above p-xylene was 
unchanged after three recrystallizations.

Oxygen from a cylinder was passed through columns 
of silica gel and KOH and then through a trap at —78°.

Carbon tetrabromide (Hopkin and Williams Ltd.) 
was recrystallized twice from ethanol and twice from 
petroleum ether (b.p. 40-60°) and then sublimed ac
cording to the procedure of Bradley and Drury.10 
The absorption spectrum of the purified material was 
unchanged on further sublimation and had a maximum 
at 229 mix with a molar extinction coefficient of 4.66 X 
103 in Spectrosol hexane at 20.0°.

Bromobenzene, bromoform, ethyl bromide (treated 
to remove alcohol and water9), carbon tetrachloride, 
and bromotrichloromethane were fractionally distilled 
in a nitrogen atmosphere in a 35-plate all-glass column 
shielded from light. Small middle fractions were 
collected at boiling points agreeing with published 
values.9 Immediately after distillation the required 
amounts of the liquids were degassed in small ampoules 
with break-seals and stored in the dark until used.

Hydrogen bromide (Matheson Co., Inc., anhydrous) 
was degassed by freezing and thawing cycles and then 
stored in a blackened bulb until used. A calibrated 
bulb was filled at 20.0° to pressures measured with a 
mercury manometer, and the known amounts of HBr 
were condensed into the reaction vessel. Similar 
condensation of the HBr into excess alkali, followed by 
titration, confirmed its purity as 99.9%.

Benzyl alcohol and cobalt naphthenate (Hopkin 
and Williams Ltd.) and D 20  (L. Light and Co. Ltd., 
99.5%) were used as supplied.

Measurement of Oxygen Absorption. The rates of 
oxygen absorption at selected pressures were measured

(3) J. Imamura and N. Ohta, Tokyo Kogyo Shikensho Hokoku, 55, 
346 (1960).
(4) T. Costea, C. Mantesoo, and I. Negoesco, Intern. J. Appl. Radia
tion Isotopes, Î3, 306 (1962).
(5) N. A. Bakh, Symposium on Radiation Chemistry, Academy of 
Sciences of the U.S.S.R., English Translation, Consultants Bureau, 
New York, N. Y., 1956, p. 119.
(6) G. A. RusseU, J. Am. Chem. Soc., 78, 1047 (1956).
(7) H. R. Anderson, H. A. Scheraga, and E. R. Van Artsdalen, J. 
Chem. Phys., 21, 1258 (1953).
(8) F. F. Rust and W. E. Vaughan, Ind. Eng. Chem., 41, 2595 
(1949).
(9) A. Weissberger, et al., “ Technique of Organic Chemistry,”  Vol. 
VII, Interscience Publishers, Inc., New York, N. Y., 1955.
(10) R. S. Bradley and T. Drury, Trans. Faraday Soc., 55, 1844 
(1959).
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automatically in a constant pressure apparatus.11 
Oxidations were performed in cylindrical glass reaction 
vessels of 30-mm. internal diameter and 10-mm. in
ternal thickness, and having a 7-mm.-diameter side 
tube incorporating a diaphragm break-seal and a 
narrow bore side arm. Measured amounts of pre
viously degassed p-xylene and additives were distilled 
or sublimed under vacuum into the reaction vessel 
through the side arm, which was then sealed off. The 
reaction vessel was immersed in a thermostat controlled 
to ±0.02° and clamped to a bar at reproducible posi
tions with respect to a 230-curie 60Co source12 13 14 which was 
also immersed in the thermostat. To keep the solu
tions saturated with oxygen the reaction vessel was 
continuously shaken at measured rates by means of a 
motor driving a Kopp Variator (Allspeeds Ltd.) con
nected, by an eccentrically mounted rod, to the bar 
supporting the reaction vessel. The latter was con
nected to the oxygen absorption apparatus via a flexible 
glass spiral. After evacuating the system and filling 
with oxygen to the required pressure, the break-seal 
was fractured by a glass-covered magnet, and the ap
paratus controls were set before introducing the 60Co 
source to start the reaction. The rate of oxygen ab
sorption was independent of the shaking speed from 
188 to 655 c./min.; measurements were normally 
made at a rate of about 540 c./min.

Dosimetry. The rates of energy absorption in the 
p-xylene solutions were calculated on the basis of 
electron densities from measurements made in the re
action vessels with the ferrous sulfate dosimeter, 
taking (rre>+ = 15.5,18 and correcting for 60Co decay.

Analysis. The formation of reaction products was 
investigated in the reaction vessels used for the oxygen 
absorption runs, but having a stoppered side arm added 
for sample withdrawal, the oxygen pressure being main
tained at about 850 mm.

Hydroperoxides were measured by the iodometric 
method of Wibaut, et al.,1* and it was shown that CBr4 
and benzyl alcohol present in the amounts used in this 
work did not affect the results of analyses using pure 
f-butyl hydroperoxide. Samples were analyzed im
mediately after removal from the radiation source.

Infrared spectra of the reaction products were 
measured after removing p-xylene and volatile products 
by vacuum distillation.

Results

Irradiation of p-xylene at a dose rate of 1.93 X 1018 
e.v. I.“ 1 sec.-1 in the presence of oxygen at 25° resulted 
in oxygen being absorbed at a rate of 8.65 X  10-8 
mole l.-1 sec.-1 (mean of four runs) which was constant 
to an absorbed dose of at least 1.04 X 1024 e.v. I.-1.

This rate corresponds to an observed O value for oxygen 
absorption of 2.70. However, the value must be cor
rected for the radiolytic formation of H2 and CH4 
which occurs in the presence of 0 2 and amounts to 
Gb.2 +  L'c h , =  0.221S under the irradiation conditions 
used here, so that the true rate of oxygen absorption is 
6? (- 02) =  2.92.

To determine the relative influence of a range of 
halogen-containing additives, oxidations were carried 
out at 25° and approximately the same dose rate. The 
additives were all present at the same electron fraction 
of the solutions, so that the proportion of the radiation 
energy absorbed in them should be the same, and the 
oxidation rates should be determined by their radical 
yields and the efficiency of these radicals in establishing 
oxidation chains. Plots of 0 2 absorbed as a function 
of time (radiation dose) for some of the additives are 
compared with that for p-xylene in Figure 1. The cor
responding plot for CHBr3 resembled those of CBr4 
and CCl3Br in showing an initial period of accelerating 
rate, while those for C2H6Br, C6HBBr, and CC14 all 
showed an initial oxidation rate which started to de
crease in the region 0.5-1% oxidation. The maximum 
rates of oxygen absorption are summarized in Table I.

Table 1 : Maximum Oxidation Rates of p-Xylene Solutions 
of Halogen Compounds at 25.0° (electron fraction of 
additives = 0.0420)

Dose rate, — d(Oî)-------- ’ moles l."1
Additive X 10-18 sec.-i X 10' Maximum Gi.

None 1.93 0.865 2.92
CîHsBr 1.88 4.59 14.9
C6H5Br 2.00 8.81 26.8
CHBr3 1.91 9.27 29.5
CCh 1.99 3.41 10.5
CCkBr 1.92 12.3 38.6
CBr4 1.96 20.3 62.6

a Corrected for H2 and CH4 production.

Sensitization by CBr4. It is seen that CBr4 is the 
most effective additive for increasing the oxidation 
rate, and the kinetics of this system were therefore 
studied in more detail, the rate of oxidation always

(11) F. Neighbour and D. Verdin, J. Sei. Instr., 41, 219 (1964).
(12) G. S. Murray, R. Roberts, and D. Dove, Radioisotopes in 
Scientific Research, Proceedings of the 1st International Conference, 
Paris, Sept. 1957, Vol. 1, Pergamon Press Ltd., London, 1958, p. 139.
(13) R. H. Schuler and A. O. Allen, J. Chem. Phys., 24, 56 (1956).
(14) J. P. Wibaut, H. B. van Leeuwen, and B. van der Wal, Rec. trav. 
chim., 73, 1033 (1954).
(15) D. Verdin, J. Phys. Chem., 67, 1263 (1963).
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Figure 1. Absorption of O2 by p-xylene solutions at 25.0°; 
dose rate = 1.92 ±  0.04 X 1018 e.v. I.-1 sec.-1, 
electron fraction of additives = 0.0420.

Figure 2. Variation of maximum rate of oxidation of 0.141 M  

CBr4 solutions in p-xylene with dose rate and temperature.

being measured as the maximum slope of the oxygen 
absorption curve.

The maximum rate of oxidation at 25° was inde
pendent of the oxygen pressure above the solution over 
the range 411-1077 mm., the rates being measured 
at a dose rate of 1.05 X  1018 e.v. I.-1 sec.-1 and a CBr4 
concentration of 0.141 M. Oxidation rates were 
normally measured at pressures of about 850 mm.

The rate of oxygen absorption increased linearly 
with the radiation dose rate (Figure 2) over the range 
8.41 X 1016 to 2.08 X 1018 e.v. I.-1 sec.-1 at 25.0°, and 
extrapolation of this plot to zero dose rate gave a finite 
rate of oxygen absorption ( R o ) . The manner in which 
the reaction rate depended on the concentration of 
CBr4 is shown in Figure 3. The highest concentration 
employed corresponds to an electron fraction of CBr4 
in the solution of 0.154. A logarithmic plot of the data 
leads to the expression

= ft0bsd(CBr4)°-26/  + R o
C lim a x

for the maximum rate of oxygen absorption, where 
I  is the dose rate.

The variation of reaction rate with temperature was 
determined from measurements of the rate of oxygen 
absorption at three dose rates at each temperature. 
The linearity of reaction rate with dose rate persisted 
to the highest temperature used, and the intercept at 
zero dose rate increased with temperature (Figure 2). 
The runs were all performed at a CBr4 concentration 
of 0.141 M, and the slopes of the plots of —d (0 2) /  
dt against I  were divided by (CBr4)°-26 to obtain k0bSd. 
An Arrhenius plot of the values of fc0bad summarized

Figure 3. Effect of CBr4 concentration on oxidation rate at 
25.0°; dose rate = 2.08 X IO18 e.v. I.-1 sec.-1.

in Table II leads to an over-all activation energy of
8.1 kcal./mole for the maximum rate of oxidation.

The formation of hydroperoxides during the oxida
tion is compared with the absorption of oxygen under 
identical conditions in Figure 4. Infrared spectra of 
the nonvolatile reaction products, which were yellow 
colored, after 22- and 70-hr. irradiation closely resembled

Table I I : Temperature Dependence of Rate Constant for 
Maximum Rate of Oxygen Absorption

Temp., °C. ¿obsd X 10«, mole»-» l.o-a e.v. -1

25.0
40.0
55.0
70.0

1.63
3.23
4.94
9.90
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Time, hr.

Figure 4. Comparison of O2 absorption and hydroperoxide 
formation in the oxidation of 0.141 M  CBr4 in p-xylene at 
25.0°; dose rate = 1.74 X 1018 e.v. I.-1 sec.-1, 
point A = 1.57% oxidation.

that of benzyl alcohol, including a strong band at 3500 
cm.-1, which confirms the appearance of OOH and/or 
OH groups16 in one of the methyl groups of p-xylene. 
The ultraviolet absorption spectrum of the oxidate 
after 25-hr. irradiation showed a peak at 229 mp 
due to CBr4, but no quantitative measure of the CBr4 
concentration was possible owing to the high absorp
tion of p-xylene in this region.

Postirradiation Oxidation. Removal of the radia
tion source during the course of an oxidation resulted 
in a marked decrease in the rate of oxygen absorp
tion. Subsequent réintroduction of the source did 
not immediately restore the reaction rate to its value 
prior to removal of the source, but there was a gradual 
acceleration in rate. The postirradiation rate de
pended on the degree of oxidation at which the irradia
tion was stopped in the manner shown in Figure 5, 
and at each conversion the rate decreased with time 
and eventually became zero. The postirradiation rate 
attained its highest values in the same conversion 
range as the maximum rate of oxidation occurred, that 
is, between 1.0 and 2.5% oxidation, and at conversions 
exceeding 3.6% oxidation there was no posteffect.

The reaction product has been found to contain 
hydroperoxide, and to determine whether this could 
give rise to the postirradiation oxidation, a 2.6 X  10-3 
M  solution of pure ¿-butyl hydroperoxide in p-xylene 
was shaken with O2; however, the solution absorbed 
no 0 2 in 41 hr. at 25°. HBr is a probable intermediate 
in the reaction and also might cause the postirradia
tion effect. To examine this, reaction vessels were 
employed in which p-xylene was saturated with 0 2 
before breaking the seal of a compartment into which

_. 3.0 -O

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Oxidation of p-xylene, %.

Figure 5. Postirradiation oxidation of 0.141 M  CBr4 in 
p-xylene after radiation-induced oxidation to various 
conversions at 25°; dose rate = 1.89 X 1018 e.v. I.-1 sec.-1.

HBr had been distilled. These solutions, which were
0. 087 M with respect to HBr, absorbed 0 2 very rapidly 
at 25° (at initial rates of approximately 5 X  10-5 mole
1. -1 sec.“ 1), after an induction period of about 3.5 
hr. The reaction rate decreased rapidly and was 
zero after 1.8% oxidation. The induction period 
was reduced to less than 5 min. by irradiating the 
solutions at a dose rate of 6.8 X 1017 e.v. I.-1 sec.-1, 
and after the reaction had started removal and re- 
introduction of the radiation source had no effect on 
the oxidation rate. Moreover, if the reaction was 
allowed to go to completion in the absence of radia
tion, there was no further absorption of 0 2 on irradiat
ing or introducing more HBr.

If HBr was added in the above manner (to give a con
centration of 0.073 M) to a 2.6 X 10“ 3 M  solution of 
¿-butyl hydroperoxide in p-xylene, a similar rapid 
absorption of 0 2 occurred with no induction period 
and at initial rates of approximately 1.6 X 10“ 4 mole
l.-1 sec.-1. The reaction rate decreased as the re
action proceeded and became zero after 1.0% oxida
tion. If solutions of these concentrations of HBr 
and hydroperoxide were mixed in the reaction vessel 
and left for 24 hr. before admitting 0 2, there was an 
induction period of 14 hr. before 0 2 was absorbed at an 
initial rate of 2.0 X  10“ 6 mole l.“ 1 sec.“ 1, which fell 
to zero after 0.59% oxidation. The initial rate of the 
reaction and the final extent of oxidation both increase 
as the initial concentrations of HBr and hydroperoxide 
are increased, e.g., with HBr =  0.26 M  and hydroper
oxide =  5.4 X  10“ 3 M  the initial rate of 0 2 absorption 
exceeded 3.8 X 10“ 4 mole l.“ 1 sec.“ 1, and the reaction

(16) G. J. Minkoff, Proc. Roy. Soc. (London), A224, 176 (1954).
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had almost stopped absorbing 0 2 after 10 hr. when 3.9% 
oxidation had occurred. The initial rates of 0 2 ab
sorption in these solutions were insufficiently repro
ducible to permit kinetic study of the system, probably 
owing to the reaction rate being comparable to the 
rate of diffusion of 0 2 into the liquid phase, and dis
tribution of HBr between the two phases may also 
contribute in this way.

It was observed that the addition of i-butyl hydro
peroxide (to give a concentration of 0.06 M) to a 0.141 
M solution of CBr4 in p-xylene resulted in the absorp
tion of oxygen. However, the rate was negligible 
compared with the postirradiation oxidation which 
occurs at conversions corresponding to this hydro
peroxide content in the radiation-induced oxidation of 
p-xylenc containing the same concentration of CBr4.

The above experiments demonstrate that a reaction 
capable of initiating oxidation occurs between HBr 
and i-butyl hydroperoxide or the hydroperoxide pro
duced when p-xylene containing 0 2 and HBr is irra
diated. Moreover, the reaction forms a product 
which acts as an oxidation inhibitor. The production 
of inhibitors in the CBr4 sensitized oxidation was 
confirmed by oxidizing p-xylene containing 0.141 M 
CBr4 until it reached 3.9% conversion and then adding 
a fresh portion of CBr4 and continuing the oxidation. 
The maximum rate of 0 2 absorption in this second 
stage was less than 30% of the maximum rate of the 
original oxidation.

Retardation of Oxidation. One of the probable 
reaction products is p-methyl benzyl alcohol and it 
is desirable to know to what extent it can retard the 
oxidation. Benzyl alcohol should exhibit a very 
similar degree of retardation and it was used for this 
test in view of its commercial availability. The oxi
dation rate as a function of the concentration of benzyl 
alcohol added at the beginning of the runs is shown in 
Figure 6. The slight increase in oxidation rate after 
the rapid initial fall is probably due to direct oxidation 
of the benzyl alcohol at the higher concentrations ab
sorbing an appreciable amount of oxygen.

Water also exhibits a retarding effect on the oxidation 
and this is illustrated in Figure 6. The saturation 
solubility of water in xylene at 25° is 0.02 M,17 so 
that after a relatively small amount of a second phase 
has been formed (approximately 10 times the solubility,
i.e., 0.02 ml. of water in samples containing 5 ml. of p- 
xylene), the addition of more water causes negligible 
further decrease in oxidation rate. To provide infor
mation on the mechanism by which water retards 
the oxidation its influence was compared with that of 
similar amounts of D20 , and these results are included 
on the same graph. It is seen that within experi-

Moles of additive per 1. of p-xylene.

Figure 6. Effect of benzyl alcohol (O), water (A), and D20  (□) 
on the maximum rate of oxidation of 0.141 M  CBr4 in 
p-xylene at 25.0°; dose rate = 1.71 X 1018 e.v. I.-1 sec.-1.

mental error the behavior of water and D20  is identical. 
It is significant to note that the addition of excess 
water to a 2.6 X  10-3 M  solution of i-butyl hydroper
oxide in p-xylene before the addition of HBr (to give 
a 0.073 M  solution) entirely prevented the absorption 
of 0 2 by this system, which would otherwise have under
gone a rapid oxidation.

The addition of cobalt naphthenate (1.77% by 
weight) to an oxidation which was performed under 
identical conditions with that illustrated in Figure 4 
gave a maximum rate of oxygen absorption of 9.81 X
10-7 mole l.-1 sec.-1, which is approximately half 
of that in the absence of cobalt naphthenate. This 
rate was attained after a period of 85 hr. during which 
the oxidation slowly accelerated, and at the end of the 
run the vessel contained a precipitate of a bromine 
compound of cobalt. Cobalt naphthenate therefore 
does not function as a catalyst under the conditions 
used in this system.

Discussion
The low G value of 2.92 for oxygen absorption by p- 

xylene in the absence of additives and the G values for 
radical production from alkylbenzenes18 indicate that 
a nonchain oxidation is occurring, as would be expected 
at 25° from the low reactivity of the methyl hydrogen 
atoms toward peroxy radicals.6 Our result is consistent 
with that of Bakh,5 who found a total yield of peroxides 
of G =  1.8 in the radiation-induced oxidation of

(17) A. Seidell, “ Solubilities of Organic Compounds,” Vol. II, D. 
Van Nostrand Co., Inc., New York, N. Y., 1941, p. 607.
(18) E. N. Weber, P. F. Forsyth, and R. H. Schuler, Radiation Res., 
3, 68 (1955).
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toluene at a dose rate of 4.8 X 1018 e.v. I.-1 sec.“ 1 
at 25°.

The G values for the absorption of 0 2 in the presence 
of various sensitizers (Table I) indicate that the oxi
dation occurs by a chain mechanism, but that the 
chain lengths are short. There are insufficient pub
lished data on radical yields to enable predictions to 
be made on the relative oxidation rates induced by 
these compounds, but the on values for C2H6Br 
and C6H6Br indicate the effectiveness of Br atoms for 
inducing oxidation. It is improbable that the radical 
yield from CCl3Br will exceed that from CC14 by a 
factor of 4, so that the fourfold higher oxidation rate 
(Table I) of p-xylene in the presence of CCl3Br must 
result from the oxidation chains established by the Br 
atom. However the fact that CC14 does accelerate 
the oxidation of p-xylene implies that the CC13- frag
ment from CCl3Br contributes to the G^0,) value ob
served with this sensitizer. Consequently the dif
ference in behavior between CCl3Br and CBr4 would 
require the latter to have about twice the Br atom 
yield of CCl3Br if CBr3 radicals did not initiate oxida
tion chains. In view of the equality of C-Br bond 
dissociation energies in these two molecules, and the 
fact that dissociation energies for C-Cl bonds in such 
molecules are much greater than for C-Br bonds,19 
it is unlikely that the Br atom yields differ by a factor 
of 2, and it is suggested that when CBr4 is used as a 
sensitizer both the Br- and CBr3- species initiate oxi
dation chains. The initiation steps in the oxidation 
may be represented by the equations

CBr4 - V  CBr3- +  Br- (1)

CBr3- +  RH -— >  CHBrs +  R- (2)

Br- +  RH — >  HBr +  R- (3)

Reaction 3 occurs in the side-chain bromination of 
toluene in the gas phase and has an activation energy 
of 7.2 kcal./mole.7 The oxidation rate is independent 
of the oxygen pressure so that all the p-xylyl (R-) 
radicals must react rapidly with oxygen.

R- -f- O2 R 0 2- (4)

The activation energy for attack of peroxy radicals 
on p-xylene should exceed the value of 10.5 kcal./mole 
for p-cymene20 so that the peroxy radicals will not com
pete with reaction 3 but will take part in the following 
propagating steps.

R 0 2- +  CHBr, — > ROOH +  CBr3- (5) 

R 0 2- +  HBr — >  ROOH +  Br- (6) 

Reactions 3, 4, and 6 are those invoked to explain the

catalytic effect of HBr in the gas phase oxidation of 
hydrocarbons.8-21

The lifetimes of the transient radicals in the above 
reactions will be short, so that the postirradiation oxi
dation must arise from reactions between intermediate 
products. We have found that the reaction of HBr 
with a hydroperoxide can initiate the oxidation of p- 
xylene, and we therefore include reaction 7 in the scheme 
to provide a source of bromine atoms to initiate the 
postirradiation oxidation. It has been proposed that

ROOH +  HBr — > RO- +  H20  +  Br- (7)

this reaction causes chain branching in the HBr- 
catalyzed oxidation of isobutene in the gas phase.21

The linear dependence of oxidation rate on radiation 
intensity indicates that the termination reactions do 
not involve bimolecular interaction of chain-carrying 
species. The retardation of the reaction at low con
versions, and the complete cessation at equally low 
conversions of oxidations initiated by mixtures of HBr 
and hydroperoxide, implies that reaction 7 gives rise to 
this autoretardation. The infrared spectrum of the 
product is consistent with the presence of a benzyl- 
type alcohol, and we found that benzyl alcohol added 
to the reaction mixture strongly retards the oxidation. 
The RO radicals produced in reaction 7 must there
fore form p-methyl benzyl alcohol (ROH), probably by 
reactions 8 and 9, and the resulting alcohol will compete

RO- +  CHBr3 — ^ ROH +  CBr3- (8)

RO- +  HBr — ► ROH +  Br- (9)

with reactions 5 and 6 for peroxy radicals and so retard 
the oxidation. We therefore include reaction 10, and 
it may be noted that benzyl alcohol is an effective 
inhibitor of the HBr-catalyzed oxidation of benzyl 
bromide22 in the liquid phase at temperatures exceeding 
194°.

R 0 2- +  ROH — > chain termination (10)

Addition of water at the beginning of the oxidation 
markedly reduces the rate, but it is a less effective re
tarder than benzyl alcohol. In view of the high O-H  
bond dissociation energy in H20  it seems improbable 
that H-atom abstraction is involved in the retardation, 
and it is proposed that it functions by converting HBr 
into the ionized form, in which it will no longer take

(19) N. N. Semenov, “ Some Problems of Chemical Kinetics and 
Reactivity,” Vol. I, Pergamon Press Ltd., London, 1958, p. 19.
(20) H. Boardman, J. Am. Chem. Soc., 84, 1376 (1962).
(21) P. Hurst, G. Skirrow, and C. F. H. Tipper, Proc. Roy. Soc. 
(London), A268, 405 (1962).
(22) R. Barnett, E. R. Bell, F. H. Dickey, F. F. Rust, and W. E. 
Vaughan, Ind. Eng. Chem., 41, 2612 (1949).
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part in reaction 6 or 7. When the solubility of H20  in 
p-xylene is exceeded the distribution coefficient for 
HBr will greatly favor its transfer to the aqueous phase 
when only a small amount is present.

HBr +  H20  — *■ OH3+Br- (11)

The identical behavior of D 20  and water implies 
that the retardation does not involve bond breakage 
in the water molecule and supports the proposal that 
ionization of the HBr causes the retardation, since no 
primary isotope effect in the water molecule is in
volved and water and D 20  should have similar efficien
cies in bringing about reaction 11.

When only a small amount of the aqueous phase 
has appeared the addition of more water causes no 
further decrease in oxidation rate, and we also found 
that excess water completely inhibits oxidations ini
tiated by the reaction between HBr and a hydroper
oxide. However, in the irradiated CBr4 system, ex
cess water reduces the oxidation rate to only half of 
that in the absence of added water. This is consistent 
with the proposed mechanism since water will not 
affect the oxidation chain (reactions 2, 4, and 5) ini
tiated by CBr3 radicals, and the result implies that the 
sequence accounts for approximately half of the oxi
dation occurring. Benzyl alcohol is able to reduce the 
oxidation rate below that caused by the presence of 
excess water since it acts by scavenging peroxy radicals 
and thus retards the oxidation chains initiated by both 
Br atoms and CBr3 radicals.

Although reaction 11 removes bromine from the oxi
dation sequence, some bromine must be removed by 
another process which will give rise to the product 
causing the yellow color of the oxidate. The low 
volatility of the colored product shows that it is not 
molecular bromine, and it may be derived from the 
CBr3 radical; however, the identity of the colored 
product was not established.

If the termination reactions are first order with re
spect to the chain-carrying species, then the reaction 
rate will be proportional to the initiation rate and the 
observed linear dependence on dose rate is consistent 
with reaction 1 being the main process for initiation. 
It might be expected that the oxidation rate would be 
proportional to the CBr4 concentration; however, the 
observed dependence (Figure 3) probably reflects the 
occurrence of energy transfer from p-xylene to the CBr4, 
or the reaction of CBr4 with electrons by dissociative 
capture to produce CBr3 radicals and Br-  ions which 
are subsequently neutralized. Analogous behavior 
was reported23 for some organic halogen compounds 
as sensitizers of the radiation-induced polymerization 
of styrene. p-Xylene and CBr4 form a donor-acceptor

complex due to the interaction of the Br atoms with 
7r-electrons of the aromatic ring24 and this could 
enhance the probability of energy transfer in this 
system. On irradiating CC14 solutions in benzene, 
Oster and Kallmann25 found that the transfer of energy 
from benzene to CC14 leads to the production of radicals 
at a rate which depends on the concentration of CC14 
in a similar manner to Figure 3 in the same range of 
concentrations of the halogen compound. If the G 
value for loss of CBr4 is taken as 10 and it is assumed 
that all the energy absorbed in the solution leads to 
decomposition of CBr4, then, for the oxidation repre
sented in Figure 4, 36.9% of the initial CBr4 would be 
decomposed after 50-hr. irradiation, so that loss of 
CBr4 by radiolysis does not contribute significantly 
to the falloff in oxidation rate.

By assuming stationary concentrations of all the 
radical species involved, the instantaneous oxidation 
rate may be expressed in terms of the concentrations 
of the reaction intermediates and products by the 
equation

— d(02) 
d t

2(?(—CBrQ 

100 A
(CBr4)°7 +  2fc7(ROOH) (HBr) X

" fc5(CHBr3) +  fce(HBr) 
+  fcio(ROH)

where N is Avogadro’s number and the index a allows 
for energy transfer to CBr4.

The reaction sequence predicts that the concentra
tion of HBr in the p-xylene will pass through a maxi
mum, and in the region where this occurs the oxidation 
rate should also be a maximum. The above rate equa
tion indicates that this maximum rate will vary linearly 
with the dose rate and that the graph will extrapolate 
to a finite intercept at zero dose rate, and this intercept 
should increase with temperature because of the acti
vation energies of the rate constants involved. Figure 
2 shows that the system does behave in this way. As 
appreciable amounts of a separate aqueous phase 
form, removal of HBr progressively reduces the terms 
involving (HBr) and the rate of oxidation falls. Fur
ther reduction in the rate of oxygen absorption occurs 
as the concentration of the alcohol increases; however, 
when its concentration becomes sufficiently high, the 
direct radiation-induced oxidation of the alcohol26

(23) D. W. Brown and L. A. Wall, J. Polymer Sci., 44, 325 (1960).
(24) F. J. Strieter and D. H. Templeton, J. Chem. P h y s 37, 161 
(1962).
(25) G. K. Oster and H. D. Kallmann, Nature, 194, 1033 (1962).
(26) N. A. Bakh, Proceedings of the International Conference on the 
Peaceful Uses of Atomic Energy, Geneva, 1955, Vol. 7, Columbia 
University Press, New York, N. Y\, 1956, p. 538.
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will compensate for the decrease in rate of oxygen ab
sorption. When sufficient water has been produced 
to eliminate the chain involving HBr, the CBr3 oxida
tion chain should continue to increase the hydroper
oxide concentration. The observation that the hydro
peroxide concentration falls to a lower level may be 
due to energy transfer from p-xylene to the hydroper
oxide resulting in its decomposition. Such transfer 
can lead to high G values for peroxide decomposition 
when both the peroxide and the solvent are aromatic.27 
The postirradiation oxidation is consistent with the 
above equation, which indicates that its rate will follow 
the HBr and hydroperoxide concentrations and will 
be zero when there is sufficient water to remove all 
the HBr. The over-all activation energy of the oxi
dation in terms of the activation energies of the indi
vidual steps in the oxidation scheme would involve too 
many unknown values to permit any comparison be
tween the calculated and experimental values. The 
reaction may involve additional steps such as further 
reactions of the CBr3 radicals or hydroperoxide mole

cule; however, the above mechanism explains the es
sential features of the system.

Hendry and Russell28 have recently observed that 
the liquid phase oxidation of cumene containing traces 
of HBr proceeds extremely rapidly initially but soon 
inhibits itself, which they assumed to be due to the 
formation of phenol by an acid-catalyzed decomposi
tion of cumene hydroperoxide. However, in cumene 
solution the HBr would be in the covalent form, and 
on the basis of the present work it would be expected 
to react with the hydroperoxide to produce dimethyl- 
phenylcarbinol and water which would inhibit the oxi
dation. HBr is also known22 to catalyze the liquid 
phase oxidation of benzyl bromide and mesitylene at 
temperatures in the region of 200°, where the water 
produced would be removed in the 0 2 gas stream and 
so permit extensive oxidation.

(27) V. A. Krongauz and Kh. S. Bagdasaryan, Zh. Fiz. Khim., 32, 
717 (1958).
(28) D. G. Hendry and G. A. Russell, J. Am. Chem. Soc., 86, 2371 
(1964).
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The Effect of Ions on the Self-Diffusion of Water. I. 

Concentration Dependence

by David W . McCall and Dean C. Douglass

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey (Received January 4, 1965)

The self-diffusion coefficient of water has been measured as a function of concentration for 
several ioric solutions at 23°. Most ions tend to reduce the water diffusion rate but a few 
increase the diffusion rate. The observed concentration dependences for self-diffusion are 
closely correlated with concentration dependences for the fluidity. The data are pre
sented in relation to other experimental quantities and certain theoretical models. Hy
dration numbers are deduced and discussed. An attempt is made to adapt Kirkwood’s 
statistical results to water in a semiempirical manner.

I. Introduction
This paper presents the results of an investigation 

of the self-diffusion of water. Despite the great in
terest that the study of aqueous solutions has sustained 
over many decades,1-8 relatively few self-diffusion ex
periments for water in solutions have been reported. 
Therefore, we have made concentration dependence 
measurements for 29 electrolyte systems, salts, bases, 
and acids, in order to obtain a general picture. The 
nuclear magnetic resonance spin-echo method was 
employed,4-7 and the measurements were carried out 
at room temperature.

The self-diffusion coefficient for pure water has been 
the subject of many experimental studies.8-11 Un
fortunately, the spread within the reported data is 
great, much greater than the estimated errors that 
have been published. Although the absolute value of 
the self-diffusion coefficient for water is not our prin
cipal concern in this paper, our method is absolute and 
we shall make our contribution to the body of data. 
In general, the resonance method is in satisfactory 
agreement with tracer methods.

For the purpose of discussing the effect of ionic 
solutes on the self-diffusion coefficient of water, we 
shall define a parameter Ai, the relative change of the 
diffusion coefficient of water between 0 and 1 M. This 
quantity is moderately useful since the observed con
centration dependences are approximately linear in 
many cases. We will show tha~ the Ai terms can be 
approximately decomposed into individual ionic terms. 
These ionic Ai terms can be used to predict concentra

tion dependences for many substances that have not 
been measured. In addition, the Ai terms will be shown 
to be correlated with a similar concentration depend
ence parameter based on fluidity12 (i.e., reciprocal 
viscosity) data. This relationship is so striking that 
empirical estimates of the concentration dependences 
of the water self-diffusion could also be based on vis
cosity data.

One of the chief aims of this study concerns the re
lationship between self-diffusion and structural proper
ties. With some ions, definite hydrates are formed 
that are known to persist for many hours. With other 
ions the lifetimes for hydrate complexes may be so 
short as to be of little interest in relation to some ex
periments. The implication of the hydrate concept, 1 2 3 4 5 6 7 8 9 10 11 12

(1) H. S. Hamed and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,”  3rd Ed., Reinhold Publishing Co., New 
York, N. Y „ 1958.
(2) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,” 
Butterworth and Co. Ltd., London, 1959.
(3) R. W. Gurney, “ Ionic Processes in Solution,”  McGraw-Hill 
Book Co., Inc., New York, N. Y., 1953.
(4) E. L. Hahn, Phys. Rev., 80, 580 (1950).
(5) H. Y. Carr and E. M. Purcell, ibid., 94, 630 (1954).
(6) D. C. Douglass and D. W. McCall, J. Phys. Chem., 62, 1102 
(1958).
(7) D. W. McCall, D. C. Douglass, and E. W. Anderson, Z. Blektro- 
chem., 67, 336 (1963).
(8) See ref. 2, p. 328.
(9) J. H. Simpson and H. Y. Carr, Phys. Rev., I l l ,  1201 (1958).
(10) L. Devell, Acta Chem. Scand., 16, 2177 (1962).
(11) P. A. Johnson and A. L. Babb, Chem. Rem., 56, 387 (1956).
(12) E. C. Bingham, J. Phys. Chem., 45, 885 (1941).
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that is that a definite number of water molecules are 
influenced by a given ion while the other water mole
cules and ions are not, is obviously an oversimplifica
tion, particularly in the concentrated solutions under 
discussion here. Nevertheless, the hydrate concept is 
useful so long as we keep in mind that lifetime and 
geometry are important characteristics. Another struc
tural phenomenon relevant here is “ structure breaking.”  
Water is known to have a significant amount of (pseudo
crystalline) structure above the melting point and cer
tain ions tend to disrupt this structure. The concept 
is quite reasonable but it is unfortunate that a quan
titative definition has not been developed. Of course, 
the concentration dependence of any quantity in 
aqueous solutions can be qualitatively explained by a 
judicious mixture of structure breaking and complex 
formation. We shall attempt to carry the discussion 
somewhat beyond this point.

The ionic solutes chosen for the present study yield 
ions that form relatively short-lived hydrates. Over 
the time interval required for making a self-diffusion 
measurement by the spin-echo method, say about 0.1 
sec., we expect the hydrate water molecule to exchange 
many times with the bulk water. (Aqueous solutions 
of A l+S may be an exception to this expectation at 
high concentrations.) Thus, we measure an average 
diffusion coefficient, the average representing all the 
various states of the water in the solution. Because of 
the enormous difference between the experiment time 
and the times associated with elementary molecular 
processes, e.g., oscillation, jumping, and perhaps ex
change, we shall not emphasize structural character
istics deduced from self-diffusion data alone. Rather, 
we shall consider these data in the light of deductions 
made on the basis of other physical properties.

II. Experimental

The proton magnetic resonance spin-echo method, 
suggested by Hahn4 and worked out by Carr and 
Purcell,6 has been employed in this work. Specific 
details of the method as used in our laboratory have 
been published.6 It is important to recall that the 
method involves measurement of relaxation in the 
presence of a macroscopic magnetic field gradient in 
comparison with relaxation in the absence of such a 
gradient. Thus, the method yields a true macroscopic 
diffusion coefficient and should be directly comparable 
with tracer results. In the systems that have been 
studied by both resonance and tracer methods satis
factory agreement exists.13

Relaxation of the entire proton magnetization is 
followed, but owing to the rapid exchange there will 
be only one type of proton present on the average.

This is not true in the case of potassium acetate, but 
the water protons are much more abundant than the 
methyl protons over most of the concentration range. 
Long-lived hydrate complexes could lead to minor 
complications in the relaxation behavior, but the aver
age water diffusion coefficient obtained by our method 
would represent a suitable average coefficient for bound 
and unbound water.

The absolute accuracy of the self-diffusion coefficients 
is estimated to be about 5%. Relative values are 
probably known to within 1 or 2%. Pure water was 
measured with each solute concentration dependence 
series and the relative accuracy applies to the con
centration dependences.

The solutions were prepared from reagent grade ma
terials and distilled water. In most cases the most 
concentrated solution was subsequently analyzed by 
standard chemical techniques.14 15 No appreciable in
accuracies were found. The concentration accuracy 
is probably about 1%. It was necessary to acidify 
some of the ZnCl2 solutions slightly with HC1 in order 
to render the salt soluble.

Viscosity data were drawn from the “ International 
Critical Tables,” 16 as were density data necessary for 
making the conversions between molality and molarity. 
In some cases viscosity data were lacking, or, in one 
case (NaBr), they were suspicious. Supplementary 
viscosity measurements were made in these cases. 
A Cannon-Fenske type viscometer was used in this 
connection. No attempt was made to obtain great 
accuracy but the measurements are probably good 
to 1 or 2%. In the case of NaBr, it appears that the 
“ International Critical Tables”  are incorrect. All 
measurements were made at 22 or 23° and the tempera
ture was held to within 1° of the nominal.

HI. Experimental Results
Pure water was measured during each series in an 

effort to minimize the error. This gave over 25 
separate determinations collected over a period of 
several months. All of the data for pure water (except 
as noted below) at 23° are found to he between 2.38 
X ICC5 and 2.52 X  10-6 cm.2/sec. and part of this 
range can be attributed to the ± 1 °  temperature varia
tion. The average is 2.45 X 10 ~6 cm.2/sec. This 
figure agrees very well with the figure Robinson and 
Stokes8 arrived at on the basis of a critical study of the 
earlier evidence, mainly tracer work, 2.44 X 10 ~5

(13) D. C. Douglass and D. W. McCall, unpublished results.
(14) We are indebted to Mr. L. D. Blitzer for carrying out the 
analyses.
(15) “ International Critical Tables,”  McGraw-Hill Book Co., Inc.,
New York, N. Y „ 1927.
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Table I : Self-Diffusion Coefficients for Water (23°)

c, C , Cj C ,

Solute M 105D D/Do Solute M 105Z> D/Do Solute M 105Z> D/Do Solute M 105D D/Do

HC1 0 2.47 1.00 HI 0 2.52 1.00 CaCl2 0 2.43 1.00 MgCla 0 2.47 1.00
0.75 2.44 0.99 0.75 2.52 1.00 0.43 2.34 0.96 0.19 2.32 0.94
1.50 2.45 0.99 1.25 2.52 1.00 0.81 2.12 0.87 0.38 2.19 0.89
3.00 2.21 0.895 2.14 2.52 1.00 1.36 1.81 0.75 0.75 1.96 0.79
6.00 1.89 0.765 3.75 2.45 0.98 2.38 1.33 0.55 1.50 1.48 0.60

12.0 1.21 0.49 7.49 1.88 0.77 4.76 0.42 0.17 3.00 0.80 0.32

H2SO4 0 2.44 1.00 CHaCOOK 0 2.43 1.00 ZnCl2 0 2.40 1.00 NaCl 0 2.47 1.00
0.78 2.22 0.91 0.50 2.30 0.95 0.79 2.04 0.85 0.22 2.36 0.95
1.34 2.03 0.835 1.43 2.00 0.82 1.44 1.87 0.78 0.44 2.40 0.97
3.11 1.64 O . 6 7 4 2.45 1.64 0.67 2.47 1.66 0.69 0.87 2.29 0.93
4.68 1.16 0.48 4.29 1.07 0.44 4.31 1.12 0.47 1.75 2.14 0.87

10.1 0.47 0.194 8.58 0.29 0.12 8.64 0.24 0.1C 3.49 1.80 0.73
18.2 0.15 0.06

Nal 0 2.44 1.00 LiOH 0 2.44 1.00
NaOH 0 2.44 1.00 NaBr 0 2.44 1.00 0.43 2.45 1.00 0.43 2.28 0.93

0.68 2.12 0.87 0.67 2.39 0.98 0.87 2.38 0.98 0.85 2.03 0.83
1.13 2.02 0.83 1.68 2.26 0.93 1.73 2.38 0.98 1.70 1.78 0.73
1.70 1.82 0.74 3.35 1.93 0.79 3.46 1.98 0.81 3.41 1.14 0.47
3.40 1.20 0.49 6.71 1.24 0.51

LiBr 0 2.46 1.00 Li Cl 0 2.46 1.00
KNOa 0 2.38 1.00 KBr 0 2.45 1.00 0.46 2.45 1.00 0.56 2.27 0.93

0.42 2.51 1.05 0.43 2.55 1.04 0.92 2.30 0.94 1.12 2.18 0.89
0.71 2.55 1.07 0.87 2.70 1.10 2.30 1.92 0.78 2.80 1.75 0.71
1.25 2.58 1.08 1.73 2.68 1.09 4.60 1.50 0.61 5.60 1.13 0.46
2.50 2.58 1.08 3.46 2.71 1.11 9.21 0.58 0.24 11.2 0.31 0.13

KOH 0 2.41 1.00 KaCOa 0 2.47 1.00 BaCl2 0 2.50 1.00 Csl 0 2.47 1.00
0.19 2.42 1.00 0.47 2.23 0.90 0.50 2.32 0.93 0.20 2.43 0.99
0.39 2.36 0.98 0.85 2.07 0.84 1.00 2.07 0.87 0.40 2.46 1.00
0.74 2.25 0.93 1.46 1.77 0.72 1.46 1.87 0.75 0.80 2.61 1.06
1.49 2.10 0.87 2.55 1.31 0.53 1.60 2.71 1.10
2.97 1.72 0.71 5.10 0.52 0.21

AlCh 0 2.45 1.00 Be(C10a)a 0 2.20 1.00
KF 0 2.45 1.00 HNOa 0 2.47 1.00 0.39 2.04 0.83 0.29 2.13 0.97

0.53 2.30 0.94 0.53 2.43 0.98 0.66 1.79 0.73 0.58 1.00 0.90
1.01 2.14 0.87 1.02 2.44 0.99 1.16 1.35 0.55 0.96 1.73 0.79
1.85 1.99 0.81 2.72 2.29 0.93 1.54 0.94 0.38 1.92 1.12 0.51
3.15 1.72 0.70 4.65 2.05 0.83 2.31 0.57 0.23
5.55 1.23 0.50 8.15 1.64 0.67

11.10 0.63 0.26 16.3 1.09 0.44 Th (C104)4 0 2.20 1.00
0.27 1.92 0.87

K2SO4 0 2.42 1.00 HCIO4 0 2.16 1.00 0.54 1.55 0.71
0.25 2.41 1.00 1 . 0 2.22 1.03 0.82 1.22 0.56
0.49 2.28 0.94 11.7 0.59 0.27 1.32 0.64 0.29

KC1 0 2.47 1.00 KI 0 2.47 1.00
0.22 2.48 1.00 0.22 2.51 1.02
0.43 2.49 1.01 0.43 2.59 1.05
0.86 2.40 0.97 0.85 2.57 1.04
1.73 2.44 0.99 1.70 2.80 1.13
3.45 2.38 0.96 3.40 2.73 1.10

cm.2/sec. at 25°. Bear in mind that the spin-echo 
method is absolute and no empirical adjustments have 
been made.

On the other hand, there are reasons for believing 
that the diffusion coefficient for pure water at room 
temperature is appreciably lower than 2.45 X 10“ 5 
cm.2/sec. In our own work, the perchlorate solu
tions and associated pure water samples were 
measured several years ago and the values appear 
low when compared with our other data. We have 
not included these data in the above average. We 
feel that this is a calibration matter as our gradient 
coils have been altered from time to time. (Relative 
diffusion coefficients would not be affected.) Earlier,

we found D0 =  2.2 X 10 _6 cm.2/sec. We tend to 
favor our recent calibration, leading to the higher 
figure, but we know of no reason for excluding the 
former calibration.

Simpson and Carr9 have reported self-diffusion 
results obtained by the spin-echo method and, although 
their experiment differs in minor detail from ours, 
their results should be directly comparable with ours. 
For pure water these authors found D0 =  2.13 X 10-5 
cm.2/sec. at 25°. Furthermore, Devell10 in reporting 
recent tracer work and analyzing the existing litera
ture concludes that D0 =  2.25 X 10-5 cm.2/sec. at 
25°.

It is distressing, considering the large number of
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Figure 1. Relative self-diffusion coefficients of water, D / D o ,  

plotted against electrolyte concentration. Relative solution 
fluidities, <p/ <po, are included for comparison. The dashed 
curves are relative Stokes-Einstein radii, D 0 < f i / D i p 0. The 
triangles on the plots for KI and NaCl are taken from 
Wang’s paper. The squares represent Devell’s results 
for NaCl.
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Figure 2. Relative self-diffusion coefficients of water, D / D 0,  

plotted against electrolyte concentration. Relative solution 
fluidities, <p/<po, are included for comparison. The dashed 
curves are relative Stokes-Einstein radii, D 0 < p / D < p (,.

Devell’s result for MgCh is indicated by a square.

studies that have been made, that the situation con
cerning such an elementary quantity should be so 
tentative. There would probably be little danger in 
stating that D0 =  2.3 X 10~5 cm.2/sec. at 25° with an 
accuracy estimate of about ±10% . The matter is 
deserving of further attention and illumination.

Table I lists the experimental self-diffusion data 
showing the effects of the various solutes. These 
data are plotted in Figures 1-4 as relative water dif
fusion coefficient, D/D0, against molar solute concen
tration. Table II shows the new viscosity results. 
These viscosities and similar data taken from the 
“ International Critical Tables”  were converted to 
relative fluidities, <p/<p0 = vo/v, and plotted in Figures
1-4 for comparison. Relative fluidities and diffusion 
coefficients are seen to behave similarly.

The concentration dependence parameter, Ai, is 
given in Table III. Ai == (DL — D0)/D 0, where Da is 
the self-diffusion coefficient for pure water and D1 is

the self-diffusion coefficient for water in the 1 M  solu
tion. The analogous parameter for fluidity,12 AC =  
(<pi — <po)/<po, is also included in Table III.

In Figure 1, Wang’s tracer data16 are included in 
the NaCl and KI graphs. The agreement between 
Wang’s results and the present spin-echo results is ex
cellent. Devell’s tracer results10 are shown for NaCl 
(Figure 1), MgCl2 (Figure 2), and LiBr (Figure 3), 
and again excellent agreement is found. These 
findings support our suggestion that the lack of agree
ment between the absolute values for D0 is primarily 
a calibration matter and relative diffusion coefficients 
are unaffected.

The concentration dependence of D/D0 is remark
ably linear out to rather high concentrations for most 
of the solutes investigated. Those substances that 
increase the water diffusion coefficient, KI, KBr,

(16) J. H. Wang, J. Phys. Chem., 58, 686 (1954).
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0  4  8  12  0  4  8  12

Figure 3. Relative self-diffusion coefficients of water, D / D 0,  

plotted against electrolyte concentration. Relative 
solution fluidities, <p/<po, are included for comparison.
The dashed curves are relative Stokes-Einstein 
radii, D o v / D i p o .  Devell’s results for LiBr are 
indicated by squares.

Nal, Csl, and K N 03, seem to approach a limiting 
maximum value. Those substances that decrease 
the diffusion coefficient usually exhibit linear de
pendences over a substantial range. LiBr and H N 03 
are linear out to 10 M. H2SO4, HI, CH3COOK, 
LiCl, KF, CaCl2, K 2C 03, NaBr, ZnCl2, KC1, LiOH, 
NaOH, KOH, and NaCl are linear to 3 M  or more. 
The plots for BaCl2, A1C13, and Th(C104)4 are linear 
to concentrations at which D/D0 has fallen substan
tially. Obviously, D/D0 cannot fall below zero, so 
curvature must set in at sufficiently high concentra
tions and such concentrations are lowest for substances 
showing the largest effects. The HC1, HC104, Be- 
(C104)2, and Nal plots seem to begin with zero slope 
and then become concave downward. This behavior 
will be discussed later.

Figure 4. Relative self-diffusion coefficients of water, D / D 0: 

plotted against electrolyte concentration. Relative 
solution fluidities, <p/<pn, are included for comparison.
The dashed curves are relative Stokes-Einstein 
radii, D 0 c p / D < p :o .

Table II : Viscosities for Solutions (22-23°)

Solute c, M 1), cp. m/n Solute c, M v, op. w/v

aici3 0 0.96 1.00 HNO3 0 0.96 1.00
1.15 2.48 0.39 8 .1 1.49 0.65
2.30 9.36 0.10 16.3 1.93 0.50

HI 0 0.96 1.00 NaBr 0 0.95 1.00
1.18 0.96 1.00 1.68 1.06 0.90
2.35 0.95 1 .0 1 3.35 1.25 0.76
4.70 1.03 0.93 6.71 2.30 0.41
7.49 1.31 0.72

Csl 0 0.92 1.00 ZnCl2 0 0.96 1.00
0.80 0.88 1.04 1.44 1.40 O.685
1.60 0.86 1.07 2.88 1.89 0.51

LiBr 0 0.94 1.00 h 2so4 0 0.96 1.00
2.30 1.18 0.79 6.1 3.86 0.25
4.60 1.57 0.60 9.1 7.65 0.13
9.21 3.76 0.25 18.2 21.9 0.044

Thus, Ar gives a useful indication of the concentra
tion dependence of D/Dt, for all the substances. When 
Ai >  0 or Ai <  —0.2 the linear range is apt to be small, 
say 1-2 M. The solutes studied are expected to be 
ionized to a high degree and therefore we expect that 
the Ai’s should be such that they can be expressed as 
a sum of ionic Ai’s. For a solute AmB„ we shall 
write Ai = mAi+ +  nAi_. In order to establish the 
Aj± terms, at least one ion must arbitrarily be as
signed a value. We have chosen Ai+ =  0 for K+, and 
Table IV displays the Ai± terms deduced therefrom. 
The choice of K+ as the reference ion is not intended 
to be especially significant. Table IV is similar to 
Bingham’s based on fluidity.12
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Table HI: Self-Diffusion and Viscosity Concentration 
Dependence Parameters

Solute Ai Ai V Solute Ai MV

LiCl -0 .1 1 -0 .1 5 CEbCOOK -0 .1 3 -0 .2 0
LiBr -0 .0 8 -0 .0 8 KNO, 0.08 0.03
NaCl -0 .0 8 -0 .0 9 k 2c o 3 -0 .1 9 -0 .2 2
NaBr -0 .0 4 -0 .0 6 k 2so4 -0 .1 8 -0 .1 8
Nal -0 .0 1 -0 .0 1 LiOH -0 .1 6 -0 .1 8
KF -0 .1 1 -0 .1 2 NaOH -0 .1 5 -0 .1 9
KC1 0.00 0.00 KOH -0 .0 9 -0 .1 1
KBr 0.07 0.04 HC1 0.00 -0 .0 6
KI 0.08 0.07 HI 0.00 0.00
Csl 0.07 0.05 HNO, -0 .0 1 -0 .0 3
ZnCl2 -0 .1 9 -0 .2 7 H2S04 -0 .1 3 -0 .1 9
MgCU -0 .2 6 -0 .3 3 HC104 0.03 0.00
CaCh -0 .1 9 -0 .2 5 Be(C104)2 -0 .2 3 -0 .2 6
BaCh -0 .1 7 -0 .2 3 Th(C104)4 -0 .6 2
AlCl, -0 .4 1 -0 .5 5

Table IV : Ionic Self-Diffusion Concentration Parameters
I " 0.08 H + 0.00 CHsCOO- -0 .1 3 Zn+2 -0 .1 9
N O ," 0.08 Cs + -0 .0 1 B a+a -0 .1 7 M g+2 -0 .2 6
B r- 0.07 Na + -0 .0 8 so.-* -0 .1 8 B e+2 -0 .2 9
C104- 0.03 O H - -0 .0 9 C a+2 -0 .1 9 A1+» -0 .4 1
K + (0.00) F “ -0 .1 1 CO»-* -0 .1 9 Th +* -0 .7 4
ci- 0.00 Li + -0 .1 1

The value of these ionic parameters lies in their use 
in predicting Ar’s for solutes that have not been studied. 
Devell10 has published data for MgSOi that yield Ai ~  
—0.4. From Table IV, Ai =  —0.26 — 0.18 =  —0.44. 
Table V shows the computed Ai values based on Table 
IY  compared with the observed Ai values. Only those 
substances not used in establishing Table IV are in
cluded. The predictions are seen to be only approxi
mately correct. H N 03 is particularly poor. It may 
develop that a superior set of Ai± values can be worked 
out by a combination of theory and further experi
ments.

IV. Discussion
It is of interest to compare the self-diffusion concen

tration dependences with concentration dependences

Table V : Comparison of Observed and Computed
Values of Ai

Solute Ai (obsd.) Ai (Table I

NaBr -0 .0 4 -0 .0 1
Nal -0 .0 1 0.00
LiOH -0 .1 6 -0 .2 0
HI 0.00 0.00
HNO, -0 .0 1 0.08
H2S04 -0 .1 3 -0 .1 8

Figure 5. Comparison of A4 with the corresponding 
fluidity parameter, Ai'°. The solid line indicates 
equality of Ai and Ai'°.

of other quantities. The most obvious quantity to 
compare is the fluidity, and this has been shown in 
Figures 1-4 and indicated in Table III. Figure 5 
shows Ai plotted against Ai’’. The line indicates Ai =  
Ax'0. The correlation is extremely close. For 1-1 
electrolytes, near equality is observed. For ions of 
higher charge, the effect on fluidity becomes appreci
ably stronger than the effect on self-diffusion.

The Stokes-Einstein relation is often used to obtain 
a radius for a diffusing particle. This relation can be 
written a =  kT/QwDi], and thus a /a 0 =  D^/D-q =  
D0<p/D(p0. Here a is the Stokes-Einstein radius and 
the subscript zero indicates pure water. As D and <p 
tend to vary with concentration in a similar way, 
a /a 0 tends to remain unchanged. The dashed lines 
in Figures 1-4 show the concentration dependences of 
the relative Stokes-Einstein radii. In every case 
a /a 0 decreases, but the effect is usually less than 10%. 
This decrease makes it clear that the principal effect 
cannot be the change in radius of the diffusing molecule. 
Any hydrate complex must be larger than a water 
molecule and on this basis the quantity a /a 0 should 
increase with concentration. We recognize the limi
tations inherent in the use of the Stokes-Einstein 
formula. In the present discussion we only want to 
point out that the Stokes-Einstein radii cannot ex
plain the data.

In Table V I17 a comparison is shown between ionic 
and water self-diffusion coefficients and the correspond-

(17) See ref. 1, p. 256, for reference list.
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ing concentration dependences. The Ax values for 
ionic self-diffusion have been obtained from literature 
data, Ai =  (Dr — D0)/D0. The Ai values for ionic 
self-diffusion do not correlate with Aip as well as the 
water Ai values. The ions diffuse more slowly than 
water and the smallest ions, Na+ and Ca+2, have the 
smallest diffusion coefficients.

Table VI: Self-Diffusion Summary, Ionic and Water
(Room Temperature)

Na+

10GDo

1.32
ci 1.98
ao 2.47

Na+ 1.31
I - 1.96
H20 2.44

K+ 1.97
I - 2.02
h 2o 2.47

Ca+2 0.78
ci 1.89
ao 2.43

Rb + 2.06
I - 2.03
aO (estd.) (2.45)

H+ (estd.) 9.3
I - 2.01
ao 2.52

Li+ (estd.) 1.03
I - 2.00
aO (estd.) (2.45)

Ai A\<P
-0.05 1
-0.09 } -0.09
-0.08 j
-0.04 1
- 0 .1 2  [ -0 .0 1
- 0 .0 1  J

+0.03 Ì
-0.04 I +0.07
+0.08 J 
— 0.18 I
-0.18 [ -0.25
-0.19 j
-0.04 1
-0.09 [

(+0.08) j

-0 .1 3  [ -0 .0 8
(-0 .0 3 )  J

Another quantity that can be compared with Ai is 
the concentration dependence of the proton magnetic 
resonance position. The effects of electrolytic solutes 
on the water resonance have been studied and the 
proton chemical shift is found to vary approximately 
linearly with concentration.18-21 We have compared 
the shift between 1 M  solutions and pure water with 
Ai and we find a rough correlation. Those substances 
that tend to increase the proton shielding of water 
tend to increase or only slightly decrease the self
diffusion coefficient of water. Those substances that 
reduce the shielding strongly decrease the water dif
fusion rate; A, ~  —0.1 when the chemical shift is 
zero. This rough correlation is in general accord with 
the notion that decreased shielding is brought about 
by solutes that form complexes and increased shielding 
is caused by structure breakers. The acids are ex

ceptional as they have Ai ~  0 and strongly decrease 
shielding. We found no data for bases.

We expected to find Ax and the molar depression of 
the dielectric constant of water to be closely related. 
Both quantities measure the extent of solute influence 
on molecular mobility, translational and rotational, 
respectively. However, with the data now avail
able,22-24 the correlation is so rough as to be hardly 
noticeable. For example, KI and LiCl have about 
the same effect on the dielectric constant of water 
but quite different effects on the self-diffusion of water. 
This finding is disappointing and we have no expla
nation at present.

Ai and the molar heat of solution are very crudely 
correlated in the expected way.18 19 20 21 22 23 24 25 26 Solutes that in
crease the water diffusion rate are endothermic on 
solution. Solutes that are strongly exothermic on 
solution decrease the diffusion coefficient of water. 
The data show considerable scatter when AI/boi is 
plotted against Ax. The acids HC1 and HI stand apart: 
they are rather strongly exothermic solutes but they 
do not affect the diffusion rate. On the other hand, 
K2SO4 is endothermic and decreases the diffusion rate 
strongly.

The ratio of the partial molar volume of solute to 
the molar volume of the pure solute is another quantity 
for which the expected correlation with Ax was not 
found. This kind of comparison is somewhat question
able owing to the fact that the pure solutes are crystal
line and an appropriate molar volume is to some ex
tent arbitrary. Volume changes are interesting in 
themselves and we shall say more about them below.

In Figure 6 the “ conventional ionic entropy/ ’26'27 
2A°, is plotted against Ax. It is seen that quite a good 
correlation exists. This correlation is intuitively at
tractive, as those substances that increase the water 
diffusion coefficient have high entropies in solution 
and thus fit the accepted “ structure-breaking”  picture. 
At the other extreme, 'die solutes with low entropies

(18) J. N. Shoolery and B. Alder, J. Chem. Phys., 23, 805 (1955).
(19) H. G. Hertz and W. Spalthoff, Z. Elektrochem., 63, 1096 (1959).
(20) J. C. Hindman, J. Chem. Phys., 36, 1000 (1962).
(21) M. S. Bergquist and E. Forslind, Acta Chem. Scand., 16, 2069 
(1962).
(22) J. B. Hasted, D. M. Ritson, and C. H. Collie, J. Chem. Phys., 
16, 1 (1948).
(23) J. B. Hasted and G. W. Roderick, ibid., 29, 17 (1958).
(24) F. E. Harris and C. T. O’Konski, J. Phys. Chem., 61, 310 
(1957).
(25) See J. P. Hunt, “ Metal Ions in Aqueous Solution,” W. A. 
Benjamin, Inc., New York, N. Y., 1963, for a convenient tabulation.
(26) W. M. Latimer, K. S. Pitzer, and C. M. Slansky, J. Chem. Phys., 
7, 108 (1939).
(27) R. E. Powell and W. M. Latimer, ibid., 19, 1139 (1951).
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Figure 6. Conventional ionic entropy as 
a function (A  — D 0 ) / D 0 .

in solution reduce the diffusion rate. The low entropy 
suits the general notion of complex or structure forma
tion. Four points deviate very badly from the group, 
from the top K 2S0 4, K2CO3, and BaCl2 above the line 
and HC1 below the line. We have no profound expla
nations for these defections but the following comments 
may be pertinent. BaCl2 and K2SO4 are not very 
soluble in water and thus Ai may be too coarse a 
parameter for these materials. HC1 has Ai 0 but 
D/D0 decreases considerably at higher concentrations.

A  theoretical discussion of any property of any liquid 
is extremely difficult and water is certainly one of the 
most awkward examples. One approach is to con
struct simple “ model”  systems and seek a consistent 
(small) set of parameters for describing various proper
ties. Another approach is to carry over statistical 
mechanical results derived for simpler molecular sys
tems to aqueous solutions for which certain of the 
underlying assumptions are not valid. Neither method 
is entirely satisfying but both can be of value in cor
relating data and gaining insight into structural 
features of importance.

The theory of absolute reaction rates has also been 
of considerable use in describing diffusion. Various 
molecular models can be grafted onto this general 
framework. We shall not use this theory extensively 
in this paper but it is perhaps worthwhile to point out 
that self-diffusion in water is unique in terms of the 
activation parameters. The activation energy at 
constant pressure, — R[d In D/b(l/T)]P, varies from 
about 5 kcal./mole near the melting point to about 3

kcal./mole near the boiling point. These are large 
numbers. The activation volume, —RT(d In D/ 
dp), at room temperature is about zero. Judging 
from viscosity data, we expect the activation volume 
to be positive above room temperature and negative 
below room temperature.28 At room temperature, 
the activation energies at constant volume and con
stant pressure are equal.

Let us now consider a “ two-state”  model.7 We 
suppose that the concentration dependence of the co
efficient of self-diffusion is a consequence of the water 
existing in a hydrate form in addition to the pure water 
form. The measured diffusion coefficient is a suitably 
weighted average of the two forms. Let the hydrated 
ions be characterized by a diffusion coefficient D{ and 
let h be the number of water molecules bound to a 
given ion. We assume, for convenience, that only one 
of the two ions is hydrated, usually the positive ion. 
In this case

D =  [(cw — ch)D0 +  chDil/cy, (1)

where c is the concentration (moles/liter) of the hy
drated ion and Cw is the water concentration. For 
solutions not too concentrated, c„ ~  55 moles/1. 
Therefore

h =  -55A !D o/(D 0 -  Di) (2)

For Ca+2 in CaCl2 we have found Ai =  —0.19, and D, 
=  0.78 X 10~5 cm.2/sec., so h =  15. Table VII lists h for 
the various ions obtained in this way. When ion diffusion 
results were not available Zfi was calculated as 2.66 X
10-7 X0/  ] s |, where X° is the limiting equivalent conduct
ance and z is the charge of the ion.

For the chlorides it is probable that the principal 
hydration occurs at the positive ions. However, in

Table VII : Hydration Numbers

Solute
Ion assumed 

hydrated h (eq. 2) h (eq. 4)

KOI 0 0
NaCl Na+ 9.6 1
LiCl Li+ 10.4 4-5
CaCk Ca+2 15.3 6-7
ZnCk Zn+2 14.6 8-9
MgCk Mg+2 20.1 8
BaCk Ba+2 14.3 6-7
AICk (estd.) Al+3 28 21
KF F - 15.1 1-2
KOH (estd.) OH - 12.1 3

(28) P. W. Bridgman, “Physics of High Pressures,”  G. Ball and Sons, 
London, 1952.
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KF it seems probable that the fluoride ion is hy
drated while the potassium ion is not. The hydroxide 
ion also is likely to be hydrated but in this case the 
ion diffusion coefficients are not known. In construct
ing Table VII we guessed the OH~ ion diffusion coef
ficient to be about the same as for the F _ ion. In 
addition we estimated the A1+3 ion diffusion coefficient 
to be about 0.45 X 10-5 cm.2/sec.

In all cases studied, ions diffuse more slowly than 
water molecules. Therefore, the use of eq. 2 leads to 
negative hydration numbers for those solutes that in
crease the diffusion rate of water. This feature is 
unsatisfactory and it is generally believed that a sepa
rate mechanism, called “ structure breaking,”  is opera
tive with these ions. Bromide and iodide ions are the 
simplest examples. Serious consideration of the hy
dration numbers in Table VII involves the tacit as
sumption that the chloride ion is large enough that it is 
not hydrated but small enough that it does not cause 
appreciable structure breaking. At least, the effects 
must cancel one another. Qualitatively, the data 
are consistent with this view.

It can be argued that Da and D-, in eq. 1 should be 
scaled by the relative fluidity

D = (rjo/v) [(Cw — ch)D0 +  chDi)/cy, (3) 
On rearrangement, this can be written as

(A ! -  A iy) Dp 

( A /  +  1 )  (Do  -  D i)
( 4 )

Ai* ^ Ai and A /  +  1 >  0 in all cases that have been 
studied. Consequently, negative hydration numbers 
do not arise. Hydration numbers obtained from eq. 
4 are listed in Table VII. It is important to keep in 
mind that (Ai — A /)  is usually small and this severely 
limits the accuracy of the resulting hydration numbers.

Both eq. 1 and 3 show a linear concentration de
pendence of D  in agreement with experiment. The 
widely used square-root concentration plots would be 
a useless complication in the concentration range 
under consideration here. The first model, eq. 1, 
is a consistent “ two-state”  model. Equation 3 treats 
diffusion in the “ two-state”  manner and viscosity as 
a uniform quantity. With naïve models such as these, 
perhaps the best measure of success is consistency of 
the hydration numbers derived with similar quanti
ties derived from other experiments. Robinson and 
Stokes2 have collected hydration numbers from many 
sources and the numbers given in Table VII neither 
agree closely with nor diverge strongly from the earlier 
work.

Although the meaning of a hydration number is to 
some extent ambiguous it is possible to distinguish

certain features in a meaningful way. In a dilute so
lution of a strong electrolyte any ion will have a number 
of water molecules as near neighbors. These neigh
bors will be located about (rs +  rv,) from the ion and 
the number will be determined to a large extent by the 
size of the ion, i.e., higger ions have more surface. 
Highly charged ions will exert strong attractions on 
the water molecules but, owing to the low compres
sibility of water, the amount of space available will be 
the dominant factor. Thus, simply counting the aver
age number of nearest neighbors leads to a hydration 
number that is governed by ionic size and, to a lesser 
degree, ionic charge. The strength of the ion-water 
interaction, on the other hand, will be dominated by 
the charge but significantly influenced by ionic size. 
Highly charged and small ions tend to have large hy
dration energies and form relatively long-lived com
plexes. Further, highly charged ions influence water 
molecules more distant than near neighbors. We 
might expect the viscosity to be particularly sensitive 
to these intermolecular force factors.

Darmoir29 based a study of hydration on the follow
ing argument. If we place one ion in a solution con
taining N  molecules of water, we can use partial molar 
volumes to write the volume in two forms

7  =  (N  — h+)t<w +  v+h =  N vv +  H+ (5)

where the subscripts w, + h , and +  refer to water, hy
drated ion, and bare ion, respectively. Thus

h+ =  (zJ+t — v+)/vw (6)

This approach has been used by Bernal and Fowler30 
and by Darmoir,29 altnough their developments differ 
in detail. Bernal and Fowler emphasized the ap
proximate consistency of known coordination numbers 
taken from hydrate crystal structures with those de
duced from partial ionic volumes and ionic radii from 
crystallographic data. Darmoir used Stokes’ law and 
ionic equivalent conductance data to establish the hy
drate ion radius and thus the volume. Neither of these 
procedures is above criticism. Stokes’ law radii fre
quently turn out to bs smaller than one would expect 
on the basis of known molecular size. For example, 
the Stokes’ law radius for water itself is only 0.87 A., 
leading to a molecular volume of less than 3 A.3.

Table VIII exhibits a comparison between the re
sults of the present study and earlier studies. Good 
discussions of the other techniques can be found 
in the book by Robinson and Stokes.2 Only rough 
magnitudes are wortiiy of consideration. hcomp, de

(29) E. Darmoir, J. Phys., 2, 2 (1941).
(30) J. D. Bernai and R. E. Fowler, J. Chem. Phys., 1, 515 (1933).
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rived from compressibility data, and /iact, derived from 
activity data, were taken from Robinson and Stokes’ 
tabulation.

Table Vili : Comparison of Hydration Numbers

Ion h  ( e q .  2) h  (eq. 4)
h (B and

F)* h  (D)6 Leoni p Lict

K+ 0 0 0 7 7
Na + 10 1 8 1 7 3.5
Li+ 10 4-5 6 2 6 2
Ca+2 15 6-7 6 5
Zn+2 15 8-9 6.7
Mg+2 20 8 6 6.6 16 14
Ba+2 14 6-7 6 4 16 8
A1+3 28 21 6 6 31
F - 15 1-2 1 0.4 8-9
OH - 12 3 1 0

° See Bernal and Fowler, ref. 30. 6 See Darmoir, ref. 29.

The disparities shown indicate that we are still 
in the policy-making stage of hydration number formu
lation. However, eq. 4 of this study yields magni
tudes that are encouraging when compared with 
Darmoir’s or Bernal and Fowler’s conclusions. A pos
sible rationale to accompany eq. 4 might run as follows. 
The two-state model for diffusion holds and suffices 
to define hydration numbers. It is further hypothe
sized that the viscosity of the solution is a direct meas
ure of the molecular friction encountered by both the 
hydrated ions and the unbound water. The resulting 
numbers indicate the number of water molecules 
“ traveling with”  an ion; i.e., to be counted, a water 
molecule would have to remain with the ion for several 
diffusion jumps. The minimum time can be esti
mated to be 10-9 to 10-10 sec. Water in next-nearest 
neighbor shells might be strongly enough bound to 
satisfy this condition with some ions, e.g., A1+3.

The statistical mechanical theory of diffusion in 
liquids was first set forth in a forceful way by Kirk
wood.31 The Kirkwood equation for the molecular 
friction factor,32'33 f  =  kT/D, is

f 2 =  (47rnm/3) C  g(R)V2(R)R2 dR (7)
Jo

where n is the number of molecules/cm.3, m is the 
molecular mass, g(R) is the radial distribution function, 
and u(R) is the intermolecular pair potential. Rice 
has summarized some of the various sets of assumptions 
on which the Kirkwood equation can be derived.33 
Aside from our meager knowledge of g(R) and u(R) 
in experimentally accessible systems, this equation

has some serious assumptions in its derivation and 
the physics of these assumptions is not obvious. How
ever, this equation can be obtained in a straight
forward way by assuming a simple one-parameter, 
gas-like decay for the velocity correlation function.34 35 36 37 
This function is then completely specified by the mean- 
square force on the center of mass of a molecule. In 
addition, one usually assumes that the molecules 
interact through central forces only. It is probably 
fair to say that these assumptions are involved, either 
explicitly or implicitly, in other modes of derivation 
as well. The assumption of central forces is removed 
if the noncentral forces arise from the interaction of 
permanent electric multipole moments of the mole
cules, since the Laplacian of the electrostatic energy is 
zero. It has been suggested by some authors that the 
dominant noncentral forces between water molecules 
arise from their permanent dipole and quadrupole 
moments.36-37 Rough calculations based on eq. 7 
yield diffusion coefficients that are too large by a factor 
of 2 or 3 for ordinary liquids, including water.

Bearing these limitations in mind, we feel that it is 
interesting to determine whether the analog of eq. 7 
for ionic solutions contains, even in principle, the in
formation that would allow the theoretical study of 
concentration effects exhibited by the data of this paper.

The analog of eq. 7 for ionic solutions is obtained 
by writing down the mean square force on the center 
of gravity of a water molecule, and with the assump
tions cited above one obtains

w 2 “  (4:7rw.w/3 ') {nwJ*gww'V2'uWwR2 d R  - f -

n+fg w+V2uw+R2dR +  ra_/grw_V2Mw_722 di?} (8)

where Tow is the mass of the water molecule, uww is 
the pair potential between two water molecules, and 
gww is the radial distribution function for water mole
cules about a central water molecule. nw, n+, and n_ 
are the number densities. gw+ and gŵ  are the radial 
distribution functions for ions about the central water 
molecule and Uw+ and mw_ are the pair potentials be
tween the ions and a water molecule.

Inasmuch as we wish to test the content of eq. 8 
rather than our knowledge and intuition regarding 
g(R) and u(R), it is undesirable to calculate the in-

(31) J. G. Kirkwood, F. P. Buff, and M. S. Green, J. Chem. Phys., 
17, 988 (1949).
(32) D. C. Douglass, D. W. McCall, and E. W. Anderson, ibid., 34, 
152 (1961).
(33) S. A. Rice, ibid., 33, 1376 (1960).
(34) D. C. Douglass, ibid., 35, 81 (1961).
(35) J. A. Pople, Proc. Roy. Soc. (London), A205, 163 (1951).
(36) A. D. Buckingham, Discussions Faraday Soc., 24, 151 (1957).
(37) J. S. Rowlinson, Trans. Faraday Soc., 47, 120 (1951).
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tegrals. Instead, one notes that in dilute solutions 
one can identify the integrals with the mean-square 
force on the ions and thus obtain the relation

n_mwf_o2/rawm_ (9)

Using nwvw +  n+v+ +  n J j = 1, and making approxi
mations valid at low concentrations (i.e., n+ <  nw/10), 
we can write

f w2 =  Two2 +  (n+/nw) [(mw/m+){+c2 -  {v+/vv)^ ^ ] +  
(n-/nw) [ (m w /« - )D ! — (^-Aw)fw02] (10)

and

Ai =  -  (1/110) {(171^/171+) ( D 0/ D +0) 2 —
(mw/ra_) (D0/D _0) 2 — (z>/vw) } (11)

This applies to 1:1 electrolytes, but the generalization 
to other cases is obvious.

Values of Ai computed according to eq. 11 (using ionic 
diffusion coefficients calculated from limiting conduct
ance data) are compared with experimental results in 
Table IX. Considering that no adjustment has been 
made, we feel cautiously encouraged. The sign of the 
effect and qualitative trends in the data are correctly 
predicted. As mentioned, eq. 7 leads to friction factors 
that are too small, owing to the use of a gas-like velocity 
correlation function. It can be convincingly argued 
that a more realistic liquid velocity correlation func
tion would increase the magnitude of both the calcu
lated friction and the calculated concentration de
pendence. A detailed discussion of these points is 
beyond the scope of the present paper.

Table IX : T est o f  E qu ation  11

Solute Ai (eq. 11) Ai (exptl.) Solute Ai (eq. 11) Ai (exptl.)

L iC l - 0 . 1 3 - 0.11 K I +  O.OI4 + 0 .0 8
L iB r - 0.12 - 0 . 0 8 C s l + 0.026 + 0 .0 7
N aC l - 0.026 - 0 . 0 8 Z n C h - O .O 29 - 0 . 1 9
N aB r - O .O I 3 - 0 . 0 4 M g C l2 - 0 . 0 8 - 0 . 2 6
N a l - 0.008 - 0.01 C aC l2 - 0 .0 4 5 ,  - 0 . 0 8 “ - 0 . 1 7
KF - 0 . 0 2 7 - 0.11 B a C l2 -O .O O 3 - 0 . 1 7
KC1 O.OOo 0.00 HC1 -O .O O 9 0.00
K B r + 0.008 0 .0 7 H I +O.OO7 0.00

° C on centration  dependence o f ion diffusion included.

Inasmuch as our experimental technique actually 
measures proton diffusion rather than molecular dif
fusion, we feel that the relation of “ excess”  proton 
mobility to our measurements deserves some discussion. 
The proton exchange mechanism is well established

for the abnormally high proton mobility in water.3 8’9 
Briefly, the mechanism involves the migration of a 
positive charge without molecular translation. For 
example

H  H  H
\  /  \  X  \  /  \ 0  0 0/  \ /  \  /  \  /

H  H  H  H

H  +

H

The excess proton has moved from left to right by 
merely exchanging covalent OH bonds for hydrogen 
bonds. Following molecular rotations, the process 
can again transfer an excess proton from left to right.

The important point here is that this mechanism 
only works for ionized hydrogen (hydronium) and does 
not play a significant role in self-diffusion. Thus, the 
coefficients of self-diffusion measured by O18 tracer 
techniques and proton resonance are the same for 
water. Direct verification of this is shown by com
parison of our data with those of Wang.16

In acid and base solutions a portion of the protons 
have the excess mobility. For example, in 1 M  HC1 
about 1% of the protons are available for transfer 
through the exchange mechanism. Since we measure 
a weighted average of the proton diffusion, we may 
expect that the proton diffusion coefficient will be, at 
most, a few per cent higher than the diffusion coefficient 
measured by O18 tracer methods. To our knowledge, 
the latter measurements have not been made. Our 
concentration dependence data for HC1 and HI re
veal that the diffusion coefficient is almost constant 
from 0 to 2 M  while the viscosity increases continuously 
through this range. One could suggest that the ex
cess proton mobility effect is counterbalanced by the 
effect of increased viscosity.
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Kinetics of Hydrogen Reduction of Uranium Trioxide

by Victor H . Heiskala1

Department of Nuclear Engineering, Michigan Technological University, Houghton, Michigan 
{Received January 4., 1965)

The reaction between uranium trioxide (U 03) and pure hydrogen was investigated in the 
temperature range 575 to 750°. It was determined that, after an induction period in 
which the reduction rate reached its maximum value, the reaction proceeded at a constant 
rate which was independent of the thickness of the reduced uranium dioxide (U 02) layer. 
The rate-limiting step in the reduction was the reaction at the U 03-U 0 2 interface. Micro
scopic examination and X-ray powder patterns of samples partly reduced below 750° 
failed to reveal the presence of oxides intermediate between U 03 and U 02 at this interface. 
The activation energy for the reduction was determined experimentally to be 33.3 ±  0.3 
kcal./mole. Absolute reaction rate theory was used to develop an analytical expression 
for the rate of reduction assuming an immobile adsorbed H20  layer as part of a (H20 -U 0 2) 
complex. The rate constants calculated with this model agreed favorably with experimen
tal values when compared on an equivalent basis.

Introduction

The hydrogen reduction of uranium trioxide to form 
uranium dioxide has been used as an intermediate step 
in the commercial preparation of uranium tetrafluoride 
in the United States,2 3 England,8a France,3b and other 
countries. Over the years, workers have attempted to 
define the optimum conditions for this process through 
experimental and theoretical studies of the reaction 
kinetics.

Several authors contend that the reaction proceeds 
via three-step kinetics with the appearance of the U30 8 
intermediate oxide phase,4 5’8 thus

7-UOs (orthorhombic) — >

U30 8 (pseudo-hexagonal)

U30 8 (orthorhombic)

U 02+(cubic) — > U 02 (cubic)

However, there is some evidence that the reaction 
proceeds directly from U 03 to U 02 without the appear
ance of the intermediate U30 8 phase.6 One author 
has found the rate-limiting step in the reaction to be 
the adsorption of hydrogen upon oxygen sites in the 
reaction surface7 while yet another author contends that 
the reduction of U30 8 by hydrogen may involve thermal

decomposition of the oxide accompanied by hydrogen 
reduction of the liberated oxygen.8

The object of this study was to obtain reliable funda
mental information regarding the character of the hy
drogen-uranium trioxide reaction in the range of tem
peratures that has been used in commercial reduction 
processes. Through the use of high-purity samples and 
by the proper control of incidental variables, this ob
ject was realized.

Experimental
Samples. The U 03 powder used in this kinetic study

(1) Atomics International, Canoga Park, Calif.
(2) M. Benedict and T. R. Pigford, “ Nuclear Chemical Engineering,” 
McGraw-Hill Book Co., Inc., New York, N. Y., 1957, p. 149.
(3) (a) L. Grainger, Proc. Intern. Conf. Peaceful Uses At. Energy,
Geneva, 1955, 8, 149 (1956); (b) B. Goldschmidt and P. Vertes,
ibid., 8, 152 (1956).
(4) K. J. Notz, C. W. Huntington, and W. Burkhardt, “ Hydrogen 
Reduction of Uranium Oxides: A Phase Study,” National Lead Co. 
of Ohio, Cincinnati, Ohio, TID-11146 (1960), p. 10.
(5) K. J. Notz and M. G. Mendel, J. Inorg. Nucl. Chem., 14, 55 
(1960).
(6) J. J. Katz and E. Rabinowitch, "The Chemistry of Uranium, 
Part I. The Element, Its Binary and Related Compounds,” Mc
Graw-Hill Book Co., Inc., New York, N. Y., 1951, p. 304.
(7) W. R. DeHollander, “ A Kinetic Study of the Reduction of Ura
nium Oxides with Hydrogen,” HW-46685, Hanford Atomic Products 
Operation, Richland, Wash., 1956, p. 4.
(8) See ref. 6, p. 306.
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was produced at the Argonne National Laboratory by 
the fluidized-bed denitration technique.9 Typical 
chemical analyses performed by the Argonne National 
Laboratory are shown in Table I.

Table I : UO3 Analyses (wt. %)

Sample
no. UO, H20 NO, SO,

1 9 9 .1 0 .1 7 0 .4 0 0 .1 0
2 9 9 .5 0 .1 2 0 .3 5 0 .1 8
3 9 8 .9 0 .1 8 0 .5 8 < 0 .0 1
4 9 9 .0 0 .1 4 0 .4 7 0 .1 1
5 9 9 .1 0 .2 0 0 .5 2 0 .1 0
6 9 9 .0 0 .1 4 0 .5 6 < 0 .0 1

Iron content =  5 0 -y /g .

The as-received powder, whose individual particles 
were yellowish orange, granular, and highly spherical, 
was screened, and the resulting 60-65 mesh frac
tion was dried in air at 290° for 24 hr. to drive off ab
sorbed gases. Identification as Y-UO3 was then made 
by means of the most intense line for U 03 which corre
sponds to an angle of 26 =  25.8° for Cu Ka radiation.10

Density measurements with a 2-cc. pycnometer gave 
an average density of 8.0 g./cc. for the 60-65 mesh 
powder.

Apparatus. The reduction apparatus, which is es
sentially the same as that used by Hookings,11 is shown 
schematically in Figure 1. The basis of this apparatus 
is the gas thermal conductivity cell which can be used 
to follow the progress of the reaction continuously.

Hydrogen was metered with flowmeter A at 400 cc./ 
min. (STP) to a 2.54-cm. diameter, 0.91-m. long Vycor 
reaction tube heated by two 30.5-cm. Multiple Unit 
Hevi Duty electric furnaces B and B '. The sample 
was positioned at the center of furnace B ' by means of 
a stainless steel rod D. Attached to the rod was a 
piece of platinum wire which supported a platinum 
sample boat. The temperature of the sample was 
measured with a chrome! -alumel thermocouple junc
tion C located approximately 1.27 cm. upstream from 
the boat. A continuous gas sample of 100 cc./min. 
(STP) was withdrawn by flowmeter A' from the fur
nace through gas-sampling tube G located 2.54 cm. 
downstream from the reaction boat. The gas sample 
passed through the measuring side of a Burrell Model SS 
Detector No. 340-148 thermal conductivity cell E, 
through absorber F containing Ascarite, Anhydrone, 
and phosphorus pentoxide, and finally through the 
reference side of the thermal conductivity cell. The 
hot-wire type of thermal conductivity cell consisted of

Figure 1. Reduction apparatus.

four tungsten filaments mounted in a 100° thermostated 
stainless steel block.

The output from the cell, which was operated at a 
sensitivity of 2.5 m v ./%  of H20 , was recorded con
tinuously on a strip-chart recorder with a variable milli
volt range adjustment.

Procedure. To perform a reduction test, the furnaces 
were brought up to the desired reaction temperature 
while being purged with 100-150 cc. of H2/min. The 
UO3 sample (approximately 50 mg.) was introduced into 
the sample boat positioned in the cold end of the reac
tion tube. The H2 flow to the system was then ad
justed to 400 cc./min. and the gas flow rate through the 
cell to 100 cc./min. After about 10 min. of purging, 
the thermal conductivity cell was turned on and the 
current to the cell slowly adjusted to its operating value. 
The cell and strip-chart recorder were then simul
taneously zeroed, and the sample was moved quickly 
into the hot reaction zone of the furnace by means of 
the positioning rod. When the recorder pen returned 
to zero (corresponding to complete reduction), the re
duced sample was pulled back to the cold end of the 
furnace, allowed to cool for several minutes, and then 
removed.

Reduction Rate Calculation. The rate of reduction 
of the U 03 sample is directly proportional to the con
centration of water in the product gas stream. Since 
the voltage output from the thermal conductivity cell, 
E, is also proportional to the water content of this 
stream, the rate of reduction dh!/df, can be found from 
the expression12

dR/dt  =
100 MFE 

22,40dBfF (1)

where R =  %  of U 03 converted to U 02; t =  time, min.;

(9) S. Lawroski, A. A. Jonke, N. Levitz, and E. J. Petkus, Proc. 
Intern. Conf. Peaceful Uses At. Energy, Genera, 2nd, 17, 488 (1958).
(10) See ref. 6, p. 257.
(11) W. A. Hookings, Blast Furnace, Coke Oven, Raw Mater. Comm., 
Proc., 19, 171 (1960).
(12) W. A. Hookings, ibid., 19, 172 (1960).
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M  =  molecular weight of U 03; F =  hydrogen flow 
rate, cc./min., at STP; W  =  weight of U 03 sample, 
g .; B = sensitivity of cell, v . /%  of H20 ;  E =  output 
voltage of cell, v.

Preliminary reduction tests were run to determine 
qualitatively the nature of the reaction. These tests 
were characterized by two regions: (1) an initial rapid 
rise in the reduction rate to a maximum followed by 
(2) a slow decline of the rate to zero where reduction is 
complete. Particles from several of the partly reduced 
samples were sectioned and examined microscopically. 
All of these particles, which were highly spherical, 
consisted of a porous layer of U 02 of a uniform thick
ness surrounding a core of unreduced U 03. The 
phases, U 02 and U 03, were identified from X-ray pow
der patterns; these same patterns failed to show any 
lines which might correspond to a third phase. Micro
scopic examination of the U 03-U 0 2 interface at mag
nifications up to 1300 X also failed to show the existence 
of a third phase. From this it was concluded that, if 
oxide phases intermediate between U 02 and U 0 3 are 
present in the reaction, their rate of reduction must be 
at least as great as that of U 03 or their presence in the 
partly reduced samples would be evident, and, because 
of this lack of intermediate oxides, the reaction at the 
U 03 surface must be rate controlling.

For the case of only two predominant phases in the 
reaction, the degree of reduction, R, can be expressed as

V0 -  V
R =  100 - V -  (2)

V o

where V0 and V are the volumes of unreduced U 03 
originally and at time t.

Since the reaction proceeds at the U 03-U 0 2 inter
face, a rate constant k can be defined as the rate of 
change in thickness of the U 03 layer in a direction nor
mal to the U 03 surface or, equivalently, as the rate of 
growth in thickness of the U 02 layer. Thus, after dif
ferentiation, eq. 2 can be written

dR -1 0 0  dV
di “  7 0 d£ (3)

and, since the U 03 particles used in these tests can be 
closely approximated as spheres

dV gd r
di di (4)

where S is the surface area at radius r of the unreduced 
U 03 particle core at any time. Therefore

- d r  _  JV 1 dE _  Vo dR/dt 
di ~  100 S dt ~  100X, S/S0 (5)

where S0 is the surface area of the U 03 particle at t =  0. 
Whereas

S_ _  / 100 -  /¿\Vi
So ~ \ 100 }

and, for a sphere13

So = (367r)I/3V0V3

Equation 5 can be written

(6)

(7)

(8)

for a single particle or, for a group of identical particles 
comprising a sample with initial weight W0 and average 
density d

= (  W° ) 'A dR/dt m  
\36007rd/ (100 -  RY/s 1 }

which is the defining equation for the rate constant as 
used in this study.

In order for the reaction to be first order in regard to 
the unreduced surface area, the right-hand side of eq. 
9 must be constant during a particular test. The value 
of this term for varying degrees of reduction was calcu-

Figure 2. Typical plot, reduction rate per relative 
surface vs. degree of reduction.______

(13) The surface area calculated in this manner is obviously too 
small; however, this effect will be eliminated in the comparison 
made later.
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lated using eq. 1 and 6 in conjunction with a numerical 
iteration for each test. A typical plot of this term as a 
function of the percentage of unreduced U 03 is shown 
in Figure 2. After an initial rise, the value remains 
constant for the major portion of the reduction and then 
decreases slightly at the end. The early rise in the 
curve might correspond to an induction period for 
nucleation growth and/or for heating of the particles. 
The decrease in the curve near the end of the reduction 
could be explained as a decrease in the number of smaller 
particles still undergoing reduction. In any event, 
during the major portion of the reaction, the rate con
stant v appears independent of the thickness of the re
duced layer.

After reviewing the calculations for the rate constant 
for a large number of the reduction tests, it was found 
that the minimum region of constancy for this value 
was between 35 and 80% degree of reduction. Ac
cordingly, the calculation of the rate constant for a test 
was based on the average value of the rate of reduction 
per relative surface area in this interval.

Results and Discussion
A summary of the calculated rate constants is given 

in Table II and also in the Arrhenius plot of Figure 3.

Temperature (°C.).
750 700 650 600 550

Figure 3. Arrhenius plot for U03 reduction.

Table I I : Reduction Rate Constant for 60-65 Mesh 
U 03 at Various Temperatures

Temp.,

Rate 
constant, 

cm. of UO3/
°C. min. X 102

582 0 .4 1 5
582 0 .431
621 0 .8 9 3
621 0 .9 1 6
621 0 .8 7 9
635 1 .1 1 7
635 1 .2 1 2
635 1 .1 36
635 1 .2 3 4
638 1 .4 2 7
638 1 .3 4 2
638 1 .3 5 7
641 1 .5 6 9
643 1 .4 2 6
644 1 .489
646 1 .4 6 4
646 1 .4 5 0

Tamp.,

Rate 
constant, 

cm. of UO3/
°C. min. X 102

954 2 .1 2 1
554 1 .9 6 6
354 1 .9 0 0
354 1 .9 2 6
857 2 .1 0 3
666 1 .8 35
668 2 .2 0 1
671 2 .2 1 3
671 1 .8 08
671 1 .8 27
688 3 .3 7 5
696 3 .0 2 9
704 3 .4 11
710 4 .3 8 9
713 4 .5 6 6
738 7 .8 8 7
741 7 .1 3 2

The energy of activation for the reduction is E =
33.3 ±  0.3 kcal. mole-1. The pre-exponential (fre
quency) factor could also be found from Figure 3; how
ever, the value so found would be meaningless because

of the surface area approximation that was made earlier 
in the derivation of the experimental rate expression.

Absolute reaction rate theory can be used to develop 
an expression for the rate of reduction for comparison 
with experiment. Thus, for a reaction between a 
gaseous molecule of H2 and an active U 03 reaction cen
ter to form an adsorbed molecule on the U 03 surface, 
the equilibrium between the initial and activated states 
may be written

IF +  UOs (HHJO3)* — ► h 2o  +  uo2

for which14

C *  _  f *  — E a / k T

CeCB FJS (10)

where Cg is the concentration in the gas phase, mole
cules per volume; C8 and C* are the concentrations of 
the adsorption centers and activated complexes, sites 
per area; Fe is the partition function per unit volume 
for the gas phase; f s and /*  are the complete partition 
functions for the adsorption centers and activated 
complexes; and E0 is the zero-point activation energy 
per molecule. The reaction rate is then * 373

(14) S. Glasstone, K. J. Laidler, and H. Eyring, “ The Theory of Rate 
Processes,” McGraw-Hill Book Co., Inc., New York, N. Y., 1941, p.
373.
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v = C fi,
kT J*_
h F j f

— Eo/kT
( I D

Treating the activated complex as immobile, its parti
tion function (apart from the symmetry factor, <r*) 
may be taken as unity. In addition, the adsorption 
center, which is transfixed in the parent ceramic, may 
be considered immobile so that its partition function 
may also be taken as unity. For the diatomic gas 
molecule, only the translational and rotational modes of 
freedom need be considered. Therefore

» =  CgCr~- 1/ ff*
h (2-?rmfcT),/2 8ir2IkT

Eo/kT (12)

h8 h2a

where a is the symmetry number, m is the mass, and I  
is the moment of inertia of the hydrogen molecule. 
The concentration in the gas phase, Cg, is given as 
p/kT, where p is the pressure in reduction tube— 
atmospheric in this case. With this substitution, eq. 
12 becomes

v <r p/i4 - E o/ r t  molecules of H2
V V * Sx2IkT(2irmkTy/2 cm.2-sec.

(13)

It is assumed that the experimentally determined ac
tivation energy can be used for E0 in lieu of attempting 
to estimate this value from a potential energy surface. 
Thus, since the experimental activation energy, E, was 
found from the equation

d In v E 
d T =  RT2

(14)

eq. 13 must be put in the equivalent form to find E0. 
Therefore, for eq. 13

d In v 5 i E0 
d T =  ~2T +  RT '2

(15)

and

Eo_ _  E_ 5
RT ~ RT +  2R

(16)

In order to compare eq. 13 with experimentally de
termined rates, it is necessary to remove the surface 
area dependence from the calculation. A satisfactory 
basis for comparing the rates is molecules of H2/g . of 
U 03-sec. Now, the experimental values in Table II 
can be put on this basis simply by multiplying by (S0/ 
Vo) (Na/M) , where V a is Avogadro’s number. Also, if 
it is assumed that the concentration of active adsorp
tion centers is just equal to the number of U 0 3 molecules

in the interface at any time, the analytical equation for 
the rate, eq. 13, can also be put on this basis by re
placing CB by NJM. Then

, Wa <j ph4 -Eo/rt molecules of H2
V = H V *  8 ir2/fcT(2 irmkT) ̂  g. of U 03-sec.

(17)

The activated complex is assumed to be very near to 
H20  adsorbed on U 02 so that a* has a value 2. Sub
stituting known values15 into eq. 17 leads to an expres
sion which can be solved to find the reduction rate in 
molecules of H2/g . of U 03-sec. The values so calcu
lated are compared to average experimental values at 
various temperatures in Table III.

Table III: Comparison of Calculated and 
Experimental Rate Constants

Rate constant
------ (10-19 molecules of Eh/g. of U03-sec.)------- -

Temp., °C. Av. exptl. Calcd.

582 0.39 0.31
621 0.82 0.54
635 1.09 0.81
654 1.85 1.14
671 1.79 1.47
696 2.79 2.23
710 4.08 2.80
738 7.26 3.95

The rate constants are seen to agree very favorably 
when compared in this manner and, on the basis of 
this comparison, the mechanism proposed in the pre
vious section appears valid. Unfortunately, apparatus 
were not available to measure the surface area of the 
powder used in this study, and, for this reason, the 
rate constant cannot be expressed in the usual manner,
i.e., molecules of H2/cm .2-sec. However, using sur
face area measurements reported by DeHollander (0.5 
to 5.5 m.2/g .) for the same type of powder would lead 
to rates of the order 1014 to 1016 molecules of H2/cm .2- 
sec.
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(15) For H2, m — 3.32 X 10-24 g., a =  2, I  — 4.6 X 10 “ 41 g.-cm.2, 
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6.625 X 10-27 erg-sec., k = 1.38 X 10~16 erg/°K., R = 1.986 cal./ 
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Mean Amplitudes of Vibration, Bastiansen-Morino Shrinkage Effect, 

Thermodynamic Functions, and Molecular Polarizability of Sulfur Trioxide1

by G. Nagarajan, E. R. Lippincott, and J. M . Stutman

Department of Chemistry, University of Maryland, College Park, Maryland (Received January 4, 1965)

Mean-square amplitude quantities, generalized mean-square amplitudes (mean-square 
parallel amplitudes, mean-square perpendicular amplitudes, and mean cross products), 
and mean amplitudes of vibration for the bonded and nonbonded distances have been 
computed for sulfur trioxide by the Cyvin method at the temperatures T =  0, 298, and 
500°K. From the generalized mean-square amplitudes, the Bastiansen-Morino shrinkage 
effect has been calculated at these temperatures. Molar thermodynamic functions for the 
temperature range 200-2000°K. have been computed on the basis of a rigid rotator, har
monic oscillator model using the revised vibrational assignment. Bond polarizabilities 
and average molecular polarizability have also been calculated by the Lippincott-Stutman 
method employing the 5-function potentials.

Introduction
Sulfur trioxide, one of the very simplest molecules 

and most useful in the industrial process for the manu
facture of sulfuric acid, has been subjected to several 
investigations in determining various thermodynamic 
quantities, assigning the fundamental frequencies 
and elucidating the molecular structure. Though the 
molecule is simple in structure, there are many con
flicting reports in ascertaining the lowest bending mode. 
The Raman spectrum of sulfur trioxide in the liquid 
and gaseous states was studied by Gerding, Nijveld, 
and Muller2a and the infrared spectrum of the same 
in the gaseous state was reported by Gerding and 
Lecomte.2b Polarization measurements were carried 
out by Bhagavantam3 and Venkateswaran.4 5 The 
electron diffraction studies by Palmer6 and dielectric 
measurements by Smits, Moerman, and Pathuis6 
for this molecule in the vapor phase are in conformity 
with a planar trigonal symmetrical structure under the 
symmetry point group D3h. Since the values of the 
equilibrium constant calculated from the fundamental 
frequencies2 were not in good agreement with those of 
the experimental ones, several investigators proposed 
different sets of fundamental frequencies of which the 
recent set, i.e., vi 1069, 652, r3 1333, and vt 440 cm.-1,
given by Khachkuruzov7 is the most satisfactory one. 
One may refer to Khachkuruzov7 for a detailed dis

cussion of the vibrational assignment. It is the aim 
of the present investigation to calculate the mean 
amplitudes of vibration and Bastiansen-Morino shrink
age effect at the temperatures T =  0, 298, and 500°K., 
the statistical thermodynamic functions on the basis 
of a rigid rotator, harmonic oscillator model for the 
temperature range 200-2000°K. and molecular polariz
ability employing the ¿-function model of chemical 
binding.

Mean Amplitudes of Vibration
A schematic representation of the normal modes of 

oscillation for a planar symmetrical X Y 3 molecule 
possessing the symmetry point group D 3ll has already 
been given by Silver and Shaffer8 and Herzberg.9

(1) This research was supported in part by a Materials Science 
Program from the Advanced Research Projects Agency, Department 
of Defense, and the National Institutes of Health Training Program 
in Physical Chemistry.
(2) (a) H. Gerding, W. J. Nijveld, and G. J. Muller, Z. physik. 
Chem. (Leipzig), B35, 193 (1937); (b) H. Gerding and J. Lecomte, 
Physica, 6, 737 (1939).
(3) S. Bhagavantam, Indian J. Phys., 5, 63 (1930).
(4) S. Venkateswaran, Phil. Mag., IS, 263 (1933).
(5) K. J. Palmer, J. Am. Chem. Soc., 60, 2360 (1938).
(6) A. Smits, N. F. Moerman, and J. C. Pathuis, Z. physik. Chem., 
B3S, 60 (1937).
(7) G. A. Khachkuruzov, Opt. Spectry. (USSR), 8, 19 (1960).
(8) S. Silver and W. H. Shaffer, J. Chem. Phys., 9, 599 (1941).
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This molecule gives rise to six vibrational degrees of 
freedom constituting only four fundamental frequencies 
which are distributed under the various irreducible 
representations as follows: A /(R , p) +  A2"(I , ||) +  
2 E '(R , dp; I, J.) where R, I, p, dp, ||, and _L stand for 
Raman active, infrared active, polarized, depolarized, 
parallel, and perpendicular, respectively, v\ coming 
under the symmetry species A /  is a totally sym
metrical stretching vibration, r2 coming under the 
species A2"  is an out-of-plane vibration, r3 and v4 
coming under the species E ' are the asymmetrical 
stretching and deformation vibrations. v\ and v2 are 
the frequencies corresponding to the nondegenerate 
vibrations while v% and r4 to the degenerate vibrations.

A  theory for the determination of mean amplitudes 
of vibration for a molecule of the present study has 
already been developed by Cyvin.9 10’11 The same 
method is adopted in the present investigation. The 
secular equations giving the normal frequencies in 
terms of the mean-square amplitude quantities were 
constructed at the temperatures T = 0, 298, and 500°K. 
with help of the 2 and G matrices, vibrational frequen
cies,7 and electron diffraction data.6 The symmetrized 
mean-square amplitude matrices 2u and 222 were 
evaluated directly since the secular equations under 
the symmetry species Ai' and A2"  are only singular. 
But there are three elements with only two equations 
under the species E ' and it is not possible to solve for 
them uniquely unless some approximations are made. 
Hence the symmetrized mean-square amplitude 
matrices 233, 2«, and 234 were evaluated in the manner 
described by Cyvin10 and their values in A.2 are given 
in Table I at the temperatures T =  0, 298, and 500° K.

Table I : Symmetrized Mean-Square Amplitude Matrices in
A.2 for Sulfur Trioxide

•Symmetrized mean-square amplitude matrix-
Element 0°K. 298°K. 500°K.

Sn 0.0009859 0.0009972 0.0010808
222 0.0131081 0.0132039 0.0164682
^33 0.0013876 0.0014478 0.0016327
244 0.0108795 0.0126034 0.0163646
234 0.0009548 0.0003513 -0.0004285

If two arbitrary displacement coordinates designated 
as and /  are given in terms of the symmetry coordi
nates Sk by & = Y,AikSk and %} -  Y^AjkSk, then the

k k
mean-square amplitude quantities may correspondingly 
be obtained from the following: (£*2) =  J212AikA {iXki

k l
and (GG) =  'm 2 A ikAjl'2kl where 2 «  stands for the

k l

elements of 2 matrix. On the basis of the above 
principle, the mean-square amplitude quantities in 
terms of the symmetrized mean-square amplitude 
matrices for the present molecular system were obtained 
as follows: vr =  (1 /3)2U +  (2 /3)2 „, vrr =  (l/3 )2 n  -  
(1/3)233, =  (2/3)244, ae* =  -(1/3)244, <r0 =  222,
Vi-« =  (2/3) 234, crr6/  =  —(1/3)234, <Td — 2u -(- ( l /2 )2 33 
+  (1 /6 )2« -  (1/V3)Z*4, vrd =  (l /\ /3 )2 u  -  (1 / 
V3)S33 +  (1 /3)234, and <7rd' =  (1 /V § )2 U +  (l/2 \ /S )' 
233 - ( 1/ 6) 2«.

The mean-square amplitude quantities were cal
culated with help of the symmetrized mean-square 
amplitude matrices in A.2 given in Table I and their 
values in A .2 are given in Table II at the temperatures 
T — 0, 298, and 500°K. where <rr is the mean-square 
amplitude quantity due to the bonded atom pair 
S-O, <re the quantity due to the bending O-S-O, 
<r$ the quantity due to the out-of-plane vibration, 
<rd the quantity due to the nonbonded atom pair 
O O, and crn, (no, &tq , vrd, and <xr<3 are the re
spective interaction quantities. Most of the inter
action quantities such as <rrr, <rTe, o>/, trrd, and crrd' are 
very much smaller than the other quantities. The 
quantity due to the out-of-plane vibration is greater 
than that of the O-S-O bending and many times 
greater than the other quantities. The quantity due 
to the nonbonded atom pair is, as expected, greater 
than that of the bonded atom pair.

The generalized mean-square amplitude quantities, 
namely, mean-square parallel amplitude (Az2}, mean- 
square perpendicular amplitudes {Ax2) and {Ay2), 
and mean cross products (AxAy), (AyAz), and {AzAx) 
were, according to Cyvin,11 calculated for sulfur 
trioxide from the values of the symmetrized mean- 
square amplitude matrices in A .2 given in Table I and 
their values in A .2 for the bonded as well as nonbonded 
atom pairs are given in Table III at the temperatures 
T =  0, 298, and 500°K. The mean cross products, 
namely, {AxAy), {AyAz), and {AzAx) for the bonded 
and nonbonded atom pairs and the mean-square per
pendicular amplitude quantity {Ay2) for the nonbonded 
atom pair vanish because of the symmetry of the 
molecular system. The corresponding calculated 
values of the mean amplitudes of vibration in A. 
at the temperatures T — 0, 298, and 500°K. are as 
follows: 0.0354, 0.0359, and 0.0381 for the bonded 
atom pair S-O; 0.0542, 0.0602, and 0.0698 for the 
nonbonded atom pair O—O. The values increase 
with increasing temperature.

(9) G. Herzberg, “ Infrared and Raman Spectra of Polyatomic Mole
cules,”  D. Van Nostrand Co., New York, N. Y., 1960.
(10) S. J. Cyvin, Acta Chem. Scand., 13, 334 (1959).
(11) S. J. Cyvin, Spectrochim. Acta, 17, 1219 (1961).
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Table II : Mean-Square Amplitude Quantities in A.2 for 
Sulfur Trioxide

Symbol
--------------- Mean-square amplitude quantity-------------- s

0°K. 2£8°K. 500° K.

<rr 0.0012537 0.0012916 0.0014487
-0.0001339 -0.0001502 -0.0001840

<TQ 0.0072530 0.0084023 0.0109097
<ree -0.0036265 -0.0042011 -0.0054549
a (j) 0.0121081 0.0132039 0.0164682
&id 0.0006365 0.0302342 -0.0002857
ova' -0.0003183 -0.0301171 0.0001428
<Td 0.0029417 0.0036189 0.0048720
Ord 0.0000863 -0.0001430 -0.0004615
0rd 0.0008106 0.0009352 0.0011668

According to the equation for the normal frequency, 
the hyperbolic cotangent differs very little from unity 
at the room temperature and correspondingly the 
mean-square amplitude quantity is an independent 
function of temperature when the fundamental fre
quency is above 1200 cm.-1. On the other hand, 
when the fundamental frequency is below 200 cm.-1, 
the cotangent function leads only to an approximate 
value and correspondingly the mean-square amplitude 
quantity is a dependent function of temperature. 
Hence, the reliability of the mean-square amplitude 
quantities depends upon the fundamental frequencies 
falling from 200 to 1200 cm.-1. The fundamental 
frequencies of the present study are in the above range 
except the frequency corresponding to the asym
metrical stretching vibration which is actually not too 
high.

Bastiansen-Morino Shrinkage Effect

The concept of the shrinkages of the chemical 
bonds was first initiated by Karle and Karle12 13 14 15 16 17 18 and 
confirmed by Bastiansen and his co-workers13-18 
during their electron diffraction studies of gaseous 
molecules. Because of the importance of such studies 
in elucidating the structures of various polyatomic 
molecules, a theory was established by Morino19 for 
this effect in terms of the intramolecular motion using 
the generalized mean-square amplitudes. The theory 
is based on a power series expansion for the shrinkage 
effects of linear as well as nonlinear conformations as 
developed by Morino and his associates.20’21 In 
the case of a linear conformation, the shrinkage is 
mainly due to the perpendicular displacements of the 
atom pair. In the case of a nonlinear conformation, 
two kinds of shrinkages, namely, “ natural”  and 
“ practical”  shrinkages, have been defined and shown 
to be identical with the first-order approximation. The

anharmonic terms in contrast to the linear conforma
tions are not canceled out in the nonlinear conforma
tions except for highly symmetrical molecules having 
no totally symmetrical bending modes in the ground 
state. The name, Bastiansen-Morino shrinkage effect, 
was introduced later by many investigators to describe 
this phenomenon.22

The calculation for the Bastiansen-Morino shrinkage 
effect needs only the values of the mean-square per
pendicular amplitudes and internuclear distances at 
the equilibrium configuration. Very accurate values 
of the internuclear distances at the equilibrium posi
tion are, however, not required and approximate values 
from microwave studies, X-ray diffraction studies, 
or any other experimental investigations, if the results 
of electron diffraction studies are not available, will 
quite be sufficient since the second-order term in the 
basic equation21 for the calculation of the shrinkage is 
only a minor correction term. Using the value of the 
internuclear distance in A. given by Palmer5 and the 
generalized mean-square amplitude quantities in A .2 
given in Table III, the values of the Bastiansen- 
Morino shrinkage effect were, according to Meising- 
seth and Cyvin,23 calculated for sulfur trioxide and 
their respective values in A. at the temperatures 
T =  0, 298, and 500°K. are given as follows: 0.001884,
0.002055, and 0.002545. Though the value of the 
Bastiansen-Morino shrinkage effect appears small, 
it is real. This distance must be added at the appro
priate temperature to the observed nonbonded distance 
from electron diffraction studies in order to obtain the 
actual nonbonded distance of the molecule.

Thermodynamic Functions
The statistical thermodynamic functions, namely, 

heat content, free energy, entropy, and heat capacity

(12) I. Karle and J. Karle, / .  Chem. Phys., 17, 1052 (1949).
(13) A. Almenningen, O. Bastiansen, and T. Munthe-Kass, Acta 
Chem. Scand., 10, 261 (1956).
(14) A. Almenningen, O. Bastiansen, and M. Traetteberg, ibid., 13, 
1699 (1959).
(15) O. Bastiansen and M. Traetteberg, Acta Cryst., 13, 1108 (1960).
(16) T. Munthe-Kass, Thesis, University of Oslo, 1955.
(17) H. Breed, O. Bastiansen, and A. Almenningen, Acta Cryst., 13, 
1108 (1960).
(18) M. Traetteberg, Dissertation, Norges Tekniske Hogskole, 
Trondheim, Norway, 1960.
(19) Y. Morino, Acta Cryst., 13, 1107 (1960).
(20) Y. Morino, K. Kuchitsu, and T. Oka, J. Chem. Phys., 36, 1108
(1962).
(21) Y. Morino, S. J. Cyvin, K. Kuchitsu, and T. Ijima, ibid., 
36, 1109 (1962).
(22) A complete set of data is given by G. Nagarajan and E. R. 
Lippincott, ibid., 42, 1809 '1965).
(23) E, Meisingseth and S. J. Cyvin, J. Mol. Spectry., 8, 464 (1962).
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Table III: Generalized Mean-Square Amplitude Quantities 
in A.2 for Sulfur Trioxide

✓—Generalized mean-square amplitude quantity—•
Distance Symbol 0°K. 298° K. 500° K.

S-0 <A«2> 0.0012537 0.0012916 0.0014487
(A x2) 0.0072530 0.0084023 0.0109097
( A y 2) 0.0013453 0.0014671 0.0018298
( A x A y ) 0 0 0
(A y A z ) 0 0 0
{ A z A x ) 0 0 0

0 —0 ( A  z2) 0.0029417 0.0036189 0.0048720
{ A x 2) 0.0019558 0.0026216 0.0037912
( A y 2) 0 0 0
( A x A y ) 0 0 0
(A y A z ) 0 0 0
( A z A x ) 0 0 0

of the sulfur trioxide molecule were calculated using 
the vibrational frequencies given by Khachkuruzov7 
and the structural data given by Palmer6 for the tem
perature range 200-2000°K. A rigid rotator, harmonic 
oscillator model was assumed and all the quantities were 
calculated for a gas in the thermodynamic standard 
gaseous state of unit fugacity (1 atm.) by using the 
standard formulas and tables of functions for the 
harmonic oscillator contributions given by Pitzer.24 
The calculated values of the principal moments of 
inertia are given as follows

7XX =  Iyy =  49.0776 a.m.u. A .2 (81.5243 X lO“ 40 g.
cm.2)

h, = 98.1552 a.m.u. A .2 (163.0486 X 10“ 40 g.
cm.2)

Assumed in the calculations were a symmetry number 
of 6, singlet ground electronic states, and chemical 
atomic weights. Neglected in the calculations were 
the contributions due to the centrifugal distortion, 
isotopic mixing, and nuclear spins. The calculated 
values of the thermodynamic functions in calories 
per degree mole are given in Table IV. A graph is 
drawn between the heat capacities in calories per degree 
mole and temperatures in degrees Kelvin (see Figure 1). 
The nature of the smooth curve connecting all the 
crosses indicates the correctness in adopting the value 
for the lowest bending mode as 440 cm.-1 by Khach
kuruzov.7 Further, the curve due to the results of 
the present investigation without anharmonicity cor
rections is far better than the one due to those by 
Stockmayer, Kavanagh, and Mickley26 with an
harmonicity corrections.
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Figure 1. Heat capacity vs. temperature for sulfur 
trioxide in the ideal gaseous state.

Table IV : Heat Content, Free Energy, Entropy, and Heat 
Capacity of Sulfur Trioxide for the Ideal Gaseous State at 
1 Atm. Pressure“

-  (Fo -  a°)/
Temp., °K. (Ho -  Eo°)/T T S° c P°

200 8.594 48.431 57.025 10.258
273.16 9.244 51.207 60.451 11.743
298.16 9.478 52.028 61.506 12.218
300 9.489 52.083 61.572 12.236
400 10.393 54.942 65.335 13.890
500 11.220 57.342 68.562 15.187
600 11.984 59.477 71.461 16.189
700 12.637 61.371 74.008 16.927
800 13.208 63.091 76.299 17.482
900 13.712 64.685 78.397 17.906

1000 14.142 66.146 80.288 18.225
1100 14.522 67.487 82.009 18.225
1200 14.860 68.770 83.630 18.680
1300 15.167 69.986 85.153 18.847
1400 15.434 71.130 86.564 18.974
1500 15.667 72.089 87.756 19.079
1600 15.876 73.163 89.039 19.170
1700 16.089 74.205 90.294 19.249
1800 16.255 75.108 91.363 19.307
1900 16.430 76.028 92.458 19.368
2000 16.561 76.786 93.347 19.412
“ T  is the temperature in degrees Kelvin; the other quantities 

are in calories per degree mole, and E a °  is the energy of 1 mole of 
perfect gas at absolute zero temperature.

Molecular Polarizability
The molecular polarizability is one of the fundamen

tal electrical properties of a molecular system. From

(24) K . 8. Pitzer, “ Quantum Chem istry,”  Prentice-Hall, Inc., New 
York, N. Y ., 1953, p. 457.
(25) W . H . Stockmayer, G. M . Kavanagh, and H . S. M ickley, J.
Chem. Phys . ,  12, 408 (1944).
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the experimental viewpoint, one need measure the 
index of refraction of a substance and one can then 
deduce the molecular polarizability from the Lorentz- 
Lorenz equation. One could also measure the di
electric constant of a substance and its temperature 
dependence and thereby deduce both the polarizability 
and the average magnitude of the molecular dipole 
moment. From the molecular point of view, however, 
an average molecular polarizability may be obtained 
by averaging the three directional diagonal components 
of the polarizability tensor; i.e., if

Ĉ xy

(XyX «yy

<̂ ZX Oizy

&xz

(XyZ

&ZZm

then aM =  (1/3) (axx +  ayy +  azz). On the basis of 
the quantum mechanical models, the calculations of 
atomic and molecular polarizabilities have been, in 
recent years, developed in many ways. Several 
investigators calculated the polarizabilities of various 
molecules and ions by adopting different potential 
models in order to test how far the polarizability 
could be useful a criterion for testing the accuracy of 
the wave functions adopted. Recently Lippincott 
and Stutman26 have applied 5-function potentials to 
the calculations of bond and molecular polarizabilities 
for various diatomic and polyatomic systems. The 
same method has been applied in the present investi
gation to calculate the molecular polarizability of 
sulfur trioxide and one may refer to Lippincott and 
Stutman26 for the detailed theoretical considerations 
and calculations.

The 5-function strengths, A, in atomic units, atomic 
polarizabilities, a, in 10"25 cm.3, and c values in atomic 
units have been adopted for the present investigation 
from the earlier work26 as follows: As = 0.688, Ao =
1.00, as =  18.20, a0 =  5.92, cs =  4.128, and co = 
4.899. The c value for the sulfur atom is obtained in 
the manner described by Lippincott and Dayhoif27 
for a bond of polyatomic system.

The polarizability contribution to the parallel com
ponent from the nonbond-region electrons for sulfur 
trioxide is given as follows : 2a, =  2/,-a  ̂ =  (8/3) a0 =
15.787 X 10~25 cm.3. Here a} is the atomic polariz
ability of the jth atom obtainable from the 5-function 
strength A} and f, the fraction of the electrons in the 
valence shell of the jth  atom not involved in bonding. 
The polarizability contribution to the parallel compo
nent from the bond-region electrons may be calculated

using a linear combination of atomic 5-function wave 
functions representing the two nuclei in the bond and 
an analytical expression for it may be given as follows: 
aMb = 4nASo(l/ao)((a:2))2 where n is the bond order, 
A So the root mean-square 5-function strength of the 
two nuclei, i.e., A So =  (AsA o)'/2, and (x2) the mean- 
square position of a bonding electron expressed as 
(x2) =  (ffi2/ 4) +  (V2CSC0). Here R is the internu- 
clear distance of S -0  at the equilibrium configuration. 
The bond order for S -0  bond was considered as 4/ 3 
and the computed value for the total parallel bond com
ponent contribution is 54.734 X 10_25cm.8.

A reasonable assumption has been made26 for the 
average magnitude of the bond perpendicular com
ponent as a function of the charge separation. The 
atomic contributions have been weighted according 
to their respective electronegativities. This leads to 
the greater contribution of the bond perpendicular 
component for the atom having the larger charge dis
tribution in its vicinity. The analytical expression 
for the sum of the perpendicular components of all 
the bonds in the molecule is

22 ax =  iidf
2 X /a ,
2 X ,2

where n̂ t is the number of residual atomic degrees of 
freedom, X , the electronegativity of the jth  atom, and
a.j the atomic polarizability of the jth. atom. The 
number of residual atomic degrees of freedom for sulfur 
trioxide is seven and one may refer to Lippincott and 
Stutman26 for a detailed discussion. From the above 
equation the calculated value of 22 ax for sulfur tri
oxide is 53.934 X 10~25 cm.3. The average or mean 
molecular polarizability is

« m =  (l/3)(2a||b +  2a|]n +  22ax)

= (1/3)(54.734 +  15.787 +  53.934) X HR25 cm.3

= 41.485 X HR25 cm.8

The experimental value of the average molecular 
polarizability for sulfur trioxide is obtained as 41.805 X 
10~26 cm.8 from the measurements of dielectric con
stant by Smits, Moerman, and Pathuis6 and the well- 
known Lorentz-Lorenz equation. The experimental 
and calculated values are in good agreement with less 
than 1% error.

(26) E. R. Lippincott and J. M. Stutman, J. Phys. Chem., 68, 2926 
(1964).
(27) E. R. Lippincott and M. O. Dayhofï, Spectrochim. Acta, 16, 807 
(1960).
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The Nuclear Magnetic Resonance Spectra of Some 

9 ,1 0-Bridged 9 ,1 0-Dihydroantliracenes1

by William B. Smith and Ben A. Shoulders

Department of Chemistry, Texas Christian University, Fort Worth, Texas (.Received January 4, 1965)

The chemical shifts for a series of arylalkanes have been determined along with the values 
of JCU3—h for the alkyl protons. The observation that the alkyl protons in triptycene are 
more shielded than that of triphenylmethane led to the determination of the n.m.r. param
eters for a series of 9,10-bridged 9,10-dihydroanthracenes. The results of this study are 
presented.

The chemical shifts of the alkyl protons in the aryl
alkanes may be considered to be a function of the in
ductive and resonance effects of the attached aromatic 
rings as well as the ring current effects exhibited by 
such rings. The values of the chemical shifts and 
JC13-H for a related series of arylalkanes are given in 
Table I. The determination of the contributions 
which the various possible effects make to the alkyl 
protons is difficult although presumably one can 
calculate the ring current effect by the approximate 
methods of Waugh and Fessenden2 or Johnson and 
Bovey.3

Examination of the alkyl proton shifts in Table I 
shows that the difference between the pairs toluene-

Table I :  Proton Chemical Shifts and J'ci’-H for 
Some Arylalkanes

Compound Ar-H° R-H ° •7c1!-H6
Toluene 2.90« 7.66« 126d
Diphenylmethane 2.86« 6.08« 127^
Triphenylmethane 2.83 4.50 132 ±  2
o-Xylene 2.90« 7.75« 126 ±  1
9,10-Dihydroanthracene 2.83 6.10 128 ±  2
Triptycene 2.88 4.70 145 ±  1

“ Chemical shifts in r-units determined in carbon tetrachloride 
or deuteriochloroform. b Value for alkyl proton(s) in c.p.s. 
« G. V. D. Tiers, “ Characteristic Nuclear Magnetic Shielding 
Values, etc.,”  Minnesota Mining and Manufacturing Co., St. Paul, 
Minn., 1958. d C. Juan and H. S. Gutowsky, J .  C h e m .  P h y s . ,  37, 
2198 (1962). « Varian Catalog of N.m.r. Spectra, Varian 
Associates, Palo Alto, Calif., 1962, p. 201.

diphenylmethane, diphenylmethane-triphenylmethane, 
and o-xylene-9,10-dihydroanthracene is remarkably 
constant (r 1.58-1.65 per phenyl). In contrast, the 
chemical shift for the tertiary protons in triptycene 
would seem to be unexpectedly to the high field side 
by about r 0.2. This result is not due to some odd 
solvent effect, for in cyclohexane the values for tri
phenylmethane and triptycene are r 4.53 and 4.77, 
respectively.

The observation of the triptycene alkyl proton as 
being more shielded than that of triphenylmethane 
is most curious. The results from the pairs mentioned 
above suggest that inductive and resonance contri
butions per phenyl are of a similar magnitude. The 
tertiary protons in triptycene lie in the planes of the 
three aromatic rings where ring current effects should 
be to deshield the protons.2’3 Dipole moment studies 
of triphenylmethane indicate that the phenyl rings 
are tilted about 45° from the alkyl C-H  axis.4 On 
the basis of ring current effects, one would expect the 
alkyl proton in triphenylmethane to be more shielded 
than those in triptycene.

The values for the alkyl / 0 » - h  are also given in 
Table I. The additivity rule of Juan and Gutowsky5 
is followed well by all examples except triptycene.

(1) Presented, in part, at the Southwest Regional Meeting of the 
American Chemical Society, Shreveport, La., Dec. 1964.
(2) J. S. Waugh and R. W. Fessenden, J. Am. Chem. Soc., 79, 846 
(1957).
(3) C. E. Johnson and F. A. Bovey, J. Chem. Phys., 29, 1012 (1958).
(4) M. Aroney and R. J. W. LeFevre, J. Chem. Soc., 3600 (1960).
(5) See Table I, footnote d.
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Matwiyoff and Drago6 have recently considered the 
theoretical bases for the frequently observed linear 
relation between proton chemical shifts and J c m - h . 
The anomalous value of the tertiary proton shift in 
triptycene is emphasized by the observation that a 
good linear plot of r vs. Jcn-n is obtained for all 
entries in Table I except triptycene.

One possible explanation of the anomalous shift 
of triptycene is offered by the possibility of a ring cur
rent effect arising from an “ around the barrel”  type of 
flow of the ^-electrons in the triptycene aromatic 
rings (i.e., circular current perpendicular to the face 
of each ring). No support for this contention was 
found in the literature. The ultraviolet spectrum 
of triptycene is only slightly different from that of o- 
xylene, and it has been suggested that at best only a 
slight perturbation of the 7r-systems occur owing to 
interactions between the aromatic rings.7 Similar 
calculations have indicated that there is no ground- 
state x-electron interaction in fcicyclo [2.2.2 ]octatriene 
(barrelene).8 Nor is any interaction indicated in the
n.m.r. spectrum of this substance, for the bridgehead 
protons in the series bicyclo [2.2.2 joctene, bicyclo- 
[2.2.2 Joctadiene, and bicyclo[2.2.2]octatriene fall in 
the regular sequence of r 7.51,9 6.41,9 and 5.31,10 
respectively.

As a consequence of the above results, we were led 
to an examination of the chemical shifts and coupling 
constants of the aromatic protons in triptycene. 
For comparison, 9,10-dihydroanthracene, anthracene, 
and a series of 9,10-bridged 9.10-dihydroanthracenes 
were also examined. Acetone was selected as a solvent 
only because it was the only common solvent in 
which all of the compounds were sufficiently soluble 
to enable a detailed spectral analysis.

The ring spectrum of triptycene (Figure 1) is a typical 
A2B2 system and was treated accordingly. The down- 
field half of the spectrum showed slightly broadened 
lines suggesting a weak coupling with the bridgehead 
protons. The coupling constants and chemical shifts 
are given in Table II, and the calculated spectrum is 
shown in Figure 1. The spectrum of 9,10-dihydro
anthracene (Figure 1) was more difficult to interpret. 
However, a satisfactory set of parameters was found 
by conventional means as discussed in the Experi
mental section. The list of compounds used in this 
study and the determined n.m.r. parameters are all 
given in Table II. The values given there for anthra
cene are in excellent agreement with the literature 
values.11

Examination of the data in Table II reveals only a 
slight change in coupling constants in the series anthra
cene, 9,10-dihydroanthracene, and the 9,10-bridged

9,10-dihydroanthracenes. Jonathan, Gordon, and 
Dailey11 have found a correlation between coupling 
constants and ir-bond order for a series of polynuclear 
aromatic hydrocarbons. The variations noted in 
Table II may reflect such changes. However, little 
is known of the effect of substituents on ir-bond order, 
and, consequently, no further conclusions are war
ranted.

Table II: Chemical Shifts and Coupling Constants 
in Acetone

T , Aab , t .

Compound A2B2 o.p.s. bridge J ab J ab '  Ja a '  Jb b '

0, 0XT \

2.75 28.26 4.40 7.60 1.20 0.00 7.70

2.72 27.46 3.98 7.60 1.20 0.00 7.70

2.71 27.06 4.33 7.60 1.20 0.00 7.70

CN

2.33 15.80 4.18 8.30 1.20 0.00 7.50

oc© 2.75 7.14 6.09 7.93 1.47 0.00 7.10

©0 © 2.17 33.70 1.52 8.30 1.20 0.00 6.50

The ring proton spectrum of o-xylene consists of a 
single sharp line. However, the ring spectrum of
9,10-dihydroanthracene shows a difference of chemical 
shifts between the A and B type protons of 7.14 c.p.s.

(6) N. A. Matwiyoff and R. S. Drago, J. Chem. Phys., 38, 2583
(1963).
(7) C. F. Wilcox, ibid., 33, 1874 (1960).
(8) C. F. Wilcox, S. Winstein, and W. C. McMillan, J. Am. Chem. 
Soc., 82, 5450 (1960).
(9) K. Tori, R. Muneyuki, and H. Tanida, Can. J. Chem., 41, 3142 
(1963).
(10) H. E. Zimmerman and G. L. Grünewald, J. Am. Chem. Soc., 86, 
1434 (1964).
(11) N. Jonathan, S. Gordon, and B. P. Dailey, J. Chem. Phys., 36, 
2443 (1962).
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Figure 1. The n.m.r. spectra of the aromatic protons in triptycene (left—only the upheld half shown) and 
9,10-dihydroanthracene (right) in acetone.

Presumably, this reflects the ring current effect of one 
aromatic ring upon the protons in the other ring. 
Using Dreiding models to measure distances and 
angles, one calculates a ring current effect of 6.6 c.p.s. 
by the method of Johnson and Bovey.8 Similar 
calculations were carried out on the tetraeyanoethylene 
adduct of anthracene. It was assumed that the 
internal chemical shift between the pairs of aromatic 
protons in one ring was determined by the ring cur
rent effect of the other ring plus the contributions owing 
to the anisotropy of the two nearest cyano groups.12 
Measurements were again made from Dreiding models. 
The calculated and experimental values for Aab were
12.4 and 15.80 c.p.s., respectively. In view of the 
variety of assumptions inherent in the calculation of 
ring current effects and magnetic anisotropies on 
proton shielding, the calculated results above can be 
considered in excellent agreement with the experi
mental values.

Similar calculations, using the Johnson-Bovey 
method, were made for the ring current effects of the 
two aromatic rings in triptycene on the chemical shifts 
of the aromatic protons in the third ring. The calcu
lated value of Aab was 12.0 c.p.s., a value considerably 
below the experimental value of 28.26 c.p.s. In view 
of the success of the calculations above, this result can 
be taken as a further indication of the peculiarities of 
the triptycene molecule.

The value of Jci3-H for the bridgehead proton in 
triptycene is similar in magnitude to those observed * 226

(12) McConnell’s equation [H. M. McConnell, J. Chem. Phys., 27,
226 (1957)] was used. The value of Axcn of 14.2 X 10-30 cm.3 was 
used in these calculations. This number was obtained by a back 
calculation from the chemical shift differences of the /3-protons 
of acrylonitrile using the published data of G. S. Reddy, J. H. Gold
stein, and L. M. Mandell, J. Am. Chem. Soc., 83, 1300 (1961), and is 
intermediate between the value used by them (13.46 X 10-30, E. B. 
Whipple, Ph.D. Thesis, Emory University, 1959) and that derived 
later by another technique [16.5 X 10-30, G. S. Reddy and J. H. 
Goldstein, J. Chem. Phys., 39, 3509 (1963)].
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by Musher13 for a series of bicycle [2.2.1 ]heptanols and 
by Tori, et al.,14 15 for a related series containing the bi- 
cyclo[2.2.1]cycloheptyl ring system. The authors 
consider the large values of to reflect enhanced
s-character in the tertiary C-H  bond and resultant 
7r-character in the strained ring systems.16 Bartlett 
and Lewis16 have pointed out that the ring strain at 
the bridgehead carbons in triptycene more closely 
resembles that in bicyclo [2.2.1 ]heptane than bicyclo- 
[2.2.2 [octane. While the concepts of x-character 
or “ bent”  bonds may serve ultimately to account for 
the observations recorded here for triptycene, there is 
presently no way in which quantitative calculations 
using these concepts can be reasonably applied to this 
molecule.

Two ancillary experiments carried out during this 
study merit mention. Fust, the methylene spectrum 
of 9,10-dihydroanthracene was observed as a sharp 
singlet in carbon disulfide solutions down to —60°. 
While the boat structure of the central ring suggests 
that the methylene hydrogens should be magnetically 
nonequivalent, the boat-boat interconversion appar
ently is very rapid even at this temperature.

Second, the photodimer of anthracene was synthe
sized.

This interesting molecule was found to be insoluble in 
all common solvents, but the chemical shift of the 
bridgehead hydrogens was found to r 5.75 in a naphtha
lene solution at 180°. Assuming that the effects of 
adjacent rings would be the same as in dihydroanthra
cene, the ring current effect of the nonadjacent rings 
was calculated. Subject to the assumption that other 
effects, i.e., C -C  bond anisotropy, solvent effects, etc., 
were negligible, the calculated value of r 5.81 was ob
tained. However, the agreement may be fortuitous.

Experimental
Anthracene, dihydroanthracene, and triptycene were 

commercial products. The adduct of tetracyano- 
ethylene and anthracene was prepared by a procedure 
similar to that of Middleton, et al,17 The photodimer 
of anthracene was prepared by the method of Luther 
and Weigert.18

The adduct of anthracene and acetylenedicarboxylic 
acid was obtained by heating equimolar amounts of 
the two reactants under reflux in xylene. Upon cooling,

a solid was obtained which appeared to be a mixture 
of the free acid and the corresponding anhydride on 
the basis of the n.m.r. spectrum. Extraction of the 
mixture with a concentrated potassium hydroxide solu
tion followed by acidification of the extract gave ma
terial (m.p. 215-216°) which appeared (n.m.r.) to be 
the free acid. Carbon-hydrogen analyses were un
satisfactory, however. Consequently, the crude re
action product was converted to the corresponding 
dimethyl ester by heating the mixture under reflux in 
acidified methanol and to the anhydride by heating 
the mixture in acetic anhydride. Both the dimethyl 
ester and the anhydride had melting points in agree
ment with the literature values.19

All n.m.r. spectra were determined either in carbon 
tetrachloride or acetone solutions using a Varian A-60 
instrument operating at room temperature. The ex
ception to this statement was the photodimer of anthra
cene which was determined at 180° in a naphthalene 
solution. All chemical shifts (Tables I and II) were 
in dilute solutions (10% or less). Coupling constants 
and values of Jc -̂b were determined on somewhat 
more concentrated solutions. The value of Jc^ h 
for o-xylene was determined for the neat liquid.

Spectral Analyses. The n.m.r. spectrum of tripty
cene in acetone consists of a slightly broadened singlet 
at r 4.40 and a nearly symmetrical A2B2 pattern 
centered about r 2.75. The downfield half of the 
aromatic proton pattern showed slight broadening 
owing to a long-range coupling with the bridgehead 
protons. In the most exact sense, this weak long- 
coupling effect should be included in the calculation of 
the ring proton spectrum. However, this would place 
the analysis beyond the capabilities of our four-spin 
computer program. Consequently, the upheld half 
of the spectrum was analyzed as half of a true A2B2 
system. We have previously used this approximation 
with good results.20

The details of the analysis of A2B2 spectra have been 
covered elsewhere.21 All calculations were carried

(13) J. I. Musher, Mol. Phys , 6, 94 (1963).
(14) K. Tori, R. Muneyuki, and H. Tanida, Can. J. Chem., 41, 3142
(1963) .
(15) See, however, G. Karabatsos, J. Am. Chem. Soc., 86, 3574
(1964) .
(16) P. D. Bartlett and E. S. Lewis, ibid., 72, 1005 (1950).
(17) W. J. Middleton, R. E. Heekert, E. L. Little, and C. G. Krespan, 
ibid., 80, 2783 (1958).
(18) R. Luther and F. Weigert, Chem. Zenlr., 75, 117 (1904).
(19) O. Diels and K. Alder, Ann., 486, 191 (1931).
(20) W. B. Smith and B. A. Shoulders, J. Am. Chem. Soc., 86, 3118 
(1964).
(21) D. M. Grant, R. C. Hirst, and H. S. Gutowsky, J. Chem. Phys., 
38, 470 (1963), and references therein.
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out with the aid of the FREQUINT IV A 1620 pro
gram on an IBM  1620 computer. The notations perti
nent to the discussion are

JBB'
N  — J ar +  J ab'
L  =  J  AB  — J A B '

A  =  J aa'  +  J bb'
M =  Jaa' — J bb'

AaB = VA — VB

The assignment of the spectral lines and determi
nation of the above parameters followed conventional 
procedures.21 The sum and difference relationships 
for lines 1 and 3 gave values for both N  and Aab 
directly. The near degeneracy of the pairs 8,12; 
7,11; 6,10; and 5,9 indicated that K  and M  are very 
nearly the same and have a value close to the dif
ference between lines 8,12 and 7,11 or 6,10 and 5,9. 
The value of L was determined by trial. Both K  
and L were adjusted so that no line was on error by 
more than 0.2 c.p.s. The results of this and related 
cases are given in Table II.

The analysis of the spectrum of 9,10-dihydroan- 
thracene appeared at first to be a formidable task

Figure 2. The change in the triptycene spectrum 
with decreasing values of A a b .

since the value of Aab is quite small. Since there 
seemed to be no great variation among the reported 
coupling constants of ori/io-disubstituted benzenes, 
it was assumed that no great change would be ob
served between the values for triptycene and 9,10- 
dihydroanthracene. The movement of individual lines 
was followed using the triptycene coupling constants 
and progressively smaller values of Aab (Figure 2). 
Once the line assignments were made, the analysis 
proceeded in a conventional fashion.
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Abstraction Reactions of Hydrogen and Deuterium Atoms: 

Mercury-Photosensitized Decomposition of Mixtures of Cyclohexane 

and Cyclohexane-d12

by Robert R. Hentz, Joseph Y. Chang, and Milton Bin-ton

Department c f Chemistry and Radiation Laboratory,1 University of Notre Dame, Notre Dame, Indiana J+6556 
{Received January 4, 1965)

Hg-photosensitized decomposition of mixtures of cyclohexane and cyclohexane-d12 yields 
information regarding isotope effects in the primary process and in abstraction reactions of 
H and D atoms acting on C6Hi2 and C6D i2. At 12° in the gas phase, production of the 
H atom is ~ 1 3  times more probable than production of the D atom, and abstraction of 
the H atom is ^ 46  times as probable as abstraction of the D  atom. A defined parameter 
/  =  (HD yield) 2/(H 2 yield) (D2 yield) is shown to be Si 4 in the gas phase, as expected 
from theoretical consideration of purely atomic abstraction reactions, but <4  in liquid 
phase photosensitization and radiolysis. The latter result may be ascribed to some “ mo
lecular decomposition”  in radiolysis, but a more realistic view with respect to photosensiti
zation is that possible cage effects in the liquid phase (perhaps involving short-lived HgH) 
so affect the probability of reaction of the H (or D) atom with its sibling radical that a 
distinction from molecular decomposition is largely semantic.

Introduction

Study of the ratio of yields H2:H D :D 2 from radi
olysis of mixtures of pure hydrocarbons and their com
pletely deuterated analogs does, in principle, provide 
some insight into the elementary decomposition proc
esses.2 However, the method requires some calibra
tion. Fortunately, the mercury-photosensitized de
composition of gaseous cyclohexane seems to provide a 
well-understood and relatively simple case. According 
to Beck, Kniebes, and Gunning,3 the products (H2, 
cyclohexane, and bicyclohexyl) can be satisfactorily 
explained on the basis of energy transfer from excited 
Hg(63Pi) to C6H i2, rupture of a C -H  bond, H atom ab
straction reactions, and disproportionation and com
bination reactions of cyclohexyl radicals. Ring cleav
age of any kind was not observed. Because this sys
tem appears to be one of a few in which all hydrogen is 
produced by abstraction reactions of H atoms, it is 
possible to establish and to test certain kinetic criteria 
characteristic of “ all-atomic”  reaction processes.

The technique here employed is merely to test the

yields of H2, HD, and D £ in the mercury-photosensitized 
decomposition of C6H i2 +  C6D i2. Earlier data on the 
activation energies of the reactions involved appear too 
uncertain4 for purposes of prediction in this case. Con
sequently, a part of the effort has been in setting up the 
consequences of the relatively simple elements of the 
kinetics and in testing them for the gaseous decomposi
tion. In a second stage of the work, the method is ex
tended to the liquid mixture, and the results are inter
preted.

Experimental
Materials. Eastman Spectro Grade cyclohexane was

(1) The Radiation Laboratory of the University of Notre Dame is 
operated under contract with the U. S. Atomic Energy Commission. 
This is A.E.C. Document No. COO-38-374.
(2) S. Gordon and M. Burton, Discussions Faraday Soc., 12, 88 
(1952).
(3) P. W. Beck, D. V. Kniebes, and H. E. Gunning, J. Chem. Phys., 
22, 672 (1954). Cf. also H. E. Gunning and O. P. Strausz, Advan. 
Photochem., 1, 209 (1963).
(4) E. W. R. Steacie, “ Atomic and Free Radical Reactions," Vol. I, 
Reinhold Publishing Corp., New York, N. Y., 1954, Section V-25.
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purified by passage through a silica gel column and 
vacuum distillation at ice-water temperature. Cyclo
hexane-^ was obtained from Merck and Co. of Canada. 
Mass spectrometric analysis of the latter sample in
dicated approximately 7.4% of C6DnH isotopic im
purity or a D atom content >99%. Mixtures of C6H i2 
and C6Di2 in small quantities were prepared in the 
liquid state; their actual compositions were deter
mined by mass spectrometric analysis of the vapor. 
For the liquid studies, it was assumed, with sufficient 
accuracy, that the vapor pressures of the two com
pounds are equal and that compositions of the vapor 
and liquid phases are identical.

Light Source and Procedures. The mercury lamp 
used in this work was a Hanovia SC 2537 helical 
grid type. A quartz tube of 25-mm. diameter with an 
inlet and outlet for water, fitted into the central space 
of the helical coil of the lamp, served as a constant- 
temperature jacket. Temperature was read with a 
thermometer fitted through a rubber stopper at the 
bottom end. During irradiation the cell was fitted in 
from the top end of the water jacket and immersed in 
running water of constant temperature.

The irradiation cell, made of Vycor, with a 4-5-mm.
i.d., 8-cm. length, and a total volume of '"T .5 cc., was 
connected through a graded seal to a Pyrex vessel with 
a total vapor space of approximately 250 cc. The large 
ratio, '"'170, of total vapor space to volume of the ir
radiation cell served to eliminate experimental difficul
ties connected with secondary reactions.

Mixtures of cyclohexane vapors were irradiated at 
saturation pressure at 12°. Small amounts (0.15-0.2 
ml.) of liquid mixtures were transferred into the cell 
containing some droplets of clean Hg and were degassed 
by the conventional freezing-out technique. During 
irradiation, the excess liquid was trapped in the Pyrex 
vessel by a cold finger with cooling water at 12°. No 
measurement of absolute intensities was made.

Preliminary experiments were performed to deter
mine the effect of products on the composition of hy
drogen formed by irradiation. In one experiment a 
cyclohexane mixture was irradiated for intermittent 
intervals. After each period of irradiation, gases non
condensable at —196° were collected and analyzed; 
then the unreacted cyclohexanes with condensable 
products was again irradiated. The rate of total hy
drogen production was found to decrease slightly as ac
cumulated exposure increased, a result similar to that 
found in experiments in which only C6H12 was ir
radiated. (Beck, Kniebes, and Gunning3 have at
tributed this effect to accumulation of cyclohexene.) 
However, the composition of the hydrogen mixture re
mained invariant with increase in accumulated exposure

within the experimental accuracy. Similar results were 
obtained with separate samples of a given cyclohexane 
composition which were irradiated for different periods 
of time. In another experiment an amount of H2 com
parable to that expected in the irradiation was added 
to a cyclohexane mixture. Subtraction of this amount 
of added H2 after irradiation gave the same hydrogen 
composition as was obtained on irradiation of the same 
mixture without added H2. Thus, the hydrogen prod
ucts do not enter into the kinetics of hydrogen forma
tion. Nevertheless, in order to avoid complications, 
it was considered important to keep the partial pressures 
of products as low as possible. The irradiation time 
was kept short, varying from 3 to 30 min.; in this 
period, sufficiently large amounts of products (1-4 li
móles) were produced for accurate mass spectrometric 
analysis. With all other factors unchanged, the light 
absorbed by the cyclohexane vapor is proportional to 
the volume of the irradiation cell, and the concentration 
of the products is inversely proportional to the volume 
of the total vapor space. Thus, increase of the volume 
of the vapor phase very effectively decreased the prod
uct ireactant concentration ratio. Under the condi
tions employed this ratio was smaller than 10 ~3.

For comparison with gas phase results, some pre
liminary liquid phase experiments were performed with 
three samples containing 0.25, 0.50, and 0.77 mole frac
tion of deuterated cyclohexane. Samples, of ~ 1 .6  cc. 
volume, with added droplets of mercury were intro
duced into a Vycor cell attached to a small Pyrex con
denser through a graded seal. The condenser, fitted 
with a breakoff seal, was attached to the vacuum line, 
and samples were degassed by repetitions of the stand
ard freeze, pump, and thaw technique. The cell was 
then sealed off above the condenser and inserted inside 
the helical coils of the Hanovia lamp which, in turn, 
was enclosed in a box. Compressed air, cooled by a 
large ice bath, was blown through the box, and cooling 
water was circulated through the condenser which sur
mounted the Vycor cell. In the 1-hr. irradiations, 5-10 
min. was required for the cell to reach the steady-state 
temperature of 48 ±  2°. One liquid phase experiment 
was performed with 0.77 mole fraction of deuterated 
cyclohexane at 15° in the same system used for gas 
phase experiments.

H2, HD, and D2, the only products of present in
terest, were determined mass spectrometrically. No 
other gaseous products were observed. Cyclohexene 
and bicyclohexyl are the only other known products. 
Because these were not pertinent to our study and be
cause the isotopic compositions of these compounds in 
micromole quantities could not be determined con
veniently, no effort was made to examine them. In
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preliminary experiments, however, bicyclohexyl was 
found by gas chromatographic technique to be approxi
mately 70% of the total hydrocarbon products, in agree
ment with the results of Beck, Kniebes, and Gunning.3

Results
The main body of experimental results was obtained 

at 12°; the percentages of isotopic hydrogen products 
obtained at this temperature are given in Figure 1 as a 
function of mole fraction of CeD^. Many of the single 
points represent average values for several experiments 
at the given mole fraction. Less extensive results ob
tained at higher temperatures are not shown in Figure 
1, but they are considered in the Discussion.

Figure 1. Percentages of isotopic hydrogens produced in 
vapor mixtures of c-C6H12 and c-C6D12 at 12°.

Discussion
Kinetic Considerations. If we neglect reactions be

tween products, a simplified mechanism for hydrogen 
production in the photosensitized decomposition of 
gaseous C6H i2 +  CôD^ mixtures can be written as

Hg*(63Pi) +  C6Hi2 -------
Hg(61 * *So) +  H +  CeHu ( 1 )

Hg*(68Pi) +  C6D12-------
Hg^So) +  D +  C6Du ( 2 )

H +  C6H12— ► H2 +  C6Hu ( 3 )

H +  C6D12 -—>  HD +  CVDn ( 4 )

D +  CeHi2 -—>  HD -(- CfH ii ( 5 )

D +  CeDu ■ >• D2 +  CeDn (6)

The rates of production of H2 and D2 in any system, 
pure or mixed, are

d(H2) , rmrrtTT i d(D2) , rT̂ 1rr1T̂  ,—— — fc3[H][C6Hi2]; ~~rr~ — &6[D][C6Di2J di di

(where concentrations of the reactants are expressed in 
mole fraction), so that

= &4 [H][C6D 12] +  h  [D][C6H12] = 
di

W D g ] d(H2) fc5[C6H12] d (P 2)
fc6[C6H12] di +  fc6[C6Di2] di

Consequently, one may write the relationship

h[C£>a] F(H2) h[C«H-n] $ (P 2) = 
fc3[C6H12] F (HD) +  fc6[C6D 12] F(HD) ( j

Thus, a plot of [C6Di2]$(H2)/[C6H12]$(HD) as ordinate 
vs. [C6H12]$(D2)/[C6D12]F(HD) as abscissa should give 
a straight line with values of fc4/fc3 and fcs/fc6 determi
nable from the intercepts on ordinate and abscissa, re
spectively. Figure 2 shows such plots for data ob
tained in exposures at 12, 30, and 77°. In spite of scat
tering, linear relationships at each of the temperatures 
are apparent. The scattering is only partly attribu
table to lack of elaborate temperature control; it is 
mainly the result of extreme sensitivity to the param
eters employed.5 The solid lines shown are least- 
square plots. Table I gives the values of fc3/fc4 and 
h/h  obtained; the results at the different tempera-

[CeHi2]#(D2) n 
(CeD̂ IKHD) •

Figure 2. Analysis of hydrogen composition data.

(5) For example, at [C gD is] < 0.5 the D 2 fraction in the product is
so small (cf. Figure 1) that the abscissa in Figure 2 could be as much
as 30% in error. This statement is true also of the /  values in
Figure 4.
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tures are not sufficiently precise to justify experimental 
evaluation of the corresponding differences in activa
tion energy in this way.

Table I : Ratios of Atomic Abstraction Rate Constants“ 
Obtained from Plots in Figure 2

Temp., °C. ki/ki ks/ks

12 ±  0.4 15 16
30 ±  1 9 9
77 ±  3 7 7

“ C f .  Appendix.

The more extensive data obtained at 12° may be con
sidered more reliable in toto than those reported for 
higher temperatures. Simple computations from col
lision theory for that temperature give the relationship 
between activation energies, Ei — E% ~  Ee — E& ~  1.6 
kcal. There are not many recent experimental results 
available on such isotopic abstraction reactions for 
comparison with our data. However, McNesby* 13 6 has 
reported results on isotopic effect in abstraction reac
tions of methyl radicals with ethane, ethane-d6, and 
ethane-1,1,1-ds. His results seem to be in qualitative 
agreement with ours. For a reaction pair such as

CD3 +  C2H6 — ^ CD3H +  C2H5 (7)

CD3 +  C2D 6 — >  CD4 +  C2D 5 (8)

he reported =  • h,/ks =  exp(1500/1?T). At
12°, ft7//c8 =  14. McNesby also concluded that the 
same relationship applies to similar abstraction reac
tions of methyl radicals in a number of systems. For 
a different type of hydrocarbon, C6H5CHDCH3, Herk 
and Szwarc7 reported AE =  1.56 kcal. for the abstrac
tion of H and D atoms by CH3 radicals and 1.1 to 1.7 
kcal. in a few other systems.

The value of fci/fc2 may be calculated from

h  =  HER) [C ,PM] 1 +  fc4[C6D 12]/fc3[C6H12] 
fc2 $ (D 2) [C6H12] 1 +  fc5[C6H12]/fc6[C6D 12] ( j

Substitution of k3/ki =  15 and k3/h =  16 gives ki/k2 —
13 at 12° (average of values calculated at four mole 
fractions of CeDi2: 0.50, 0.65, 0.706, 0.857).

Similar isotope effects have been reported by Dorf- 
man and co-workers8 for Hg-photosensitized decom
position of C4H10-C 4D io mixtures. It was found that 
for the reactions in butane, analogous to our reactions
1-6, k\/k2 ~  ki/ki «  kz/kt, ~  20. Those authors specu
late that the value of k3/k2 may indicate a mechanism 
involving abstraction by excited mercury to form HgH

and HgD in the primary process. Gunning and his 
co-workers9 have reported isotope effects in quenching 
of Hg*(63Pi) by a large number of substances and give a 
value of 14.3 at 25° for C6H i2 relative to C6D i2. They 
relate the efficiency of energy transfer to the chemical 
nature of Hg*(63Pi).10 For saturated hydrocarbons 
good agreement is obtained between measured isotope 
effects in quenching and those calculated from absolute 
rate theory, assuming a linear transition state (C - 
H-Hg) for quenching that would also be applicable to an 
abstraction reaction.

We have not been able to obtain ratios such as fc3//c6 
from our data.

The accuracy of the calculated rate constant ratios 
depends on the extent to which processes other than 
those assumed (e.g., combination at the walls or dispro
portionation of hydrogen atoms with cyclohexyl radi
cals) contribute to hydrogen formation. By examina
tion of the kinetics of the possible competing processes, 
choosing plausible values for the various kinetic param
eters, it is possible to argue that hydrogen formation 
by such other processes would not be sufficient to affect 
the calculated rate constant ratios appreciably. In 
view of the numerous uncertainties involved, such de
tailed and extensive examination does not seem justi
fied. A high order of accuracy is not claimed for the 
rate constant ratios. Nevertheless, agreement with 
comparable published values (in some cases for quite 
different experimental conditions; cf. ref. 8) is reason
ably good. In the next section, the behavior of /  
values is shown to conform with that expected on the 
basis of the calculated rate constant ratios.

Distribution Parameter f. We define a parameter
(H D )2

J (H2)(D 2) 1 ;
where the quantities in parentheses signify yields in any 
arbitrary units in any single experiment. It can be 
shown from the expressions for rates of H2, D2, and HD 
production that for relatively small production of those 
compounds

/  =  +  k*2Y +  (IV )11

(6) J. R. McNesby, J. Phys. Chem., 64, 1671 (1960).
(7) L. Herk and M. Szwarc, J. Am. Chem. Soc., 82, 3558 (1960).
(8) E. G. Spittler, P. Jordon, L. M. Dorfman, and M. C. Sauer, Jr., 
J. Phys. Chem., 67, 2235 (1963).
(9) M. G. Bellas, Y. Rousseau, O. P. Strausz, and H. E. Gunning, 
J. Chem. Phys., 41, 768 (1964).
(10) Y. Rousseau, O. P. Strausz, and H. E. Gunning, ibid., 39, 962 
(1963).
(11) This is a general equation applicable in any similar case where 
H2, HD, and Dj are formed exclusively by atom abstraction reactions 
(or their equivalent) and where all C-H bonds in the hydrocarbon 
(as well as all C-D  bonds in the deuteriocarbon) are equivalent.
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where

fa k¡ T" (k$ — fa)No 
fa fa -(- (fa — fa) No

(V)

in which No is the mole fraction (of hydrocarbon) which 
is completely deuterated.12

When scavenger S (such as cyclohexene, which is a 
product) is present and scavenging reactions such as

H +  S — > SH (9)

D +  S — >  SD (10)

must also be considered, /  has the same form as in (IV), 
except that reactions 9 and 10 must be specifically con
sidered. For [S] «  [C6H12 +  C6D 12], Fhas the form

Y = Ys
fa kz +  (kfi — k/)No +  fcioVs
f a  k z  +  (/04 — f a )  N o  H- k $ N s

(VI)

where Vs is the mole fraction of scavenger.
In the present case, eq. V is an adequate description 

of Y. Nevertheless, the behavior of /  can be com
plicated. For the condition fa/fa = fa/fa, Y = fafa/ 
fafa so that (irrespective of concentrations) /  has the 
constant value

. 2 , fa/fa fa/fa _
kz/ki fa/fa ’

kz/ki =  fa/k 6

The value of the constant depends on fa/fa. Its mini
mum value (when fa/fa =  kz/ki) is 4.

Successive differentiation of eq. IV  with detailed 
examination of the meaning of the results yields precise 
notions as to the allowed values of fa/fa, kz/ki, and fa/fa. 
Thus, it can be shown that the complete curve of /  vs. 
V d (extending into the experimentally unrealizable 
regions where V d <  0 and V d >  1) has both a maximum 
and a minimum. Irrespective of the actual k values, 
the b values rather surprisingly are

/m ax =  0

/m in  = 4: fafa/fafa

It appears that the location of die maximum is without 
experimental significance but that the value of the 
minimum is a criterion of mechanism and that its loca
tion reveals much regarding isotope effects. The treat
ment, of course, considers only cases in which the k 
values are positive.

The location of / max is worthy of note. Figure 3 
shows a curve in which the values taken are fa/fa = 1 3  
(note use of eq. II), fa/fa =  16, and k3/ki =  15. The 
maximum occurs between discontinuities at V d =  
f a / (fa — k/) and fa/(fa — fa), i.e., in the case shown be
tween the unrealizable 16/15 and 15/14.

V d .

Figure 3. Illustration of the predicted dependence of 
distribution parameter /  on mole fraction of c-CeD^ 
for k i / k z  =  13, k z / f a  =  15, and fe/fe = 16;
/  —► 4.2872 as Nj> - * ■  ± °°.

By contrast, / m¡n is under certain conditions experi
mentally observable, and its location has mechanistic 
and quantitative implications. We define a new 
quantity, /least, the lowest experimentally observable 
value (i.e., in the range 0 <  V d <  1); /least ^  /min.

For the results of kinetic analysis at 12° shown in 
Table I, fmin =  4.267 (theoretical). The location of 
/min depends on the value of fa/fa. With fa/fa >  fa/fa, 
there are three cases to consider.

Case 1: fa/fa <  fa/fa. In this case, / m¡n lies outside 
the realizable range of V d, and /  increases as V D in
creases from 0 to 1.

Case 2: fa/fa ^  fa/fa g  fa/fa. In this case, fm¡n 
falls within the realizable range and shifts from location 
at V d =  0 for fa/fa =  fa/fa to location at V D = 1 for 
fa/fa  =  fa/fa.

Case 3: fa/fa >  fa/fa. In this case, f m ¡n lies in the 
unrealizable range between V d =  1 and V d = fa/ (fa — 
fa). The function /  decreases as V d increases from 0 
to 1.

Unfortunately, /  is very insensitive to change in V d 
within the experimentally realizable range for fa/fa ~ 
fa/fa. Values of /  calculated from the experimental 
data at 12° are plotted in Figure 4. The dotted line 
represents the theoretical curve of Figure 3. Although 
there is considerable scatter in the experimental points, 
the data plot of Figure 4 does confirm an all-atomic 
mechanism with near equality of fa/fa and fa/fa but

(12) It is assumed in eq. V that the mole volume of the hydrocarbon 
is practically independent of the hydrogen-deuterium ratio; e.g  
it has the same value for both C6H12 and C6D12.

Volume 69, Number 6 June 1965



2032 R obert R. Hentz, Joseph Y. Chang, and M ilton B urton

Figure 4. Distribution parameter /  in mixtures 
of c-C6Hi2 and c-C6Di2.

does not permit any precise confirmation of the value 
of ki/k2.

Comparison with Radiolysis and Photosensitized De
composition of Liquid. The /  values for photosensitized 
decomposition of the vapor mixtures contrast sharply 
with /  values obtained from liquid phase data on radi
olysis and photosensitized decomposition; cf. Figure 4. 
The solid curve represents unpublished results ob
tained by irradiation with high-energy radiations. 
Data points are presented for three results of the Hg- 
photosensitized decomposition of the liquid at 48°; in a 
single experiment at 15° a value of /  =  1.73 was ob
tained at Nd — 0.77. Any possible temperature effect 
is outside present interest. It is sufficient to note that 
ks/ki is approximately equal to k5/k6 in the range 12 to 
77° in gas phase experiments (cf. Table I); therefore, 
the criterion of an all-atomic mechanism remains / min gt 
4 over this temperature range. Note also that all four 
/  values obtained in liquid-phase Hg photosensitization 
lie below the /  values obtained in room temperature 
radiolyses for the same values of N d -

The occurrence of processes which yield H2 and D2 in 
a single decomposition act (so-called “ molecular” 
processes), e.g.

C6H12-------------^ H2 +  C6H10 (11)

CeDi2 — • • • >  D2 -f- CeDio (12)

in addition to reactions 3-6, can explain such data.13 
If Fa and Fa represent the fractions of C6Hi2 and C6Di2 
decompositions, respectively, that form hydrogen via 
an atomic mechanism (•i.e., reactions 3-6) then

W d +  k^YF-g2 +  (fc62/F )F D2 
kzk6(l +  ß) (VII)

where

H I  -  A p )(l -  Fp) k tN o j l -  F H)
P hNv +  k»(l ~ No) +

fc4fc5( l — Fh)(1 — Fjf) ( y j j j )
kzks

Clearly, /  =  0 at N o  =  0 and N o  =  1; therefore, there 
must be a maximum within the experimentally realiz
able range of N o ,  as is seen to be the case in Figure 4. 
It is possible by successive differentiation of /  in eq. 
VII with respect to N d  to obtain a relationship between 
N o  at the maximum and the ratio (1 — FH)/(1  — F o ) ,  
which would permit an estimate of the relative contri
butions of “ molecular”  processes for comparison with 
measurements in radiolytic studies at the extremes of 
the N o  range13; however, the accuracy with which the 
maximum is in this case located does not appear ade
quate to warrant such an analysis.

Examination of eq. VII shows that, for any value of 
N o ,  as Fh or F o  or both become smaller (i.e., as “ mo
lecular”  processes contribute more), /  decreases.

In radiation chemistry one can account for processes 
like (11) and (12) as representing both some decomposi
tion directly into molecules14 and reactions of sibling 
atoms and radicals while they are still within the 
spur15; i.e., for example

C6H12----------->  (C6H „ +  H) — > C6H10 +  H2 (13)

The distinction between the two processes may be 
purely semantic. The evident increased importance of 
the apparently “ molecular”  process in the case of Hg 
photosensitization may be rationalized in straight
forward fashion. Results have been presented13'16 
which indicate that most of the hydrogen in radiolysis 
of cyclohexane is formed, in reactions 3-6, via “ hot”  
hydrogen atoms and but little by thermal hydrogen 
atoms. Such “ hot”  hydrogen atoms would conform to 
the atomic mechanism with little or no isotope effect, 
and /  would always exceed 4. Therefore, only the 
small truly molecular yield and the small yield of ther
mal hydrogen atoms reacting in the spur, as in reaction 
13, contribute to the ’ ’molecular”  yield in radiolysis. 
In the Hg-photosensitized decomposition a transient 
HgH may be formed with considerably lower prob
ability of escape from the sibling radical than that of

(13) This conclusion was reached independently by P. J. Dyne and 
W. M. Jenkinson, Can. J. Chem., 39, 2163 (1961), and by J. Y. Chang 
and M. Burton in unpublished work; cf. paper presented at 137th 
National Meeting of the American Chemical Society, Cleveland, 
Ohio, April 1960; also J. Y. Chang, Ph.D. Thesis, University of 
Notre Dame, June 1958.
(14) P. J. Dyne, J. Phys. Chem., 66, 767 (1962).
(15) J. W. Falconer and M. Burton, ibid., 67, 1743 (1963).
(16) S. Z. Toma and W. H. Hamill, J. Am. Chem. Soc., 86, 1478 
(1964).
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any hydrogen atom. Thus, the important “ molecular”  
mechanism in mercury photosensitization would be in 
this case

Hg* +  C6H12 — ►  (HgH +  C6Hu) —>
Hg +  H2 +  C6H10 (14)

and a similar reaction for CeDi2. Kuntz and Mains 
have presented evidence for HgH in Hg-photosensitized 
decomposition of liquid hydrocarbons.17

As mentioned in the discussion following eq. V I,/h as 
a minimum value when k\/k2 =  kz/ki =  k6/k6. Be
cause the primary isotope effect in radiolysis (equivalent 
to ki/k2) would be appreciably smaller13 than that for 
mercury photosensitization, the value of /  in radiolysis 
for any particular mixture and for any particular 
values of FH and of Fn must be greater than in pho
tolysis. Thus, the relationship of the two lower curves in 
Figure 4 is what may be expected on such basis alone. 
It is not possible with the data at hand to make a direct 
comparison of FH and Fd in those cases.

Acknowledgment. We are greatly indebted to Dr.
J. W. Falconer for helpful criticism during the prepara
tion of this paper for publication.

Appendix

The C6Di2 sample used in this work contained 7.4% 
of C6DnH as isotopic impurity. Photosensitized de

composition of such samples by Hg vapor produces iso
topic hydrogens containing 1.1% of H2 and 17.1% of 
H D; i.e., there is a very large isotopic effect. We 
have in other (unreported) cases corrected for similar 
effects attributable to such isotopic impurities. Quali
tative calculations performed in the present case 
showed that the effect of the C6D UH impurity is im
portant only at very small concentration of C6Hi2 (i.e., 
< 5% ). This result is not unexpected on the basis of 
the observed very large isotopic abstraction ratio (cf. 
h/h  and fc6/fc6) and the large ratio of primary decom
position constants, ki/k2. In mixtures containing 
more than 5% of C6Hi2, the production of H atoms from 
C6D iiH is extremely small compared with that from 
reaction 1. A similar argument applies in considera
tion of secondary abstraction reactions. Because in all 
but one mixture used in this work the C6Hi2 content is 
greater than 10 mole % , corrections for the effect of iso
topic impurities are not expected to change the numeri
cal results reported.

Repeated irradiation of a CeD^ sample gave hydro
gen products of decreasing H content, consistent with 
the large isotope effects observed. Such a procedure, 
followed by purification of the irradiated sample, could 
be utilized to minimize the H content of perdeuterated 
hydrocarbons.

(17) R. R. Kuntz and G. J. Mains, J. Am. Chem. Soc., 85, 2219 (1963).
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Radiolysis of Benzene and Benzene-Cyclohexane Mixtures in the

Presence of Nickel Tetracarbonyl

by Helmut F. Barzynski, Robert R. Hentz, and Milton Burton

Department of Chemistry and the Radiation Laboratory,1 University of Notre Dame, Notre Dame, Indiana 4-6556 
(.Received January 9, 1965)

G values of hydrogen and biphenyl formation in 7-irradiated mixtures of benzene and 
nickel tetracarbonyl show that some excited benzene species are protected against de
composition by nickel tetracarbonyl. It is argued that two kinds of primary process 
contribute to the hydrogen yield: (1) a rapid unimolecular elimination of molecular hydro
gen that is not quenched by carbonyl; (2) a process giving a second-order hydrogen yield 
that is associated with biphenyl formation and is quenched by carbonyl. Yields were 
determined for the major radiolysis products from benzene-cyclohexane mixtures con
taining nickel tetracarbonyl at fixed electron fraction (e 0.68) at different electron frac
tions of each hydrocarbon in the range e 0 to 0.32. At e (nickel tetracarbonyl) 0.68 most 
of the cyclohexane decomposition is inhibited; the residual decomposition of the cyclo
hexane is to a major extent by rearrangement to ultimate molecules and to a 
minor extent by rupture into free radicals and atoms. These residual decomposition 
processes are not appreciably quenched by further addition of either protective agent. 
The suppression of products by benzene, in this case, represents actual scavenging of free 
radicals and atoms.

Introduction

Nickel tetracarbonyl seems to possess remarkable 
resistance to decomposition by ultraviolet light2 and 
7-radiation.3 Flash photolysis studies indicate that 
this appearance of resistivity is the result of a rapid 
back reaction between the primary decomposition 
products, nickel tricarbonyl and carbon monoxide.4 
The fact that nickel tetracarbonyl has an electron- 
impact ionization potential of 8.64 e.v.,5 below that of 
either benzene or cyclohexane, suggests that it can act 
as a chemically inert energy sink and thus, by its 
presence, protect other substances from radiolysis. A 
study of the radiolysis of mixtures of cyclohexane and 
nickel tetracarbonyl has indeed shown that the latter 
protects cyclohexane very effectively.6 The possi
bility that it might likewise truly protect a protective 
agent like benzene is intriguing. Accordingly, this 
paper reports a limited study of the radiolysis process 
in solutions of nickel tetracarbonyl containing benzene 
and benzene plus cyclohexane.

Experimental
Phillips Spectrograde cyclohexane was purified by 

successive steps of distillation through a spinning- 
band column and by preparative vapor-phase chro
matography with a silicone grease column (Aerograph 
Autoprep Model 700). Benzene was purified by crys
tallization. K  and K nickel tetracarbonyl was used 
without further purification.

Five-milliliter samples, in glass ampoules fitted with 
breakseals, were degassed by repeated freeze-thaw 
cycles on a vacuum line prior to seal-off and then

(1) The Radiation Laboratory of the University of Notre Dame is 
operated under contract with the Atomic Energy Commission. This 
is A.E.C. document no. COO-38-368.
(2) A. P. Garratt and H. W. Thompson, J. Chem. Soc., 1817 (1934).
(3) H. Barzynski and D. Hummel, Z. physik. Chem. (Frankfurt), 
38, 103 (1963).
(4) A. B. Callear, Proc. Roy. Soc. (London), A26S, 71 (1961).
(5) R. E. Winters and R. W. Kiser, Inorg. Chem., 3, 699 (1964).
(6) H. Barzynski and D. Hummel, Z. physik. Chem. (Frankfurt), 39, 
148 (1963).
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irradiated in a 10-kc. 60Co source at a dose rate of 
~ 2  X 1018 e.v. g ._1 min.-1 depending on the electron 
density of the solution. For solutions of nickel tetra- 
carbonyl in benzene doses up to 3.6 X 1020 e.v. g.“ 1 
were used, and for solutions in benzene plus cyclohex
ane doses up to ~ 2  X 1021 e.v. g.-1 were used. Dosage 
was established by Fricke dosimetry using (?(Fe+3) =
15.6 and a correction factor equal to the electron density 
of the particular solution relative to that of the dosim
eter. A small amount of carbon monoxide is formed 
in unirradiated samples as the result of thermal de
composition; it was found that such an amount was 
without effect on the radiolysis of the pure hydrocarbons. 
The amount of carbon monoxide in irradiated samples 
was not measurably different from that in uri irradiated 
samples and was independent of dose.

Mass spectrometric analysis of gas noncondensable 
at —196° gave the hydrogen yields. Liquid products 
were determined by liquid-vapor chromatography. 
No products related to nickel tetracarbonyl could be 
detected.

Results

Figure 1 shows plots of G values (100-e.v. yields) of 
hydrogen and biphenyl as a function of electron frac
tion,7 e, of Ni(CO)4 dissolved in benzene. Chromato
graphic peaks corresponding to hydrogenated bi
phenyls were observed, but positive identifications were 
not made. Ni(CO)4 reduced Tie hydrogenated bi
phenyl areas much more than the biphenyl areas. 
At e[Ni(CO)4] <  ~0.20, irradiation caused the samples 
to become yellow. Addition of irradiated benzene to 
unirradiated Ni(CO)4 did not yield a yellow color.

Figures 2 and 3 show G values for the major radioly
sis products in solutions of Ni(CO)4 in benzene plus 
cyclohexane. In this portion of the work the Ni(CO)4 
electron fraction was fixed a t '—-0.68; the electron frac
tion of each hydrocarbon was varied from zero to 
~0.32. The abscissas show the electron fraction of 
benzene relative to that of total hydrocarbon in the 
solution.

Discussion
Nickel Tetracarbonyl and Benzene. With the objec

tive of generality, we present the equations

S — *— > S* (0)

S* -—> S (1)

S* +  D -—> S +  D* — >  S +  D (2)

S* +  B - —> S +  B ' (3)

S* +  B - ->  S +  B " (4)

B ' — > alia T- b(j>2 (5)

B ' +  D — ► B +  D (6)

B "  -- >  cH2 (7)

B "  +  D — > B +  D (8)

Reaction 0 represents energy deposition in the system 
S to give some unspecified state (or compendium of 
states) S*. Reaction 1 represents all internal conver
sion processes of S* which do not yield product. Reac
tion 2 represents quenching of the excited system (i.e., 
unproductive dissipation of the energy of the system) * 12

0 0.2 0.4 0.6 0.8 1.0
e (nickel tetracarbonyl).

Figure 1. Hydrogen and biphenyl yields in mixtures of 
benzene and nickel tetracarbonyl.

0 0.2 0.4 0.6 0.8 1.0
e (benzene) Telative to total hydrocarbo

Figure 2. Hydrogen and cyclohexene yields in mixtures of 
benzene, cyclohexane, and nickel tetracarbonyl with carbonyl 
electron fraction equal to 0.68 in all mixtures.

(7) No special significance is attached to the use of electron fraction 
as a measure of relative concentration. It is selected entirely 
as a convenience because so much other work has been reported on this 
basis. Certainly, in this case, its use appears without special theo
retical significance. Cf. A. G. Maddock, Discussions Faraday Soc.,
12, 118 (1952); M. Burton, ibid., 36, 7 (1963).
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0 0.2 0 .4 0.6 0 .8  1.0
€ (benzene) relative to total hydrocarbon.

Figure 3. Bicyclohexyl, biphenyl, and phenylcyclohexane 
yields in mixtures of benzene, cyclohexane, and nickel 
tetracarbonyl with carbonyl electron fraction 
equal to 0.68 in all mixtures.

by localization of energy on molecules of the protective 
agent D, in this case Ni(CO)4. Reactions 3 and 4 are 
processes in which energy of the excited system is 
localized on molecules of B (i.e., benzene) to yield two 
excited states of the latter. The fraction of deposited 
energy localized on B is determined by some unspecified 
function of Ni(CO)4 concentration, f0([D]).

Figure 1 shows that biphenyl yields are reduced by 
added carbonyl to a considerably greater extent than are 
hydrogen yields. Consider that some function of Ni- 
(CO)4 concentration, f([D ]), other than electron frac
tion, exists and may be chosen as abscissa in Figure 1 
so that each point on the hydrogen curve would be 
translated horizontally to the dashed hydrogen line. 
Then each corresponding point on the biphenyl curve 
would be translated an equal number of units along the 
abscissa. Cursory examination of Figure 1 shows that 
the biphenyl curve would still fall well below the dashed 
biphenyl line. Thus, even if f( [D ]) were identical with 
fe([F>]),8 the conclusion would be that there must be a 
process involving localization of excitation in benzene 
molecules which thereupon yield biphenyl and that 
such excited benzene molecules are quenched by 
Ni(CO)4. This reaction (6) is not to be confused with 
reaction 2.

According to Dyne and Jenkinson,9 G(H2) =  0.038 
from benzene can be separated into a first-order (?i =
0.02 and a second-order (?2 =  0.018. It seems likely 
that any second-order process which gives hydrogen 
would be associated with biphenyl formation, for 
example

C6H6+ +  C6H6 (C6H6)2+ +  H2 

2C6H6* (C6H6)2 +  H2

C6H 6* — > C6H5 +  H

The effect of suppression of such reactions by Ni(CO)4 
would be corresponding reductions of hydrogen and bi
phenyl yields. The actual amounts of reduction would 
depend on the competing processes by which the free 
radicals and atoms might otherwise disappear. Fur
ther, it seems reasonable that G\ would correspond to a 
process not associated with biphenyl formation (e.g., 
C6H6* C6H4 -f- H2). A logical inference is that 
f([D ]) ^  fe([D]) and that to some degree, after locali
zation of energy on benzene, nickel carbonyl suppresses 
a second-order hydrogen yield associated with biphenyl 
formation. Thus, excited benzene may decompose in 
two processes to yield both H2 and $2 in one reaction (5) 
or just H2 in the other (7). The processes 6 and 8 
are quenching (i.e., protective) processes; it is assumed 
consistently with the small effect of Ni(CO)4 on H2 
yield that the rate r8 =  0.

In benzene, neither radiosensitized decomposition of 
metal perphenyls10 nor radiosensitized luminescence 
of scintillators11 affects product yields from the ben
zene itself. Such results tend to confirm the notion that 
decomposition in irradiated benzene occurs very rapidly 
either before neutralization of the parent ion or from 
a highly excited molecule. Thus, interference with 
such decomposition processes requires the presence 
of a sufficiently high concentration of additive either to 
compete with localization of energy on benzene and thus 
to prevent formation of the labile species or to compete 
by energy transfer with the rapid decomposition of the 
labile species after localization. The states involved in 
decomposition of benzene are clearly not those in
volved in luminescence studies; for the latter, a 
long lifetime exceeding 15 nsec, has been measured.10-12

Appearance of a yellow color at low concentrations of 
carbonyl suggests some reaction of carbonyl with a 
benzene species, formation of which is suppressed at 
higher carbonyl concentrations.

Nickel Tetracarbonyl and Benzene Plus Cyclohexane. 
In cyclohexane at 0.01 electron fraction of carbonyl, 
the value of (?(C6Hi0)/Cr(Ci2II22) remains essentially 
the same as in pure cyclohexane, 1.7, but the G values 
are reduced by 75%.6 Such a result suggests a com

(8) Note that f ( [D ]) would then correspond to a relative cross sec
tion for localization of deposited energy on benzene less than that 
corresponding to the use of electron fraction; use of electron frac
tion corresponds to a relative cross section that is one-half of that 
corresponding to the use of mole fraction.
(9) P. J. Dyne and W. M. Jenkinson, Can. J. Chem., 40, 1746 
(1962).
(10) D. B. Peterson, T. Arakawa, D. A. G. Walmsley, and M. 
Burton, to be published. For sensitized decomposition of metal 
perphenyls, G ~  1 at concentrations of ~1 mole %.
(11) M. Burton and W. N. Patrick, J. Chem. Phys., 22, 1150 (1954); 
C. Reid, ibid., 22, 1947 (1954).
(12) Recent results of M. A. Dillon from this laboratory.
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mon precursor for most of these products.13 How
ever, at 0.68 electron fraction of Ni(CO)4, 6r(Of,IIw) /  
(7(Ci2H22) becomes 6.4 (cf. Figures 2 and 3). It ap
pears that processes of energy deposition and locali
zation, as well as the nature of the species involved in 
decomposition and energy-transfer processes, may be 
quite different at very high carbonyl concentrations.

Figures 2 and 3 show that reduction of bicyclohexyl 
yield relative to that of cyclohexene is accentuated by 
the addition of benzene. Such results suggest the 
existence, at 0.68 electron fraction of Ni(CO)4 in cyclo
hexane, of two residual cyclohexane decomposition 
processes not readily quenched by further addition of 
any protective agent

CeHj,-------- C6H10 +  H2
CeHj,-------->  C6Hu +  H

The “ molecular”  reaction is apparently predominant.

The suppression of all yields and formation of C6Hn- 
C6H6 is then understandable in terms of scavenging of 
H and C6Hn by benzene ; the small reduction of cyclo
hexene yield is consistent with a disproportionation to 
combination ratio of 1.3-1.5.14 15 The curves of dimer 
yields are similar to those in benzene-cyclohexane 
mixtures without additive.18 However, the maximum 
(t(C6HuC6H5) occurs at 0.25 electron fraction of benzene 
in excess carbonyl as compared to 0.12 in the system 
with no additive.18 This result is consistent with con
siderably greater excitation localization on benzene in 
the mixtures free of carbonyl as compared to mixtures 
in which carbonyl completely quenches states of cyclo
hexane responsible for most of the product yields.

(13) S. Z. Toma and W. H. Hamill, Am. Chem. Soc., 86, 1478 
(1964).
(14) J. W. Falconer and M. Burton, J. Phys. Chem., 67, 1743 (1963) ; 
C. E. Klots and R. H. Johnsen, Can. J. Chem., 41, 2702 (1963).
(15) T. Gaeumann, Helv. Chim. Acta, 44, 1337 (1961).
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Mechanism of the Oxidation of Reducing Sugars (Hexoses) by 

Hexacyanoferrate(III) in Alkaline Medium and Lobry de Bruyn Transformation

by Narendra Nath and M . P. Singh

Department of Chemistry, University of Allahabad, Allahabad, India {Received January 6, 1966)

A general mechanism for the oxidation of reducing sugars (aldo- and ketohexoses) by alka
line potassium ferricyanide has been proposed. The rate equation has been derived as 
— d[Fe(CN)6_3]/di =  fc[S][OH~] where [S] is the concentration of reducing sugar. Fur
ther, a single scheme governing the oxidation, as well as the interconversion of reducing 
sugars through a common intermediate, 1,2-enediol, has been advanced, which further 
suggests that the rates of oxidation of aldo and keto sugars are their corresponding rates of 
enolization.

Introduction
In recent years several oxidizing agents, specific and 

selective to varying degrees, have been added to the 
literature of organic chemistry. Selenium dioxide, 
aluminum alkoxide, osmium tetroxide, organic per- 
acids, and potassium ferricyanide have greatly en
hanced the skill of the organic chemist in introducing 
and attacking particular groups in simple or large 
molecules.

Potassium ferricyanide falls into the class of oxidizing 
agents comprising ceric sulfate, ammoniacal silver 
nitrate, and Fehling’s solution, in all of which the oxi
dizing species is a complex electron-abstracting ion.

[Fe(CN)6]-3 +  e — > [Fe(CN)6] - 4

Consequently, ferricyanide has been used in systems 
obviously favored for oxidation in this manner, that 
is, extraction of an electron from an electron-rich site.

Most of the works in connection with the kinetics of 
oxidation of reducing sugars have been done by using 
halogens1’2 in alkaline and acidic media as oxidizing 
agents. In these oxidations the aldo sugars are oxi
dized directly to their corresponding aldonic acids as 
shown

RCHO +  I2 +  3NaOH — >
RCOONa +  2NaI +  2H20

Ingels and Israel3 have studied the kinetics of oxida
tion of simple monosaccharides as well as disaccharides

by alkaline hypoiodide. Isbell and co-workers,4’5 
while studying the kinetics of oxidation of different 
anomeric pairs of aldoses with aqueous bromine, found 
in general that /3-forms react faster. Ingels and Israel3 
have also reported that under certain conditions (pH 
about 9.2), the /3-D-form is oxidized approximately 28 
times faster than the a-D-anomer. However, Reeve6 
has reported that the rate of mutarotation of the free 
sugars is greatly enhanced in alkaline solutions and, 
beyond the pH range of 11.8, becomes much faster than 
oxidation, the result being that under these circum
stances both forms are oxidized at identical rates.

Further, the systematic studies of the kinetics of oxi
dation of D-glucose, D-galactose, D-fructose, L-arahinose, 
and D-xylose by cupric tartrate and cupric citrate in 
presence of sodium hydroxide were made in this labora
tory by Singh, Krishna, and Ghosh.7’8 They have 
reported that the reaction is first order both with respect 
to the reducing sugar and hydroxyl ion and zero order 
with respect to the cupric complex. They have further 1 2 3 4 5 6 7 8

(1) J. W. Green, Advan. Carbohydrate Chem., 3, 129 (1948).
(2) F. Shafizadeh, ibid., 13, 9 (1958).
(3) O. G. Ingels and E. C. Israel, J. Chem. Soc., 810 (1948).
(4) H. S. Isbell and W. W. Pigman, J. Res. Natl. Bur. Std., 10, 337 
(1933).
(5) H. S. Isbell and W. W. Pigman, ibid., 18, 141 (1937).
(6) K. D. Reeve, J. Chem. Soc., 172 (1951).
(7) M. P. Singh, B. Krishna, and S. Ghosh, Proc. Natl. Acad. Sci., 
India, A28, 21, 39 (1959).
(8) M. P. Singh, B. Krishna, and S. Ghosh, Z. physik. Chem., 204, 
1 (1955); 205, 285 (1956); 208, 265 (1958).
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observed that the reaction rate has an induction period 
and there is an autocatalysis due to the cuprous oxide 
produced in the system.

Marshall and Waters9 have studied the kinetics of 
D-glucose and acetoin oxidation by bivalent copper 
complexed with sodium and potassium tartrates, 
sodium citrate, and picolinic acid in presence of sodium 
hydroxide and sodium carbonate and have confirmed 
the results of Singh, Krishna, and Ghosh in case of d -  
glucose.

Experimental

The mixture of potassium ferricyanide and alkali 
was kept in a black-coated Jena bottle maintained at 
constant temperature within the limits of ±0.1° 
by an electrically operated thermostat, and the fresh 
solution of reducing sugar was also kept separately 
in the same bath to attain the temperature of the 
bath. The reaction was started by adding the quantity 
of sugar, and the time was measured with the stop
watch. Immediately, 10 ml. of the aliquot was taken 
out and poured into a beaker containing 5 ml. of 2 IV 
sulfuric acid (Analar) to check the reaction. Then 
the remaining ferricyanide was titrated iodometrically. 
All the reducing sugars were of E. Merck grade except 
D-glucose which was of B.D.H. (Analar) grade. Also 
the potassium ferricyanide and sodium hydroxide used 
were of B.D.H. (Analar) grade. The number of 
equivalents of potassium ferricyanide required by one 
equivalent of D-glucose and D-fructose was found to be 
four. The experimental procedure has already been 
published.10

Results and Discussion

(a) Kinetics of Oxidation of Reducing Sugars by 
Alkaline Ferricyanide. The present authors10-12 have 
studied the kinetics of oxidation of three aldohexoses 
(D-glucose, D-galactose, and D-mannose) and two 
ketohexoses (D-fructose and L-sorbose) by ferricyanide 
in presence of sodium hydroxide. It has been observed 
that the order of the reaction is aero with respect to the 
ferricyanide ion and first order both with respect to the 
reducing sugar and the hydroxyl ion. The reaction 
has also a small induction period which practically 
disappears by carrying out the reactions in an atmos
phere of nitrogen. Hence, it has been concluded 
that this small induction period is due to the presence 
of oxygen, which partly oxidizes the ferrocyanide 
initially produced to ferricyanide.

The summarized tables (I—III) justify the preceding 
experimental results.

In all the sugars studied so far, the kinetics of the

Table I : Effect of Varying the Ferricyanide 
Ion Concentration“

Over-all Mean
conen. of zero-order

Temp., Over-all conen. of sugar ferricyanide k „  X 10«,
°C. and alkali X IO4, M ilf-1 min.

D-Glucose 0.01 M 20.00 24.39
30 NaOH 0.01 N 25.00 25.63

33.00 24.58

D-Galactose 0.01 M 20.00 32.90
30 NaOH 0.025 N 25.00 31.60

33.00 31.40
50.00 31.50

D-Mannose 0.005 M 20.00 33.80
35 NaOH 0.051V 25.00 32.09

33.00 32.02

30 D-Fractose 0.005 M 20.00 38.40
25.00 39.60

NaOH 0.0066 N 33.00 34.10

25 L-Sorbose 0.005 M 20.00 34.84
25.00 37.44

NaOH 0.01251V 33.00 37.00

“ Total volume of reaction mixture 200 ml. A perusal of the 
table shows that the reaction rates are independent of ferricyanide 
ion concentration.

reaction is so similar that the present authors are forced 
to formulate a single and simple mechanism.

Since the order of the reaction is zero with respect 
to the ferricyanide ion and first order both with respect 
to the hydroxyl ion and the reducing sugar in all the 
cases, it appears that the first step involves the reac
tion between the hydroxyl ion and the reducing sugar 
leading to the formation of an intermediate enediol 
which is subsequently oxidized by ferricyanide, the 
latter being a comparatively faster process, so that the 
reaction becomes zero order with respect to ferricyanide 
ion. Accordingly, the first step is the slow transforma
tion of the sugar into the intermediate enediol as 9 10 11 12

H
ki

S +  OH- — ^ C— OH
Ai II

(slow) C— OH

R
1,2-enediol

(9) B. A. Marshall and W. A. Waters, J .  C h e m .  S o c ., 2392 (1960).
(10) N. Nath and M. P. Singh, Z .  p h y s i k .  C h e m . ,  221, 204 (1962).
(11) N. Nath and M. P. Singh, i b i d . ,  224, 419 (1963).
(12) N. Nath and M. P. Singh, i b i d . ,  in press.
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Table II : E ffect o f  V aryin g the Sugar C on cen tra tion “

Over-all
Temp.,

°C.
Over-all concn. 
of NaOH, N

concn. of sugar 
X 103, M

ka X 103, 
M ~ 1 min.-1

kB
[sugar]

n-Glucose
20.00 44.26 2.21

30 0.01 10.00 25.63 2.56
5.00 12.69 2.53

D-Galactose
20.00 41.07 2.05

30 0.0166 10.00 23.53 2.35
5.00 12.12 2.42

D-Mannose
10.00 27.34 2.73

35 0.0125 6.66 20.09 3.01
5.00 14.65 2.93

D-Fructose
25 0.0062 10.00 38.85 3.88

5.00 19.65 3.93

L-Sorbose
10.00 53.81 5.38

25 0.01 6.66 41.07 6.16
5.00 29.92 5.98

“ T o ta l volu m e 200 m l.; over-a ll con centration  o f  K 3F e (C N )6 
is 0.0025 M .  F rom  th e tab le  it  is ob v iou s  th a t th e  reaction  
rates are d irectly  proportiona l to  the reducing con centration .

en +  Fe(CN)6- ^

Fe(CN)6-4 +  other reaction products (II)

where S and en represent the reducing sugar and inter
mediate enediol, respectively. Involving steps I and 
II

Table III: E ffect o f  V ariation  o f  H y d rox y l
Ion Concentration

Over-all 
Temp., concn. of

Over-all concn. 
o f NaOH h  x  10=. — ——  X 103

°C. sugar, M X 103, N  M -1 min.-1 [NaOH]

D-Glueose
25.00 54.80 2.19

30 0.01 12.50 31.10 2.48
10.00 23.30 2.33
6.66 16.09 2.41

D-Galactose
25.00 32.04 1.28

30 0.01 16.60 24.06 1.44
12.50 17.50 1.40
10.00 13.01 1.30
8.30 11.13 1.34

D-Mannose
25.00 40.42 1.61

35 0.01 16.60 30.02 1.80
10.00 20.23 2.02
8.30 16.80 2.02

D-Fructose
10.00 52.19 5.22

30 0.005 8.30 47.19 5.68

L-Sorbose
16.60 51.02 3.07

25 0.005 12.50 37.44 2.99
10.00 29.92 2.99
8.30 25.81 3.10
6.66 22.98 3.45

“ Total volume 200 ml. ; over-all concentration of K3Fe(CN)i
is 0.0025 M .  From the results given in the table it is evident 
that the reaction rates are also directly proportional to hydroxyl 
ion concentration.

^  =  0 =  h (S)(O H -) -  fc_i(en) -  
df

fc2(en)(F-s) (1)

at steady state.

d(F~3)
— - 1  =  fe(en)CF-*) (2)

Flowever, from (1)

fc2(en)(F~3) =  fc1(S)(OH") -  fc_x(en) (3)

Substituting (3) into (2) gives 

d(F~3)
— =  fci(S)(OH-) -  fc_i(en) (4)

(F -3) does not appear on the right-hand side. Further, 
ki and k-\ may be of about the same order of magnitude,

but (en) <5C (S)(OH~) during most of the reaction 
because the over-all rate fc_i +  fc2, which uses up en, 
is much larger than the rate kit which produces en. 
Therefore

fci(S)(OH-) »  fc_i(en)

and

d(F~3)
=  fci(S)(OH-)

This explains the direct proportionality of the reac
tion rate with respect to the reducing sugar and hy
droxyl ion concentration and independence of the 
velocity of the reaction on the concentration of the 
ferricyanide ion.

Evidence of an enediol form of sugars in alkaline 
solution is afforded by the ability of alkaline sugar solu-
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tions to take up large quantities of iodine13 by the ob
servation that sugars are oxidized with cleavage be
tween Ci and C2 in alkaline solutions14 15'16 and by the 
studies of the ultraviolet absorption spectra (which 
show a maximum, characteristic of dicarbonyl com
pounds attributed16 to an enediol). Further evidence 
for the formation of an enediol is furnished by the ob
served ability of alkaline solutions of carbohydrates to 
decolorize solutions of 2,6-dichlorophenolindophenol.17

(b) Lobry de Bruyn Transformation. The classical 
transformation of Lobry de Bruyn and Alberda van 
Ekenstein18 is a base-catalyzed enolization giving an 
enediol which may either revert to the starting aldose 
or be converted to epimers of the original aldose. 
Nearly all of the investigations of the kinetics of this 
transformation have failed because of the complications 
imposed by side reactions (aldolization, degradation, 
etc.). The most commendable work is of Nef,14 
Wolfrom and Lewis,13a Sowden and Schaffer,19 and 
Bamford and Collins.20 Bamford and Collins have 
studied the kinetics of interconversion and also degrada
tion of glucose and fructose in strongly alkaline solu
tion. They have suggested the existence of two eno- 
late ions, considered to be in tautomeric equilibrium, 
instead of intermediate enediol.

H 0  \ - H O H \-
\ s  \ /

c C
I. 1 ---- i:I* 1 ---- I:
c — o h ) C—O

R R

They have further calculated the forward and back
ward velocity constants in 1 N potassium hydroxide on 
the following scheme at 25 and 45°.

lactic acid +  saccharinic acid glucose

fructose

lactic
+

saccharinic acid

where c and d are the rate constants of degradation and 
a and b are the forward and backward rate constants for 
interconversion given as follows: a =  0.043 and 0.90 
hr.-1 at 25 and 45°, respectively; b =  0.045 and 0.82 
hr.-1 at 25 and 45°, respectively.

Now, if the rate of enolization is the rate of oxidation 
of reducing sugars, then the entire equilibrium between

D-glucose, D-fructose, and D-mannose may be repre
sented as

D-glucose ^fe- lg

<-

kzi

1,2-enediol form Î  ~ D-fructose
k — 3f

kirn

D-Mannose
fa'

where k f  and k f  are the forward and backward rate 
constants in the interconversion which are equivalent 
to a and b in the data o: Bamford and Collins. kig, ku, 
and kim are the specific rate constants of the oxidation 
of D-glucose, D-fructose, and D-mannose, respectively.

In support of the above mechanism, the following 
experiments were performed by previously treating 
the reducing sugars with alkali for different intervals of 
time, and then the kinetics of oxidation of the mixture 
of the sugars was followed as described below.

A 100-ml. aliquot of the reactants containing sodium 
hydroxide and reducing sugar was kept in the thermo
stat for certain hours as mentioned in the tables given 
below, and then another sample containing 100 ml. of 
ferricyanide previously kept in the thermostat was 
added to study the course of the reaction. From the 
experiment it is evident that during treatment the 
sugar concentration as well as the alkali concentration 
are twice the final concentration while studying the 
course of the reaction. The experimental results are 
given in the Table IV.

A perusal of Table IV shows that, while previously 
treating D-glucose and D-fructose with alkali, the values 
of kB are in increasing and decreasing order, respectively, 
with increasing time intervals of treatment. This is 
due to the fact that, during previous treatment of d -  

glucose with alkali, D-fructose is the main product which 
has higher rate of oxidation than D-glucose, and the 
reverse is the case during previous treatment of d- 
fructose with alkali.

(13) (a) M. L. Wolfrom and W. L. Lewis, J . A m . Chem. Soc., 50, 
837 (1928); (b) J. H. Simons and H. C. Struek, ib id ., 56, 1947 
(1934).
(14) J. U. Nef, A n n ., 403, 204 (1914); 357, 214 (1907).
(15) O. Spengler and A. Pfannensteil, Z . V er. deut. Z ucker-Ind ., 85, 
546 (1933).
(16) F. Petuely and N. Meixner, Chem. B er., 86, 1255 (1953).
(17) P. Hirsch and R. Schlags, Z . physik . Chem. (Leipzig), A141,387 
(1929).
(18) (a) C. A. Lobry de Bruyn and W. Alberda van Ekenstein, Rec. 
trav. chim ., 16, 262 (1897) ; (b) J. C. Speck, Jr., Advan. Carbohydrate 
Chem., 13, 63 (1958).
(19) J. C. Sowden and R. Schaffer, J . A m . Chem . Soc., 74, 499 
(1952); 74,505 (1952).
(20) C. H. Bamford and J. R. Collins, P roc. R oy . Soc. (London), 
A204, 62 (1950); A204, 85 (1950); A228, 100 (1955).
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Table IV“

Time of Mean zero-order W  X  10» =
Over-all concn. of treatment, K  X  106, W
sugar and alkali hr. M  _1 min.-1 [OH- ] X  10»

25o

D-Glucose 0.01 Hi 0 12.88
2 15.68 1.568

NaOH 0.01 N 4 18.63 1.863
6 19.77 1.977

D-Fructose 0.005 M 0 44.70
3.5 41.50 2.500

NaOH 0.0166 N 5.0 38.77 2.335

45O

D-Glucose 0.005 M 0 75.69
2 156.30 18.76

NaOH 0.00833 1V 4 163.60 19.64

D-Fructose 0.005 M 0 216.50
0.5 177.20 26.60

NaOH 0.00666 1V 1.0 160.20 24.05
1.5 146.60 22.01
2.5 133.60 20.06

“ Total volume 200 ml. ; over-all concentration of K3Fe(CN)6
is 0.0025 M .

Now as it follows, the attempt has been made to 
calculate the amount of D-fructose and D-glucose 
produced during interconversion of D-glucose and d -  

fructose, respectively, from our kinetic data.
The zero-order velocity constant that has been 

measured in the case of treatment of D-glucose, d- 
fructose, and D-mannose (be., allowing these sugars for 
their interconversion for a known interval of time) 
will be given by

d[Fe(CN)6- 3 * * *] 7 , /CN
—  rCg —  T^lg^g i-  A/3f^f A/4mCni \ 0 /

where hj is the standard, mean zero-order velocity 
constant that has been calculated for 1 N  NaOH 
concentration in case of mixtures of sugars produced 
after previous alkali treatment. In the interconver
sion of D-glucose and D-fructose the equilibrium con
centration of p-mannose is very small (2.4%), given 
by Wolfrom and Lewis,13“ so it can be neglected. 
Hence eq. 5 reduces to

Jcs = k ig C g  —f- T c^ fC f (6)

From Table IV at 25°

k _  ks _  12,88 X 10~6 
Vlg ~  cbCoh- _  0.01 X 0.01

and

0.1288 1. M - 1 min.“ 1

CfCoH-

44.70 X 10-6 
0.0166 X 0.005

0.53851. M~x m in .-1 *

If c is taken as the initial concentration of D-glucose 
during kinetic measurements then

c =  cg -|- Cf (7)

where cg and Cf are the concentrations of respective 
sugars in the mixture. Therefore, during treatment

2c =  2cg +  2cf (8)

Substituting the value of cg from (7) into (6)

=  k\g(c ”  Cf) -f- k̂ iCf (9)

The value of ks' for 2 hr. at 1 N NaOH from Table IV 
at 25° is 1.568 X 10-3. Therefore, substituting the 
values of ks', c, kg) and fcf into (9) yields 0.001568 = 
0.1288(0.01 — Cf) +  0.5385cf, from which the value of 
Cf comes out to be 6.8 X 10 “ 4 M. Hence, the concen
tration of D-fructose produced in a 2-hr. treatment from 
D-glucose will be 2 X  6.8 X 10~A M = 13.60 X

Similarly, the amount of D-glucose cg from the inter
conversion of D-fructose can be calculated with the 
help of

ks' =  fcigCg +  k3f(c — Cg) (10)

Now the above value for D-fructose produced in a 2-hr. 
treatment from D-glucose can be calculated theoretically 
as follows from the values of forward and backward 
velocity constants W  and k2' at 25° for 1 N alkali 
given by Bamford and Collins mentioned previously.

For a reversible reaction

7 f i 7 / 2.303 Cfeh '  +  W  =  — —  lo g ----------  (11)
t Cfe Cf

where Cf is the concentration of D-fructose produced 
after a time of t hr. and Cfe is its equilibrium concentra
tion whose value can be calculated as

where

fcl Cfe
k% Cge

Cge =  2C Cfe

(12)

(13)

At 25°, k\ +  ki =  0.088 and the value of cfe cal
culated with the help of eq. 12 and 13 is 0.00977 M.

Thus, for t =  2 hr., substituting the above values into 
eq. 11, the theoretical value of Cf comes out to be 15.77 
X 10-4 M.

Similarly, the values of D-glucose produced from 
D-fructose can be calculated theoretically with the 
help of the equation
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7 / 1 7 /  2.303 cgefci +  «2 =  — ~  le g ----------- (14)t Cge Cg

Now the tables given below show the experimental and 
theoretical values for D-fructose and D-glucose produced

Table V°

Time of —̂ n-Fructose concn. X IO4 M — .
Temp., °C. treatment, hr. Exptl. Theoret.

2 X 0.01 M  D-glucose
2 13.67 15.77

25 4 28.08 28.99
6 33.64 39.15

2 X 0.005 M  D-glucose
45 2 41.36 50.64

4 45.14 52.28
/—D-Glucose concn. X IO4 M —.

Exptl. Theoret.

2 X 0.005 M  D-fructose
25 3.5 13.55 9.37

5.0 17.42 18.20

0.5 25.32 27.51
45 1.0 36.24 39.13

1.5 44.96 44.07
2.5 53.34 47.02

“ NaOH concentration is 1 N .

during interconversion of D-glucose and D-fructose, 
respectively, at 2 5  and 4 5 °  on the basis of preceding 
calculations.

A perusal of the preceding results shows good agree
ment between experimental and theoretical values. 
One, however, may pcint out that the velocities of 
interconversion given by Bamford and Collins have 
been determined in presence of potassium hydroxide. 
But this point ceases to be valid because they them
selves20 have reported that the rates of interconversion 
exhibited no observable change on substituting NaOH 
for KOH. Further, the experimental values may be 
considered to be more accurate because the intercon
version and the rate determinations were carried at 
low alkali concentrations. Under this condition no 
degradation is possible. The only slight error in the 
values may be due to saccharinic acid formation and 
polymerization.

The theory outlined in the previous pages clearly 
suggests that the single scheme proposed through a 
common intermediate, 1,2-enediol, is completely valid 
for the interconversion as well as for the oxidation of 
reducing sugars. Further, the rates of oxidation of 
aldo and keto sugars are their corresponding rates of 
enolization.

Acknowledgment. N. N. wishes to thank the Coun
cil of Scientific and Industrial Research (C.S.I.R.), 
Government of India, for financing the project.
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The Effect of Solvent on the Acid-Base Kinetics of the Excited 
State of /3-Naphthol1 2

b y  N o r m a n  M .  T r i e f f  a n d  B e n s o n  R .  S u n d h e i m

Department of Chemistry, New York University, Washington Square, New York, New York 1000S 
(.Received January 8, 1964)

The methods developed by Forster and Weller for using fluorescence intensity measure
ments to follow the kinetics of excited-state reactions were applied to /3-naphthol in mixed 
aqueous solvents, e.g., methanol-water and glycerol-water mixtures. Steady-state rate 
and equilibrium constants were obtained in different solvents for the excited-state proton- 
transfer reactions where water and acetate ion are the proton acceptors. The forward 
rate constant for both reactions decreased progressively with the addition of organic sol
vents to water, each having a different effect on a molar basis, while the variation of the 
backward rate constant with solvent was more complex. The quenching reaction between 
/3-naphtholate* and iodate was taken as a standard diffusion-controlled reaction in order 
to reveal features in the acid-base reaction which are peculiar to the proton transfer. It 
was found that only in the case of the /3-naphtholate*-hydronium ion reaction in glycerol 
solutions did the rate constants vary with solvent in a fashion markedly different from the 
standard reaction. The rate constants for the (activation-controlled) reaction of /3-naph- 
thol* with water were also obtained in the methanol-water and glycerol-water systems. 
The results could be rationalized in terms of a model involving preliminary ionization of the 
weak acid.

I n t r o d u c t i o n

It has been shown by Forster2a that when some or
ganic molecules capable of fluorescence are excited by 
light of suitable energy, they display an acidity in the 
excited singlet state markedly different from that in 
the ground state. The excitation causes a change in 
the electronic distribution3 which leads to inhibition 
or enhancement of proton removal (or addition). 
In many cases a pK & shift of as much as 6-7 pH units 
has been observed. In some cases an acid-base equi
librium in the excited state, completely independent of 
that in the ground state, is achieved. This shift in 
equilibrium position between the ground and excited 
states is reflected in the differing dependence of the 
absorption and the fluorescence spectra of both the 
acidic and basic forms of the molecule. Just as the ab
sorbances of the acid and basic forms of an acid-base 
system provide information concerning the extent of 
dissociation of the unexcited molecules, so do the 
fluorescence intensities of the acidic and basic forms re
flect the extent of dissociation of the excited molecules.

The fluorescence, in comparison to absorbance, is 
thus a gauge by which the change in acidity upon ex
citation can be detected. Such a change is detectable 
only if the rate constant for proton transfer in the 
excited state is comparable to or greater than the rate 
of decomposition of fluorescence. In this case, the 
absorption spectra exhibits a pH dependence different 
from that of the fluorescence spectra so that the 
ground and excited states may be characterized by 
different pK* values. If there is no proton transfer 
in the excited state, the fluorescence spectral transition 
occurs at the same pH as the absorption spectral tran
sition so that the pKti values in the ground and excited 
states are identical.

In a series of papers, Weller4 reported investigations 
of the kinetics of proton-transfer reactions in the

(1) Abstracted in part from a doctoral dissertation of N. M. Trieff.
(2) (a) T. Forster, Naturwiss., 36, 186 (1949); (b) T. Forster, Z. 
Elektrochem., 54,42, 531 (1950).
(3) H. H. Jaffé and M. Orchin, “ Theory and Application of Ultra 
violet Spectroscopy,” John Wiley and Sons, Inc., New York, N. Y.
1962, pp. 147-157.
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excited state by means of fluorescence measurements.4 5 6’6 
He was able to determine the forward and backward 
rate constants for the reaction

k
HA* +  Bn ^  A - * +  HB(n+1) (1)

k
where HA* and A - * are the acidic and basic forms of 
the fluorescent compound concerned, B" is the proton 
acceptor (n is the charge) which may be water, acetate, 
hydroxide ion, etc. A  detailed mechanism was also 
proposed.

It is of considerable interest to determine the role 
of solvent in reactions of type 1. A knowledge of the 
effects of changing solvent properties such as viscosity, 
dielectric constant, and concentration of water, for 
example, would help to elucidate some details of the 
acid-base reaction (1). In addition, the measure
ment of solvent effects would provide a basis for testing 
the mechanism proposed by Weller. Therefore, we 
undertook a study of the fluorescences of the acidic and 
basic forms of /3-naphthol as a function of proton ac
ceptor (or conjugate) and for mixed aqueous solvents 
of varying composition. The proton acceptors em
ployed were water and acetate ion. The rate con
stants for each solvent determined from fluorescence 
data are related in a simple manner to the equilibrium 
constant in the excited state. Equilibrium constants 
were determined as a function of solvent and compared 
with ground-state equilibrium constants determined 
from titration and absorption spectral data. Also, in 
connection with the interpretation of the results, the 
rate constants for proton transfer in various solvents 
were compared with those for the quenching reaction 
between /3-naphtholate and iodate in the respective 
solvents.

E x p e r i m e n t a l

A. Reagents, Solvents, and Buffers. Fisher Certi
fied reagent grade /3-naphthol was purified by 
vacuum sublimation at about 150°; the sublimed 
colorless needles were oven-dried and stored in a dark 
bottle in a desiccator. The melting point was 126- 
129° for the unpurified material and 123-125° for the 
sublimed material. Additional criteria of purifica
tion—infrared absorption spectra and ultraviolet ab
sorption spectra—indicated essentially no change in 
composition of the /3-naphthol upon sublimation. Be
cause of the decomposition which /3-naphthol under
goes, particularly in strong alkaline and very strong 
acid solutions, fresh 10-3 M  /3-naphthol stock solutions 
were made up in water (heating to 70-80° being neces
sary to effect solution), every 2 weeks. Directly 
before making all measurements, the appropriate solu

tions were made up with regard to proper pH, con
centration of /3-naphthol, and solvent mixture. No 
attempt was made to eliminate oxygen from the solu
tions, since according to Forster,7 the fluorescence of 
/3-naphthol is not quenched appreciably by oxygen.

Methanol and glycercl were ACS reagent grade and 
used without further purification. Reagent grade 
dioxane was distilled with sodium ribbon under nitrogen 
and stored in the same way. The observed boiling 
point was 97-99° and distilled dioxane diluted with an 
equal volume of distilled water had a pH of about 6.

Reagent grades of perchloric acid and sulfuric acid 
were used without further purification. Stock solu
tions of approximately. 1 M  HCIO4 and 0.5 M  H2S04 
were prepared and standardized with standard NaOH. 
Further dilutions were made from these stock solu
tions.

An acetate buffer stock solution, 0.2 M  in NaOAc 
and 0.02 M  in HOAc was made up from reagent grade 
materials and found to have a pH (glass electrode) 
of 5.59 at 25°. Appropriate dilutions of this buffer 
for study of proton transfer to acetate ion were per
formed directly before use. Acetate buffers of higher 
ionic strength were prepared by suitable dilution from 
0.5 M  NaOAc and 0.2 M  HOAc.

A  universal buffer system proposed by Davies8 
was used to adjust the pH for the spectrophotometric 
determination of the pKa of /3-naphthol in water and 
0.05 mole fraction glycerol-water while assorted phos
phate and borate buffers were used for the pKa de
terminations in other solvent mixtures.

B. Titration Studies. Titration curves of acetic 
acid and /3-naphthol in various methanol-water, glyc
erol-water, and dioxane-water mixtures were made 
using an SBR2 titrigraph, SBUla syringe buret, TTT 1 
titrator, and TTT 2 titrigraph assembly manufactured 
by Radiometer, Copenhagen, Denmark.

The pK & values of the acids were determined by noting 
the pH at 50% titration and correcting the pH for the 
ionic strength and primary medium effect as described 
by Van Uitert, et al. 9’ 10

C. Absorption Spectra. Absorption spectra were

(4) The extensive work of Weller in this field is reviewed together 
with a complete bibliography in “ Fast Reactions of Excited Mole
cules,” by A. Weller in “ Progress in Reaction Kinetics,” Vol. I, 
G. Porter, Ed., Pergamon Press, New York, N. Y., 1961.
(5) (a) A. Weller, Z. Elektrochem., 56, 662 (1952); (b) ibid., 58, 849 
(1954).
(6) A. Weller, Z. physik. Chem. (Frankfurt), 3, 238 (1955).
(7) T. Forster, personal communication.
(8) M. T. Davies, Analyst, 84, 248 (1959).
(9) L. G. Van Uitert and C. G. Haas, J. Am. Chem. Soc., 75, 451 
(1953).
(10) L. G. Van Uitert, C. G. Haas, W. C. Fernelius, and B. E. Doug
las, ibid., 75, 455 (1953).
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determined (Cary Model 14 and Beckman Model DU) 
as a function of pH and solvent composition.

D. Fluorescence Measurements. Most fluorescent 
measurements were performed on the spectrofluoro- 
photometer shown in Figure 1. It consists of a d.c. 
xenon compact arc lamp in a Farrand ultraviolet 
grating monochromator for the exciting light; a 
Beckman fluorescence attachment which holds the 
fluorescent sample in a 1-cm. quartz cuvette inserted 
such that the incident light strikes a transparent face; 
the prism monochromator of the Beckman DU to 
disperse the fluorescent light; a suitable phototube 
mounted on the Beckman face plate; and an Aminco 
multiplier photometer. The optics are indicated in 
the figure.

The Farrand monochromator (calibrated against the 
Beckman monochromator) was used to transmit 
mainly 313-m/x light onto the sample. This wave 
length is short enough so that the acid form of /3- 
naphthol can be excited. The fluorescence intensities 
were measured in all cases at 357 and 416 m/x, the 
fluorescence maxima of the acidic and basic forms of 
d-naphthol in water. It was found experimentally 
that the acid maximum undergoes essentially no shift

with solvent, while there is a very slight solvent shift 
of the basic maximum, but it is too slight to affect 
results. A slit width of 2 mm. on the Beckman DU 
and appropriate settings on the Aminco photometer 
were used to give suitable sensitivity.

For each solvent studied, a series of solutions was 
prepared containing 2 X 10~4 M  d-naphthol and 
varying concentrations of perchloric acid or acetate. 
Also, for each solvent run there were prepared a “ pri
mary reference”  solution consisting of 2 X 10-4 M  
d-naphthol in aqueous 0.0483 M  H2SO4, an “ acid refer
ence”  consisting of 3.04 X 1CU4 M  d-naphthol in 0.2 M  
NaOH in the same solvent. (The higher concentra
tion of /3-naphthol in the “ basic reference”  is due to the 
lower extinction coefficient of the basic form compared 
to the acid at 313 m^. The concentration of the 
“ basic reference”  is chosen to make the absorbances 
of d-naphthol the same in all solutions.)

Samples were brought to 25° by a constant tempera
ture bath just before being studied. First, the 
fluorescence intensity of the “ primary standard”  
was taken at 357 mu (on the Beckman DU mono
chromator) by adjusting it with the settings on the 
Aminco photometer to an arbitrary value on the par
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ticular scale. Without any change in these settings, 
fluorescence intensity readings for all the other samples, 
including the acidic and basic references, were taken at 
357 and 426 m/x. The reading for the “ primary refer
ence”  at 357 mju was repeated after every three samples 
during the run in order to account for fluctuations in 
lamp intensity. The rather small intensities of distilled 
water at 357 and 426 m/x due to scattering were sub
tracted from the observed intensity readings and these 
net readings were multiplied in each case by a correc
tion factor. This same correction factor by which the 
respective “ primary reference”  reading must be multi
plied in order to keep the “ primary reference”  readings 
constant from the start of the run.

In some cases, the fluorescence attachment to the 
Cary Model 14 spectrophotometer was used in place 
of the Beckman monochromator.

E. Fluorescence Lifetime Measurements. The fluo
rescence lifetimes of the acidic and basic forms were 
studied as a function of solvent by Professor A. Schmil- 
len of the Institute of Physics at the University of 
Giessen by means of an ultrasonic cell fluorometer.11

Results and Discussion

A. Absorption Spectral Data. The absorption spec
tra of /3-naphthol in water as a function of pH are 
shown in Figure 2a. With an increase in pH, the ab
sorption peaks move to longer wave lengths (red shift) 
due to the shifts in the ground state acid-base equi
librium for /3-naphthol

ROH +  O H - T ^ l R O - +  H20  (2)

Absorption spectra were also determined as a function 
of pH in a 0.05 mole fraction glycerol-water mixture. 
These spectra are identical within experimental 
error with the spectra in water. The absorption 
maxima found in water were 327.3 ±  0.2 and 345.0 
±  0.2 m/x for the acidic and basic forms, respectively, 
which are in good agreement with the values in the 
literature.

Graphical determination of the pK & of /3-naphthol 
in water and 0.05 mole fraction glycerol were per
formed using the Henderson-Hasselbach equation and 
pertinent absorption spectral data following the general 
method discussed in the literature.12 The pKa for 
/3-naphthol in water was found to be 9.57 ±  0.04 at 
25° to be compared with Weller’s6® value of 9.49 at 
25°. A value for the pK & in a 0.05 mole fraction 
glycerol of 9.61 was also obtained spectrophotometri- 
cally.

B. Titration Data for /3-Naphthol and Acetic Acid 
in Different Solvents. The pK k values for /3-naphthol 
and acetic acid calculated from titration data are

Figure 2a. Absorption and fluorescence spectra of /3-naphthol 
in water at different pH values. Absorption spectra of 1 X 
10-4 M  /3-naphthol solutions at room temperature (Beckman 
DU spectrophotometer).

plotted as a function of weight per cent nonaqueous 
solvent in Figure 3, along with values for the excited 
state of /3-naphthol which were calculated from fluo
rescence data. In each of the three cases, for a given 
weight per cent of nonaqueous solvent, the pA a is 
highest in methanol-water mixtures and lowest in 
glycerol-water mixtures. It is clear from the data 
that /3-naphthol in the excited state is a somewhat 
stronger acid than acetic acid which in turn is con
siderably stronger than /3-naphthol in the ground state.

C. Fluorescence Investigation of f3-Naphthol*~Water 
Reaction. Fluorescence spectra for /3-naphthol in 
aqueous 0.2 M  HCIO4 and 0.2 M  NaOH are plotted in 
Figure 2b. The respective maxima are 357 and 417.5 
m/t.

The relative quantum yields for acidic and basic 
fluorescence, 77/770 and v'/vo', were determined experi
mentally from fluorescence measurements using a 
modification (cf. thesis of Trieff, ref. 1) of the method 
of Weller13 which corrects for overlap of fluorescence

(11) A. Schmillen, Z. Physik, 135, 294 (1953).
(12) H. H. Jaffé and M. Orchin, ref. 3, pp. 556, 567.
(13) A. Weller, Z. physik. Chem. (Frankfurt), 17, 224 (1958).
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Figure 2b. Fluorescence spectra of (3-naphthol in water, using 313-m/j exciting light on 2 X 10-4 M  solution 
(Beckman fluorescence assembly): o, in 0.2 M  HClOr; •, in 0.2 M  NaOH.

(i.e., the contribution of pure acid form to basic fluo
rescence and vice versa), as well as for quenching in 
strongly acid solution. For a given solvent, the 
fluorescence intensity measurements (arbitrary units) 
are obtained at 357 mp (acidic fluorescence, I) and 426 
mp (basic fluorescence, I') at pH values varying from 
the strongly acid to strongly basic solutions, all solu
tions possessing the same absorbance for the exciting 
light. Using the equations of Weller13

77/770 =  I/Io — p'y'/vo' (A)

7 7 / 7 7 0 ' =  I/Io — Pv/v  0 (B)

v/vo +  v ' /Vo' =  1 (C)

where 70 is the theoretical fluorescence intensity at the 
acid maximum in strongly acid solution in the absence 
of quenching, I 0' is the same for the basic maximum in 
strongly basic solution, p and p' are the fluorescence 
overlap corrections which were found experimentally 
(c/. thesis of Trieff, ref. 1) to have the values, 0.087 and 
0. Combination of eq. A -C  results in a linear expres
sion relating 7, I', 70, and I/. The use of data at all 
pH values and subsequent least-mean-square treat
ment of the data results in values for 70 and I0' which 
best fit all of the data. Then, with these values for 70 
and Io', eq. A  and B are used for the calculation of 
77/770 and 7 7 / 7 7 0 ' .  This method of calculation of 70

and Io' does not put entire reliance on measurements 
in the strong acidic and basic regions as well as one in
termediate pH as does Weller, but considers the entire 
pH region.

In Figure 4, the relative quantum yields 77/770 and 
77'/770' are plotted as a function of experimental pH and 
volume per cent of methanol. An examination of 
the curve obtained for water (0% methanol), which 
agrees well with the data of Forster2b and Weller,6a 
shows that the 77/770 curve starts at 1.0 in strong acid, 
gradually descending as the pH is increased until a 
plateau value of 0.695 is attained at a pH of about 4. 
Throughout this same pH range, the ri'/rio' curve starts 
at approximately zero in strong acid and with increas
ing pH rises until a plateau value of 0.330 is reached 
at about pH 4.5. (It should be noted that, if only 
proton-transfer reaction occurs in the excited state, 
then 77/770 +  77/770' =  1. If some other reaction is 
competitive, e.g., a quenching reaction, 77/770 +  77/770' <
1.) These acidic and basic plateau values are to be 
compared with those of Weller6a: 0.731 and 0.280. 
The shape of this curve may be understood on the 
basis of the following reaction occurring in the excited 
state

ROH* +  H20  R O -* +  HsO (3)
kw'
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Figure 3. pKa values of /3-naphthol in ground and excited 
states and of acetic acid as a function of solvent 
composition at 25 ±  1°.

In the plateau region (pH 3-7) fluorescence is emitted 
from excited naphthol (ultraviolet) and naphtholate 
(blue). The presence of an appreciable concentration 
of excited naphtholate ion at pH 3-7 clearly indicates 
that it must have arisen from some excited state 
reaction, since R O -  is virtually nonexistent in the 
ground state at more than 2-3 pH units to the acid 
side of the pKa of 9.5. The proton acceptor in this 
region cannot be OH-  since the concentration of OH-  
is very low in this region and the rate does not depend 
on [OH- ]. The most likely proton acceptor is water. 
In the plateau region the backward reaction must 
occur only to a negligible extent; otherwise, there 
would be a pH dependency. With further increase 
of [HsO+] a rise in 77/970 and fall / / r j 0' occurs due to 
the marked acceleration of the backward reaction, 
until at [H30+] =  0.1, only the ultraviolet fluorescence 
arises. At pH 7-8, although this is not shown, there 
is an abrupt drop in 97/970 and rise in with increas
ing pH. This is due to the ground-state equilibrium 
reaction, eq. 2, being shifted significantly to the right 
in the region of the pK a of /3-naphthol. The conse
quent decrease in ROH leads, in turn, to a decrease in 
[ROH*]. Simultaneously, the [RO- ] and [RO- *] 
increase.

In Figure 4, it should be noted that the 17/770 curves 
descend less sharply as the concentration of methanol 
increases, the position of the plateaus rising toward
1.0. Simultaneously, the v'/vo' curves rise less steeply 
and the plateaus of this curve fall toward zero. Thus, 
with increasing concentrations of methanol, the net 
amount of proton transfer between the initially ex-

Figure 4. Relative quantum yields v s .  experimental pH for 
/3-naphthol as a function of methanol concentration (volume 
% ): exciting light was at 313 m/i. For most solvent 
mixtures, two sets of measurements were taken either on 
the Beckman DU (B) alone or the Beckman DU and 
Cary-14 (C). Key: 0%: O, B; » , 0 ;  10%: % B;
♦, C; 20%: A, B; 30%: X , B; ®, C; 40%: □, B; 0 ,  C.

cited naphthol molecules and water molecules is dimin
ished and fewer excited naphtholate ions are formed. 
Similar experiments were performed for various glyc
erol-water and dioxane-water mixtures. Although 
these curves are not shown, essentially the same effect 
was observed for glycerol and dioxane as well.

D. Determination of Rate Constants for /3-Naphthol*- 
Water Reactions. The reaction scheme may be 
written4
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kvr
ROH* +  H20  ^  RO- * +  H30

kw'

ne/ //'^ \ n L  n e ' / //S^ \ n L '

/  \  /  \  ^
ROH +  hv ROH R O - +  hv' R O -

where ne and no are the rate constants for light emis
sion and for radiationless deactivation of the excited 
naphthol molecule, while kv is the velocity constant 
for proton transfer from the excited naphthol molecule. 
The primed values are the analogous terms for the ex
cited naphtholate ion.

By conventional analysis of this expression for 
this rate scheme one may relate5“'6-13’1'1 the forward 
and backward rate constants, kw and kw', to measure- 
able quantities. The exact expression is

W k + x 4 r ~ , -  (i -  b v ) =
V /Vo

J _  +  y i L  x  p  x  [H30+ ] (5)
fcwTQ kiyfTO

A graph of the left-hand side of the equation vs. F X 
[H30+] is a straight line with intercept equal to 1/ 
kwr0 and slope equal to k j tq'/kwra. From these, the 
rate constants /cw and kw' may be determined providing 
that experimental values of the fluorescence lifetimes 
for acidic and basic fluorescence, r0 and t0' are known. 
Equation 5 treats only the steady-state reaction in the 
excited state. The factor TFh+, used to correct the effect 
of transient or starting reaction, is equal to the fraction 
of excited naphtholate ions which do not have H30+  
ions in their diffusion volume, FD, and therefore are 
involved only in the steady-state reaction. The re
maining fraction (1 — IFh+) are involved in the trans
ient reaction. That is, these molecules upon excitation 
find an H30+  in their diffusion volume and can react 
essentially instantaneously with it. W e +  is given6 
by

1F h +  =  exp Fd X N  X [HsO+]> 
1000 j

(6)

where N is Avogadro’s number and VD is defined by 

V = 4:T(yR0y V D 7 ' b V d ^ ' / [ ( 1  -  y)R0 +

b V d ^ '} (7)

where y is the efficiency factor for the reaction between 
RO - * and H30 + ; R0 is the encounter distance between 
RO - * and H30 +  ions taken as 5.5 A. for all calcula
tions.15 D is the relative diffusion coefficient between 
R O - * and H30+  ions, r0' and r' are fluorescence 
lifetimes of naphtholate ion in strong base at the exist

ing [H30 +], respectively, and B is an electrostatic 
factor depending upon the charges of the reacting 
species, dielectric constant, temperature, etc. In 
eq. 5, F is the kinetic activity factor of Brpnsted,16 
which is introduced to consider the effect of ionic 
strength on the rate of reaction between RO - * and 
H30  + ions. For the RO - *-H 30  + reaction

F =  (/± )2 (8)

where f± is the mean activity coefficient of a uni
univalent electrolyte for the given ionic strength 
(concentration of HCIO4) and may be determined 
either from values in the literature or the Debye- 
Hückel equation17

log /±  = -p y ~ ß
1 +  Qa'y/ß (9)

where g is the ionic strength, a' is taken to be 5.5 X  
10-8 cm., and P  and Q are parameters which are de
fined in the reference cited. Based on their dependency 
with regard to dielectric constants, P  and Q may be 
calculated simply for solvents other than water. 
Values for P  and Q along with other properties of the 
solvents concerned are fisted in Table I.

The procedure for determination of kw and kv' 
involves a method of successive approximations. A 
graph of (5) is first made with Wr+ =  1 (c/. Figure 5). 
This gives the first approximation values of kw and kw'. 
A first approximation value for the efficiency factor 
y is obtained from the definition

7
ft*'
ko (10)

where kw' is the experimentally determined value of the 
backward rate constant and kD is the diffusion rate 
constant for the encounter of naphtholate and hydro- 
nium ions given by the equation of Debye.18’19 Using 
this value for and other required parameters, FD is 
obtained for each solution using (6). For each sol
vent, eq. 5 is replotted and second approximation 
values are obtained for kw, kw', and 7. If there was a 
difference between the successive approximations of 
more than 5%, a third cycle of approximation was per
formed.

(14) A. Weller, Z. physik. Chem. (Frankfurt), 15 (Bonhoeffer-Gedenk- 
band), 438 (1958).
(15) E. Wicke, M. Eigen, and T. Ackermann, ibid., 1, 340 (1954).
(16) A. J. Rutgers, “ Physical Chemistry,” Interscience Publishers, 
Inc., New York, N. Y., 1954, pp. 665-672.
(17) J. T. Edsall and F. Wyman, “ Biophysical Chemistry,” Vol. I, 
Academic Press, New York, N. Y., 1958, pp. 290, 291.
(18) P. Debye, Trans. Electrochem. Soc., 82, 265 (1942).
(19) A. Weller, Z. physik. Chem. (Frankfurt), 13, 335 (1957).
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Table 1 : Properties of Solvent Mixtures

Wt. % non- /------------------ Debye-Hückel constants-

Solvent0
aqueous
solventi

Mole
fraction6 P,c  g./ml.

1j ,d poises 
X 10' p Q X 10-9

Q a >

t o ’  = 5.5 A.)

Water 0 0.9971 8.93 78.54 0.509166 3.2867 1.80768
10 M 8.005 0.04665 0.9826 11.2 75.00 0.545638 3.36338 1.84986
20 M 16.205 0.09809 0.9708 13.2 71.40 0.587388 3.44706 1.89588
30 M 24.614 0.1551 0.9587 14.8 67.66 0.636708 3.54096 1.94753
40 M 33.27 0.2190 0.9456 16.0 63.90 0.693776 3.64373 2.00405

10 G 10.00 0.02198 1.0221 11.53 75.50 0.541294 3.3544 1.84492
20 G 20.00 0.04670 1.0470 15.42 72.90 0.569299 3.4113 1.87622
40 G 40.00 0.1155 1.0995 31.81 67.10 0.644808 3.5559 1.95574
60 G 60.00 0.2269 1.1533 88.23 60.00 0.762527 3.7603 2.06816

“ In this and all subsequent tables, the following code is used for solvent mixtures: M = methanol (volume % ); G = glycerol 
(weight %). b Determined by method of successive approximations for methanol assuming first that vol. % = wt. % .  °  Methanol
mixtures: N. A. Lange, “ Handbook of Chemistry,”  9th Ed., Handbook Publishers, Sandusky, Ohio, pp. 1182-1185 (p values are for 
20°; no correction was made for temperature change to 25°); glycerol mixtures: “ Handbook of Chemistry and Physics,”  35th Ed., 
Chemical Rubber Publishing Co., Cleveland, Ohio, 1953, pp. 1834, 1835. d  Methanol mixtures: A. R. Tourky and S. Z. Mikhail, 
E g y p t .  J .  C h e r n . ,  1, 1 (1958); glycerol mixtures: “ Handbook of Chemistry and Physics,”  35th Ed., Chemical Rubber Publishing Co., 
Cleveland, Ohio, 1953, p. 2006. “ Methanol mixtures: B. Conway, “ Electrochemical Data,”  Elsevier Publishing Co., New York, 
N. Y., 1952, Table 10, p. 11; glycerol mixtures: H. S. Harned and B. B. Owen, “ Physical Chemistry of Electrolytic Solutions,”  2nd 
Ed., Reinhold Publishing Co., New York, N. Y., 1950, p. 118.

E. Fluorescence Investigation of (3-Naphthol*-Acetate 
Reaction. The reaction of excited naphthols with 
acetate, sulfate, formate, propionate, and butyrate ions 
were studied recently by Weller.6b-13 The experimental 
procedure used6b required that a constant pH of 5.7 
(the plateau region for the /3-naphthol*-H20  reaction) 
be maintained throughout the investigation, the total 
concentration of acetate being the only variable. It 
was shown that in water, for a given pH, the fluores
cence of ROH* is reduced with increasing acetate con
centration while that of RO _x increases. Analogous 
results were obtained for other base catalytic buffers.

In this investigation the study is extended to the 
other solvents already mentioned. Figure 6 shows the 
relative quantum yields of /3-naphthol in 1:10 HOAc- 
NaOAc buffer vs. concentration of NaOAc as a function 
of glycerol concentration. It is seen that for any given 
acetate ion concentration, 17/̂ 0 is displaced upward 
by the addition of glycerol, while simultaneously 
v'/no' is displaced downward. This indicates that the 
addition of glycerol to a /3-naphthol solution of given 
pH and acetate ion concentration suppresses the rate 
of proton transfer which occurs between excited ¡3- 
naphthol as donor and water or acetate as acceptor. 
The same was shown to hold true qualitatively for 
methanol.

F. Determination of Rate Constants of fi-N aphthol*— 
Acetate Reactions. By considering reaction scheme 4 
and the additional proton transfer to acetate ion

ROH* +  B -  ^  R O -*  +  HB (11)
u

Weller has derived13-14 the following equations which 
consider only stationary-state reactions in the excited 
state and are similar to those already listed for the 
/3-naphthol*~water reaction

w X ~  -  ( 1  -  W b )  =  f c w ro  +  f c b T o C V  ( 1 2 )  
v/vo

Here WB is the probability that an excited /3-naphthol 
molecule contains no acetate ion in the diffusion volume 
7 d  and is given by

where

W b =  exp
( - F p A Y V n

1000 J

4 7 r 7 2 ( A 0)  2B \ / D t  X  - y / Z A p

(1 — y)Ro +  B\ / D t0

(13)

(14)

The terms in eq. 14 are quite analogous to those in 
eq. 7. Here 7 is given by

7 =  kb/kn (15)
ku is the Debye rate constant for encounter by dif
fusion between ROH and B~, Ro is again taken as 5.5
A., and D is the relative diffusion coefficient between 
ROH and B~.

Volume 69, Number 6 June 1966



2052 Norman M . T rieff and Benson R. Sundheim

Figure 5. Graphs for determination of rate constants of 
/3-naphthol*-water reaction in various methanol-water 
mixtures. Note: points designated by arrows are not 
included in least-mean-square determinations. Key:
0%: O, B; * , 0 ;  10%: 4>,B; ♦, C; 20%: A, B;
30%: X, B; + , B; 40%: «•, B; ♦ , C.

A graph of Wb[(ji7 vo')/(ji/vo)] — (1 — TFB) v s . Cb-, 
the concentration of acetate ion as in eq. 12, results in 
a straight line with intercept equal to kwr0 and slope 
equal to kbro. In this manner second approximations 
of fcw and kb may be evaluated. The first approxi
mation of kb, determined by setting W b  in eq. 12 
equal to 1, is used to evaluate y by (15) so that values 
of Vn and Wb may be calculated from (14) and (13), 
respectively. Such graphs for various glycerol-water 
mixtures appear in Figure 7.

With regard to the calculation of kB, the over-all 
backward rate constant for reaction 11, it may be 
shown that

K  =  fcb X  (16)

where A r0h* is the dissociation constant for /3-naphthol 
in the excited state and is given by

A roh* ~  kw/kw (17)

while A hb is the dissociation for acetic acid in the

Figure 6. Relative quantum yields of /3-naphthol in 1:10 
acetic acid-sodium acetate buffer v s .  concentration of 
sodium acetate as a function of glycerol concentration 
(wt. % ); T  =  25 ±  1°; concentration of /3-naphthol =
2 X 10 ~4 M ;  exciting light at 313 m,u. The pH of 
most solutions (glass electrode) was close to 5.7 except 
at the highest concentrations.

ground state and is determined for the various sol
vent mixtures by titration as already noted.

G. Rate Constants as a Function of Solvent. The 
successive approximations of kw and k j  obtained from 
the plots of eq. 5 appear in Table II along with values of 
kw obtained from the plots of eq. 12 and values of 
pA roh* obtained by means of eq. 17. The value of 

for each solvent system should be the same regard
less of whether it is determined from data for the /?- 
naphthol*-water or /3-naphthol *-acetate reaction. The 
agreement is, in fact, in most cases better than 10%. 
The limits of error given are 95% limits of confidence 
for the mean determined by the computation of vari
ance for slopes of least-mean-square lines.20'21

Graphs of kw as a function of solvent appear in 
Figure 8, and it is seen that for both solvent systems 
kw decreases with increasing mole fraction of each 
solvent. For a given mole fraction of solvent, the rate 
constant kw will be highest for methanol. The effect

(20) W. J. Youden, “ Statistical Methods for Chemists,” John Wiley 
and Sons, Inc., New York, N. Y., 1951, pp. 42-44.
(21) E. B. Wilson, Jr., “ An Introduction to Scientific Research,” 
McGraw-Hill Book Co., Inc., New York, N. Y., 1952, pp. 272, 273.
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Table II: Rate and Equilibrium Constants for /J-Naphthol*-Water Eeaction as a Function of Solvent at 25 ±  1° 
(Äo = 5.5 A.)

¡few X 10-’ , sec." ' (ROH*-HsO) K '  X 10-*1, 1. mole“ ’  Beo."’
,------------ ---------- Approximations-----------------------» ---------- Approximations-----------------------> kyf X 10 7, sec.-1 P Ä R O H *

Solvent® First Second Third First Second Third (ROH *-OAc-) (av. kw used)

Water 6.30 6.59 ±  0.48 4.66 4.93 ±  0.57 5.82 ±  0.31 2.90 ±  0.13
10 M 4.63 4.68 ±  0.26 4.96 4.94 ±  0.29 4.23 ±  0.42 3.04 ±  0.10
20 M 3.01 3.00 ±  0.22 5.19 5.03 ±  0.54 2.99 ±  0.19 3.22 ±  0.13
30 M 1.82 1.82 ±  0.10 4.90 4.83 ±  0.35 1.75 ±  0.12 3.43 ±  0.09
40 M 1.14 1.14 ±  0.08 4.75 4.60 ±  0.49 0.945 ±  0.059 3.65 ±  0.13
10 G 5.30 5.32 ±  0.32 3.92 4.00 ±  0.24 4.75 ±  0.26 2.90 ±  0.08
20 G 3.80 3.74 ±  0.25 3.86 3.46 ±  0.39 3.15 ±  0.17 3.00 ±  0.13
40 G 
60 G

1.71 1.74 1.75 ± 0 .1 8 5.74 5.05 5.23 ±  0.96 1.48 ±  0.10 
0.408 ±  0.071

3.51 ±  0.20

“ M = methanol (volume % ); G = glycerol (weight %).

CO N C EN TRA TIO N  O F N o O A c  IN M O L E s / u T E R

Figure 7. Graph for the determination of rate constants of 
/3-naphthoP-acetate reaction in glycerol-water mixtures 
containing 1:10 acetic acid-sodium acetate buffers; T  =
25°, concentration of/3-naphthol = 2 X 10~4 M .  Note: 
points designated by arrows were not included in 
leastnmean-square calculations.

of mole fraction of solvent on fcw' is more complex as 
shown in Figure 9. Here, kwr is virtually constant 
for varying concentrations of methanol, and for 
glycerol addition there is first a slight decrease, then 
an increase in k w ' .

Values of kb and fca for different solvents appear in 
Table III, the 95% confidence limits for being cal-

o

Figure 8. Pseudo-first-order forward rate constants, fcw, for 
(3-naphthol*-water reaction as a function of solvent 
composition at 25 ±  1°. From /3-naphthol*-water 
reaction: O, methanol-water; A, glycerol-water. From 
/J-naphthol*-acetate reaction: •, methanol-water;
A, glycerol-water.

culated by the method of total differentials22 which 
tends to overestimate the random error. The graphs 
of k b  and v s .  mole fraction of nonaqueous solvent 
appear in Figures 10 and 11. In Figure 10, fcb de
creases with increasing mole fraction for both solvents. 
The glycerol curve descends being curved markedly. 
The methanol graph decreases linearly but with much

(22) H. S. Mickley, T. K. Sherwood, and C. E. Reed, “ Applied 
Mathematics in Chemical Engineering,” 2nd Ed., McGraw-Hill 
Book Co., Inc., New York, N. Y., 1957, pp. 53-55.
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Figure 9. Backward rate constant, kw', for /3-naphthol*-water 
reaction as a function of solvent composition at 25 db 10 :
O, methanol-water; A, glyeerol-water.

Figure 10. Backward rate constant, Aa, for
/3-nap hthol*-acetate reaction as a function of solvent at
25 ±  1°: O, methanol-water; A, glycerol-water.

MOLE FRACTIO N OF NON-AQUEOUS SOLVENT

Figure 11. Forward rate constant, k b ,  for 
/3-naphthol*-acetate reaction as a function of solvent 
at 25 ±  1°: O, methanol; A, glycerol.

Table III: Rate and Equilibrium Constants for 
/3-Naphthol*-Acetate Reaction as a Function of Solvent 
Composition at 25 ±  1° ( R 0 =  5.5 A.)

Sol-
&b X 10"9, 1. mole“ 1 sec.“ 1 
/■------Approximations------*

ioCp-Kkoh* —
P-Kb OAc)

K  X 10-ï,
1. m ole"1 sec.-1

vent® First Second X 10! Second approx.

Water 2.53 2.38 ±  0.13 1.479 3.52 ±  0.79
10 M 2.20 2.18 ±  0.23 1.445 3.15 ±  0.77
20 M 2.18 1.97 db 0.13 1.549 3.05 ±  0.72
30 M 1.81 1.73 ±  0.12 1.950 3.37 ±  0.67
40 M 1.60 1.47 ±  0.07 2.344 3.45 ±  0.75

10 G 2.13 2.01 ±  0.12 1.288 2.59 ±  0.47
20 G 1.79 1.69 ±  0.10 1.413 2.39 ±  0.55
40 G 
60 G

1.16
0.68

1.19 ±  0.08 
0.61 ±  0.05

3.311 3.94 db 1.21

“ M = methanol (volume %); G = glycerol (weight %).

lower slope. With regard to the fca graphs in Figure 
11, they are quite similar to those for kw', except for 
the fact that there is a larger dip for the glycerol 
graph and for methanol the curve here appears to go 
through a slight minimum while it is virtually hori
zontal for K '.

H. Discussion. This study deals, in part, with the 
effect of changing solvent on the reaction between

the naphtholate ion in the excited state (RO~*) and 
the hydronium ion. A thorough examination of this 
reaction in water has been carried out by Weller.4 
He calculated the limiting rate constant expected 
for this reaction on the hypothesis that it is diffusion- 
controlled as follows: the encounter rate is multiplied 
by three factors. The first is an electrostatic factor 
S/(eS — 1) to allow for the effect of ionic charges.
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Table IV : Calculated and Experimental Results for the (3-Naphthol*-Water Reaction in Different Solvents at 25°

■kw' X 10“ 10, !. mole“ 1 sec.“ 1--------- .---------y  (7.5 Â.) for RO *-ILO“ -

Solvent® (EAoh*) _1
k w  (expti.) X 10“7, 

sec.-1 Expti.
Calcd.
( W eller)

Calcd. 
(La Mer) Expti.

Calcd.
(Weller)

Calcd. 
(La Mer)

Water 795 6.2 ±  0.4 4.9 ±  0.6 4.5 4.9 0.55 =fc 0.08 0.50 0.55
10 M 1110 4.5 ±  0.3 4.9 ±  0.3 3.7 4.1 0.67 ±  0.04 0.50 0.55
20 M 1680 3.0 ±  0.2 5.0 ±  0.5 3.2 3.8 0.79 ±  0.08 0.50 0.59
30 M 2710 1.8 ±  0.1 4.8 ±  0.4 2.8 3.5 0.88 ±  0.06 0.50 0.63
40 M 4420 1.0 ±  0.1 4.6 ±  0.5 2.4 3.1 0.96 ±  0.10 0.50 0.64

10 G 790 5.0 ±  0.3 4.0 ±  0.2 3.7 4.3 0.53 ±  0.03 0.50 0.55
20 G 1010 3.4 ±  0.2 3.5 ±  0.4 3.0 3.7 0.57 ±  0.06 0.50 0.56
40 G 3250 1.6 ± 0 .1 5.2 ±  1.0 1.5 2.2 1.7 ±  34 0.50 0.62
60 G 0.41

o©-H b 0.50 0.79

“ M = methanol (volume % ); G = glycerol (weight %). b These efficiency factors may be considered equal to 1 in the comparisons 
with the calculated values.

Table V : Experimental and Calculated Parameters for the /3-Naphthol*-Acetate Reaction in Different Solvents at 25° 
(Ro = 6.5 A.)

'----------------------------- Tb-----------—------

Solvent“
/—&b X 10 9, 1. mole ] 

Expti.
1 sec.-1—> 

Calcd.
.—k a X 10“ 1, 1. mole“ 

Expti.
1 sec. 1—« 
Calcd. E*exptl Expti.

Calcd.
( W eller)

Calcd. 
(La Mer)

Water 2.4 ± 0 .1 2.7 3.5 ±  0.8 3.9 68 0.22 ±  0.01 0.24 0.22
10 M 2.2 ±  0.2 2.1 3.2 ±  0.8 3.1 69 0.25 ±  0.03 0.24 0.23
20 M 2.0 ± 0 .1 1.8 3.0 ±  0.7 2.8 65 0.27 ±  0.02 0.24 0.25
30 M 1.7 ±  0.1 1.6 3.4 ±  0.7 3.1 51 0.26 ±  0.02 0.24 0.28
40 M 1.5 ± 0 .1 1.5 3.4 ±  0.8 3.4 43 0.24 ±  0.01 0.24 0.29

10 G 2.0 ±  0.1 1.9 2.6 ±  0.5 2.7 78 0.24 ±  0.01 0.24 0.22
20 G 1.7 ± 0 .1 1.5 2.4 ±  0.6 2.2 71 0.26 ±  0.02 0.24 0.23
40 G 1.2 ± 0 . 1 0.72 3.9 ±  1.2 2.4 30 0.39 ±  0.03 0.23 0.27
60 G 0.61 ± 0 . 1 0.25 1.2 0.55 ±  0.5 0.23 0.46

“ M = methanol (volume % ); G =  glycerol (weight %).

The second, a, allows for the probability of achieving 
the proper relative configuration of the reactants; 
values recommended for the proton-transfer reaction 
are given by Weller.6’23 The third factor, p, is the 
probability of the encounter complex dissociating in 
the forward direction. It depends upon steric factors, 
the experimental value of the equilibrium coefficient, 
the diffusion coefficients of the reactants, and the prod
ucts and the electrostatic factors of both. Values 
for the various rate constants calculated in this manner 
are compared with the experimental results in Tables 
IV and V. Equilibrium constants and comparisons 
with previously determined values are also given in 
these tables.

The quantity y is defined as the ratio of the experi
mental rate constant, corrected for the transient re
action, to ko-

y — k-w /ko

ko =  4:tR0N'Dô/ (es — 1)

8 = 2iz2eo2/  tkTR0

In this expression, Ro is the encounter distance, D is 
the relative diffusion coefficient between the reactants, 
N' is Avogadro’s number divided by 1000, e is the di
electric constant, and k is the Boltzmann constant. 
D is directly proportional to the ionic mobilities which 
often are to be found in the literature. When the ion 
is relatively large, as in the case of naphtholate or 
acetate, it is reasonable to assume that Walden’s 
rule may be applied, i.e., that the ionic mobility is in
versely proportional to the viscosity of the solvent.

(23) A. Weller, Discussions Faraday Soc., 27, 28 (1959).

Volume 69, Number 6 June 1966



2056 Norman M. T rieff and Benson R. Sundheim

The mobility of H30 + is anomalous, however, because 
of the proton-jump mechanism24 25 leading to abnormally 
high values. Therefore, for H30+  the mobilities were 
obtained directly from the literature or by use of trans
ference numbers and the additivity of ionic conduct-o
ances. A value of 7.5 A. was selected for R0.M The 
efficiency factors, 7, calculated on this basis are also 
given in Tables IV and V. The general similarity in 
magnitude between the encounter rate and the rate 
of the reaction indicates (as was previously concluded 
by Weller) that the reactions studied here are not 
limited by the proton-transfer step itself.

In this formation all errors due to inadequacies of 
the model or the means of mathematically treating the 
model appear in values of 7. The fact that the values 
of 7 vary considerably with the solvent composition 
and, in some cases, rise well above the theoretical limit 
of unity shows that further analysis is needed. Pre
sumably we must deal with the questions of homoge
neity of solvent distribution, local viscosity, local di
electric constant, local hydrogen bond structure, etc. 
In the present study we avoid detailed consideration of 
some of these problems by the device of comparing 
one reaction with another.

Thus, most of the complications introduced in the 
estimate of the encounter rate upon variation of the 
solvent can be taken into account by comparing the 
rate with that of another diffusion-controlled reaction. 
The quenching of the fluorescence of the /J-naphtholate 
ion by iodate ion was employed for this purpose. This 
is presumably a diffusion-controlled reaction with a 
reasonably high quenching efficiency and may be ex
pected to give a useful measure of the actual encounter 
rate in the various solutions.

The observed quenching constants for this reaction 
are given as functions of solvent compositions in 
Table VI for the glycerol-water and the methanol- 
water systems. We note that the quenching con
stants vary from 34.2 for pure water down to 9.36 
for 60% glycerol. The magnitude of the quenching 
constant in water is about the same as that observed 
for the quenching of uranin by aniline253, or of fluorescein 
by iodide ion in acid medium.2Sb There is a strong 
dependence of the quenching constant on viscosity as 
shown by the fact that a given mole fraction of glycerol 
suppresses the quenching reaction much more than the 
same concentration of methanol. The curve in 
Figure 12, showing the quenching constants as function 
of the reciprocal of the viscosity, is very similar to 
those obtained by Svshnikov26 for the effect of viscosity 
on the quenching of fluorescein by iodide and aniline. 
Positive deviations from the ideal linear relation are 
generally considered to be a result of the cage effect.

Figure 12. Quenching constant, k c i , for 0-naphtholateModate 
quenching reaction as a function of the fluidity 
(t; - 1) of the solutions at 25 ±  1°.

Because of the increased number of collisions in more 
viscous media, the chances for quenching in each en
counter are enhanced. This means effectively that the 
efficiency factor, 7, for the quenching reaction should 
increase with the viscosity; such a variation is indeed 
found here. In the present reaction, the magnitude 
of 7 for pure water, 0.34, is close to that estimated 
for the uranin-aniline reaction (0.53) and for the 
fluorescein-iodide reaction (approximately 0.25).27

In the present work, no corrections were made for 
the effect of ionic strength on the quenching reaction 
(F =  1 here) or for the effects of reabsorption. Cor
rections for the transient reaction were made by the 
method of successive approximations used above.

In the calculation of ko, it is necessary to assume a 
value for R0, the effective encounter distance. A  valueo
of 10 A. was estimated as the sum of the radii of hy
drated naphtholate and hydrated iodate ions. With 
this value, the efficiency factor for 60% glycerol is 
greater than 1 (1.12) and would further increase if R0 

were decreased, for example, to 7.5 A. (2.21). For

(24) R. W. Gurney, “ Ionic Processes in Solution,”  McGraw-Hill 
Book Co., Inc., New York, N. Y., 1953, pp. 73-79.
(25) (a) B. Williamson and V. K. LaMer, J. Am. Chem. Soc., 70,717 
(1948); (b) R. W. Stoughton and G. K. Rollefson, ibid., 61, 2634 
(1939).
(26) B. Svshnikov, Zh. Fie. Khirn., 4, 453 (1936); 7, 755 (1937).
(27) J. Q. Umberger and V. K. LaMer, J. Am. Chem. Soc., 67, 1099 
(1945).
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Table VI : Experimental Values for /3-Nap htholate*-Iodate Quenching Reaction at 25 ±  1°

hq , 1. mole-1 nQ X 10"°,1. mole-1 sec.-1 -■---------- y ----------- . V jy ' X 1020, cm.8
(Second approx.) (Second approx.) fa> X 10-8, 1. mole-1 sec.-1 (Second approx.) (First approx.)

Solvent® Bo =  10 Â. Bo =  7.5 Á. Ro = 10 Â. Bo =  7.5 Â. O Ro =  7.5 Â. Ro = 10 i . Ro =  7.5 Â. Bo = 10 Â. Ro =  7.5 Â.

Water 34.2 34.0 3 57 3.55 10.53 7.041 0.339 0.504 0.687 0.907
10 M 30.8 30.6 3 24 3.22 8.238 5.480 0.394 0.587 0.768 1.03
20 M 28.5 28.1 3.00 2.96 6.850 4.521 0.438 0.654 1.09 1.50
25 M 28.3 28.0 2,95 2.92 6.372 4.196 0.463 0.695 1.10 1.52

10 G 30.6 30.4 3.19 3.16 8.029 5.340 0.398 0.592 0.831 1.12
20 G 26.4 26.0 2.75 2.71 5.906 3.917 0.465 0.692 1.07 1.46
40 G 15.9 18.1 1.71 1.95 2.762 1.805 0.620 1.08 1.02 1.63*
60 G 9.36 11.8 1.06 1.34 0.942 0.604 1.12 2.21 1.696 0 .9536

“ M = methanol (volume % ) ;  G =  glycerol (weight %). 6 In these three cases 7  has been assumed equal to one in the calculation
Of F d '.

the sake of comparison, the values of y were also cal
culated under the assumption that Ro is 7.5 A. It 
should be noted that the values for &q and nq change 
only slightly with such changes in R0. Furthermore, 
one may take R0 as independent of solvent composition 
so that the general shape of the graph of 7 as a function 
of solvent composition is unaffected.

On the basis of these results, it is assumed that the 
quenching of naphtholate by iodate may be used as a 
standard diffusion-controlled reaction for comparison 
with the naphtholate-hydronium ion reaction.

The ratio of the efficiency factors for the reaction of 
excited naphtholate ions with hydronium ions to that 
for excited naphtholate with iodate is shown in Figure 
13, for the methanol-water and glycerol-water systems. 
For the methanol system, we note that this ratio is 
nearly constant, suggesting that the proton-transfer 
reactions here contains no special features not met in 
the quenching reaction. The fact that the ratio of 
efficiency factors is not unity may be due to slightly 
different effective radii or to somewhat different geo
metrical requirements of the two reactions. On the 
other hand, the same pair of reactions, when compared 
in the glycerol-water systems, differ considerably in 
their dependence on the solvent composition.

In order to gain further insights into this situation, 
the reaction of excited naphthol with acetate ion was 
studied in the same way and similarly compared with 
the quenching reaction (Figure 13). Here it is seen 
that both the methanol-water and the glycerol-water 
systems give more or less straight lines with small 
(negative) slopes as a function of solvent composition. 
The slow falling off of the relative efficiency factors 
with decreasing mole fraction of water (i.e., the in
creasing relative efficiency of the quenching reaction) 
is in the opposite direction to that expected for a di
electric constant effect. In these two cases as well as

Figure 13. Efficiencies relative to the /3-naphtholate*-iodate 
quenching reaction as a function of solvent: upper two curves, 
/3-naphtholate*-water; lower two curves, /3-naphthol*-acetate.

in the case of the naphtholate-hydronium ion reaction 
in methanol, the reduced relative efficiencies do not 
seem to fall outside of the accumulated uncertainties 
in the model. The behavior of the naphtholate- 
hydronium ion reaction in glycerol, however, appears 
to need special explanation. We may speculate that 
this is a consequence primarily of the effect on the 
local hydrogen bond structure. The methanol bond 
substitutes more or less for that of water slowly and 
steadily disrupting the structure. However, the glyc
erol, because of its internal hydrogen bond structure, 
provides for the proton a highly organized hydrogen
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bond structure which may facilitate the proton-transfer 
step.

The effect of changing the solvents on the kinetics 
of fast reactions has also been discussed from the point 
of view of the energy of activation for diffusion. 
For example, Williamson and La Mer26a equated the 
efficiency factor, y, to the ratio of the probability of 
reaction per collision to the sum of the probability 
of reaction per collision and the probability of diffusion 
out of the encounter by either reactant between col
lisions ; thus

P  exp(-E J R T )
7  = P  exp(-E J R T )  +  c' exp( - E dm/RT)

where P is the steric factor for the reaction, c' is a 
parameter containing orientation and other factors 
which influence the diffusion of a molecule out of an 
encounter, Ea is the chemical energy of activation, 
and Ena is the energy of activation for diffusion in a 
particular solvent by either reactant.

The values of Rdiff vary considerably from solvent 
to solvent. The lower the value, the more likely an 
encounter is to be broken off by diffusion between 
collisions and the lower the efficiency factor will be. 
Values of Hdiff in various glycerol and methanol 
mixtures with water, which were reported by Hodges 
and La Mer,28 were used to calculate y in glycerol and 
methanol-water mixtures. It was assumed by Hodges 
and La Mer and also in the present investigation that 
-Ediff is a function of the solvent rather than of the solute 
and is the same regardless of which encounter reaction 
is considered. On the other hand, the solvent was as
sumed to have no effect on the value of Here we 
took as 4.4 kcal./mole.6b The steric factor for the 
reaction, P, was taken as equal to the value of a given 
by Weller for this reaction, namely, V 4. P  was assumed 
to remain constant in all solvents, although in fact 
changes in the solvation of the reactants may affect P. 
Not enough molecular parameters were available to 
evaluate c' in different solvents. According to William
son and La Mer,25a c' is a small number approximately 
equal to unity for nearly spherical molecules. To 
simplify the calculations, it was assumed that c' is 
constant in all solvents. The experimental value of 
y in water for the naphthol-acetate reaction, 0.22, 
was used in conjunction with the values of the other 
parameters to arrive at an estimate of c' =  0.4545. 
This value was used in the other solvents together with 
the appropriate values of Emt to calculate the various 
values of y appearing in the last columns of Tables IV 
and V. It is to be seen that this mode of correction 
of y in comparison with that of Weller improves the 
agreement between experimental and theoretical values

M O L E  F R A C T I O N  O F  W A T E R

Figure 14. Second-order constants, k w / X h 2o , for the reaction 
/3-naphthol*-water as a function of solvent composition:
O, ©, ©, points from /3-naphthol*-water reaction; •, 9, ©, 
points calculated from /3-naphthoP-acetate reaction.
Compare with Figure 8.

somewhat for the methanol solution but does not re
move the great difference in behavior in glycerol solu
tions.

We now turn our attention to the reaction between 
/3-naphthol in the excited state and water. The rate 
constant for this reaction can be obtained in the analy
sis of the naphtholate-hydronium ion reaction and also 
in the naphthol-acetate reaction. The pseudo-first- 
order rate constants are shown as functions of the sol
vent composition in Figure 8. We note that the re
action, which is not diffusion controlled, proceeds 
more slowly as the mole fraction of nonaqueous solvent 
is increased. The qualitative behavior is similar, 
but the quantitative variation of kw with mole fraction 
of water is different in the methanol-water and glycerol- 
water systems. Dividing kw by the mole fraction of 
water in order to obtain a formal second-order rate 
constant, Figure 14, tends to straighten out the curves 
but fails to remove their pronounced dependence on the 
mole fraction of water and does not remove the dif
ferences in the curves belonging to the two different 
solvent systems.

In the simplest terms we might remark that the rate 
appears to depend on the mole fraction of water to a 
power considerably higher than the first. If the re

(28) K. C. Hodges and V. K. La Mer, J. Am. Chem. Soc., 70, 722 
(1948).
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action entails a preliminary ionization followed by re
action of the ions with water and a transfer of the pro
ton away from the reaction zone, then the dielectric 
constant might well be a significant feature of the sol
vent. In order to test this hypothesis, the experiments 
were extended to the dioxane-water system with re
sults as shown in Figure 14. It is seen that the general 
shape of the curve resembles those found for meth
anol-water and glycerol-water, but falls distinctly

below them, supporting the idea that the dielectric 
constant plays an important role in this system.
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Radiation Chemistry of Perfluorocyclohexane and Perfluorocyclobutane. 

Mass Spectroscopic Identification of Products

by Michael B. Fallgatter and Robert J. Hanrahan

Chemistry Department, University of Florida, Gainesville, Florida (.Received January 11, 1965)

Dimeric hydrocarbons appear to be the predominant products of the 7-radiolysis of pure 
perfluorocyclohexane at low doses. They have been separated and measured by gas 
chromatography and identified by mass spectrometry. Yields are dose dependent; initial 
G values are 2.2, 0.66, and 0.22 for perfluorobicyclohexyl, perfluorocyclohexylhexene, and 
perfluorccyclohexylhexane, respectively. Minor yields of low-boiling products were ob
served, as well as compounds in the C7-C11 range at higher doses. No perfluorocyclohexene 
was found. Perfluorocyclobutane was investigated qualitatively and gave considerable 
yields of C 5, C6, and C8 (dimer) compounds, as well as perfluoroethylene and perfluoro- 
cyclopropane. These results are compared with earlier work on fluorocarbons and other 
related systems. The mass spectra of several of the radiolysis products are reported.

Introduction
Although the radiation chemistry of hydrocarbons 

has been studied extensively, there is relatively little 
published information on the effects of ionizing radia
tion on their partially or wholly fluorinated analogs. 
The papers published to date1 2 3 4 5 6“ 7 have largely dealt 
with fluorocarbons irradiated tc high doses so that the 
questions of initial products and initial product yields 
are left open. There have also been some studies of the 
effect of electron impact on fluorocarbons at low pres
sures.8-10 In general, these and the previously men
tioned studies have indicated that, despite the remark

able thermal stability of many fluorocarbons, their 
radiation stabilities are not notably greater than those

(1) R. E. Florin, L. A. Wat, and D. W. Brown, J. Res. Natl. Bur. 
Std., 64A, 269 (1960).
(2) J. H. Simmons and E. H. Taylor, J. Phys. Chem., 63, 636 (1959).
(3) R. F. Heine, ibid., 66, 2116 (1962).
(4) P. Y. Feng, Proc. 2nd. Intern. Conf. Peaceful Uses At. Energy, 29, 
166 (1958).
(5) L. Kevan and P. Hamlet, Paper No. 126, Division of Physical 
Chemistry, 148th National Meeting of the American Chemical So
ciety, Chicago, 111., Sept. 4, 1964.
(6) D. R. MacKenzie, F. W. Bloch, and R. H. Wiswall, Jr., to be
published.
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of the corresponding hydrocarbons. In addition, the 
thermodynamics of various possible reactions involv
ing free radical or ionic species which are postulated to 
occur in hydrocarbon radiolyses are unfavorable in 
fluorocarbon systems so that a comparison of perfluoro- 
carbons with their hydrocarbon analogs may provide 
added insight into the nature of the processes occurring 
in both sorts of systems. Perfluorocyclohexane is 
particularly interesting in this respect since so much in
formation is available on the radiolysis of ordinary 
cyclohexane. This report is primarily concerned with 
initial radiolysis products and product yields in F- 
cyclohexane,11 quantities which have been determined 
as part of studies currently being undertaken of the 
radiation chemistry of F-cyclohexane-cyclohexane mix
tures. Some preliminary qualitative work on F-cyclo- 
butane is also reported.

Experimental

Sample Preparation and Irradiation. The F-cyclo- 
hexane used in these studies was obtained from Im
perial Smelting Ltd., Avonmouth, England. The 
material as received was only about 95% pure and was 
repurified using preparative scale gas-liquid chro
matography. The column used was 5 m. long, 1.9 
cm. in diameter, packed with 15 g. of silicone gum 
rubber/100 cc. of 30-60 mesh crushed firebrick, and 
operated at 40°. F-Cyclobutane for the preliminary 
studies reported here was used as received from E. I. 
du Pont de Nemours and Co., Inc. The F-bicyclo- 
hexyl, which was used as received as a chromatographic 
standard, was obtained from Imperial Smelting Ltd.

Samples for radiolysis were degassed on a vacuum 
line, dried by passage of the vapors through P20 6, and 
sealed in Pyrex ampoules with a volume of about 0.2 
cc. Samples of 0.15-cc. volume were irradiated for 
quantitative experiments; they were metered out as 
gases using PVT  procedures on the vacuum line. All 
irradiations were done in a “ Wisconsin”  type Co60 y -  
irradiator which has been described previously.12 
Dose rates were measured relative to (?(Fe+3) of 15.5 
for the Fricke dosimeter and corrected to dose absorbed 
in the fluorocarbon using relative electron densities. 
For F-cyclohexane, the absorbed dose rate was about
0.9 X 1018 e.v./ml. min. Doses used for F-cyclo
hexane ranged from 0.2 to 8 Mrads. Qualitative ob
servations made on F-cyclobutane were done with sam
ples irradiated to about 8 Mrads. To keep F-cyclo
hexane in the liquid state, it was irradiated at 64 ±  1° 
using an oil thermostat bath.

Glass irradiation vessels were used to facilitate sample 
preparation and handling. It has been stated6 that 
this leads to the production of SiF4 from reaction of

fluorine with the walls. However, the same workers6 
have reported that there is no net formation of F2 in this 
system, even in prefluorinated nickel vessels. Rela
tively slow diffusion in the liquid state should minimize 
reaction with the walls for small amounts of fluorine 
possibly present in the steady state during radiolysis. 
Finally, we have observed no etching of the walls even 
after doses of 8 Mrads and no fuming when the cell 
contents were exposed to air.

Sample Analysis. Qualitative analyses of the radi
olysis products of F-cyclohexane and F-cyclobutane 
were made using a combination of gas-liquid chro
matography and mass spectrometry (Figure 1). The 
effluent from the chromatograph column passed a 
stream-splitting needle valve (A) through which a 
portion of the column output could be diverted into the 
mass spectrometer, a Bendix Model 14 time-of-flight 
instrument, equipped with an extra long flight tube 
giving unit resolution to mass 300. (For fluorocar
bons, where the more likely mass peaks occur a mini
mum of five mass units apart, the instrument permits 7 8 9 10 11 12

Figure 1. Block diagram of gas chromatograph-mass 
spectrometer combination.

(7) V. A. Khramchenkov, Soviet J. At. Energy, 17, 53 (1964).
(8) P. Natalis, Butt. Soc. Roy. Sci. Liege, 29, 94 (1960).
(9) J. R. Majer, “Advances in Fluorine Chemistry,”  Voi. 2, Butter- 
worth, Ino., Washington, D. C., 1961, p. 55.
(10) G. A. W. Derwish, A. Galli, A. Giardini-Guidoni, and G. G. 
Volpi, J. Am. Chem. Soc., 86, 4563 (1964).
(11) For convenience, any completely fluorinated organic compound 
will be labeled with the prefix F- rather than the prefix perfluoro-.
(12) R. J. Hanrahan, Intern. J. Appi. Radiation Isotopes, 13, 254 
(1962).
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identification, of mass peaks out to at least mass 700.) 
With large chromatograph peaks, it was possible to take 
the mass spectrum as the peak was being eluted, but 
small peaks had to be treated somewhat differently. 
In these cases a second valve (B) on the sample mani
fold of the spectrometer was closed as the peak of in
terest was eluted so that a sample of the column effluent 
accumulated in the section of tubing between valves 
A and B . Valve A was then closed and a segment of the 
intermediate tubing was cooled with liquid nitrogen, 
freezing out the sample of interest. The helium carrier 
gas was then bled out through the mass spectrometer 
and the cooled section of tubing was allowed to warm 
to room temperature. The sample of interest was then 
admitted to the mass spectrometer, using valve B as a 
controlled leak. It was not possible to keep the source 
pressure absolutely constant while the mass spectrum 
was being taken in this manner, but mass spectra of F- 
bicyclohexyl taken using this technique were nearly 
identical with those taken using the normal method of 
sample admission to the mass spectrometer through a 
pinhole molecular leak. For qualitative analysis of 
the radiolysis products of F-cyclobutane, a silica gel 
column 1 m. long, 5 mm. in diameter, and temperature 
programmed from room temperature to 150° at 5 .6°/ 
min. was used. Qualitative and quantitative analyses 
of the initial Ci2 radiolysis products of F-cyclohexane 
were made by gas-liquid chromatography, using a
1.9-m. column, 5 mm. in diameter, packed with 15 g. of 
silicone gum rubber/100 cc. of Chromosorb W and 
operated at 40°. For analysis of F-bicyclohexyl, a stand
ard solution was used to determine the sensitivity of the 
gas chromatograph, injections of the standard solution 
being made before and after analysis of a radiolyzed 
sample. Standards were not available for the other 
C12 radiolysis products of F-cyclohexane, so the chro
matographic sensitivities to these products were as
sumed to be the same as to F-bicyclohexyl. Ampoules 
of radiolyzed sample were broken in the chromatograph 
inlet system, which included a short side arm consisting 
of an 18/9 ball and socket joint into which the am
poules were loaded. The thin stems of the ampoules 
could then be broken by twisting the joint. Most of 
the quantitative analyses were done using an Aerograph 
flame ionization detector, but a few analyses done 
using a Gow-Mac thermal conductivity cell with W-2 
filaments agreed well with those done using flame ioniza
tion detection.

Results

F-Cyclohexane. In previously published work on F- 
cyclohexane by MacKenzie, et al.,e numerous radiolysis 
products were found, not all of which were identified.

In particular, products in the C1-C4 range were formed 
with a total G value of 0.204, C4-C6 products were 
found by them to be formed with a G value of 0.09, 
and other products having molecular weights greater 
than that of F-cyclohexane starting material were 
formed with a total G value of 2.1, reported in terms of 
loss of starting material. Our studies were made at 
much lower doses than those of MacKenzie, et al.,e 
and thus we have observed a somewhat different dis
tribution of products. At the doses used in our studies, 
the yields of C1-C6 products were too low to measure 
accurately, and we estimate the maximum total G 
value for these compounds to be 0.3. At low doses, 
chromatograms of compounds less volatile than F- 
cyclohexane showed only three prominent peaks, 
closely spaced but well resolved, with area ratios 
roughly 1:3:8. We will temporarily designate these 
products as compounds A, B, and C, respectively. 
The mass spectra of these compounds are given in 
Table I, which lists all ions contributing more than 1% 
of the total, plus others of special structural significance.

Table I : Mass Spectra of C12 Radiolysis Products of 
F-Cyclohexane

m/e Species
A (Cyclo- 

hexylhexane)

-Relative intensities- 
B (Cyclo- 

hexylhexene)
C (Bicyclo

hexyl)

581 C 1 2 F 2 3 0.74
562 C 1 2 F 2 2 0.02
543 C 1 2 F 2 1 1 .2 2.0
393 C 9 F 1 5 0.10 0.21 6.5
331 C 3F ,3 1 .2 0.56
319 C & F  13 0.57
281 C 6F n 2.3 6.7 1 .4
269 C 5 F 1 1 1 . 1 0.07
231 c 6f 9 1 .0 1.8 1.7
219 C 4F 9 1 .8 0.23
193 c 6f 7 1 .0 1.8 1.9
181 C 4 F 7 3.0 2 .6 3.6
169 c 3f 7 3.2 0.59 1.4
162 C 4F 6 1.3 2.4 2.4
143 C 4F 5 0.89 1 .6 1.7
131 C 3 F 5 12.5 21.0 20.3
119 c 2f 5 8.9 3.8 3.3
100 c 2f 4 6 .1 7.4 7.0
93 c 3f 3 2 .6 4.4 3.3
69 c f 3 45.6 34.4 26.1
31 c f 2.3 3.3 1.9

Compound C is identified as F-bicyclohexyl, since 
both its mass spectrum and chromatographic retention 
time were identical with those of our standard sample of 
F-bicyclohexyl. It is clear from Table I that com
pounds A and B are both C12 compounds and also that
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they must bear some structural similarity to F-bicyclo- 
hexyl, since all three fragmentation patterns are rather 
similar. In considering these mass spectra, it is im
portant to recall that saturated perfluorocarbons fre
quently do not give a parent positive ion but do give 
an ion lacking one fluorine atom, and that perfluoro- 
olefins often do give the parent ion, but in small abun
dance. In the mass spectrum of compound A, the high
est peak observed is at mass 581, corresponding to the 
fragment Ci2F2a. This indicates that the formula of 
the compound is probably Ci2F24 (molecular weight 
600) which presumably could be either a noncyclic 
monoolefin or an alkyl cyclohexane. Since no parent 
ion peak at mass 600 could be found, we conclude that 
compound A is F-cyclohexylhexane. The highest 
prominent peak in the spectrum of compound B is 543, 
corresponding to the grouping Ci2F2i and suggesting 
that the formula of the compound is Ci2F22. This could 
either be an unsaturated alkyl cyclohexane or a bi- 
cyclic compound. Since an examination of the mass 
spectrum at high sensitivity showed the presence of a 
weak ion peak at mass 562, and since compound C has 
already been shown to be bicyclohexyl, we identify 
compound B as F-cyclohexylhexene. Furthermore, a 
more detailed examination of Table I strongly sug
gests that compound B has its double bond at the end 
of the side chain since the mass peaks at 69 (CF3+) and 
119 (C2F6+) are smaller for compound B than for com
pound A. These would have to be rearrangement 
products if B is a terminal olefin.

Figure 2 shows the yields of the three Ci2 products 
with dose. The initial G values are given in Table II.

Table I I : Yields of Radiolysis Products of F-Cyclohexane

,------------------- Yields (O values)------------------- ■>
Products This study MacKenzie, et al.«

Ci—C6 0.3 (estimated) 0 .3«
>c6 3.R 2 . 1 «
F-Bicyclohexyl 2.2* 0.36
F-Cyclohexylhexene 0.66*
F-Cyclohexylhexane 0.22-*

“ Consisting of G { CF4) = 0.07, G(C2F6) = 0.065, <7(C3F8) = 
0.035, and GfCtFio) = 0.034. b Sum of the Ci2 products listed 
below. c  Reported as loss of F-cyclohexane. d Initial G  values 
taken from slopes of straight lines in Figure 2.

The G value for F-bicyclohexyl by MacKenzie, et al. , 6 * *

is not necessarily in disagreement with our value since
their measurements were made at higher doses at which
the yield of F-bicyclohexyl decreases, as is seen in 
Figure 2.

Figure 2. Dimeric products in the 7-radiolysis of F-cyclohexane 
at 64°: •, F-bicyclohexyl; 0 ,  F-cyclohexylhexene;
O, F-cyclohexylhexane. The indicated doses were 
delivered to 0.15-ml. samples.

At higher doses, additional products between C6 and 
C12 are formed. Of these products, two have been 
identified from their mass spectra as F-methylcyclo- 
hexane and F-ethylcyclohexane. These and other 
Ce-Ci2 products, presumably F-alkylcyclohexanes of 
various chain lengths, were formed in very small 
amounts and no quantitative determinations were 
made of their yields. Similarly, although small 
amounts of CF4, C2F6, and C3F8 are formed, the initial 
yields are at least one order of magnitude lower than 
those of the Ci2 products and detailed yield measure
ments were not made. We estimate that the total G 
value for these compounds is less than 0.3.

One of the major products in the radiolysis of cyclo
hexane is cyclohexene and it seems a question of some in
terest if F-cyclohexene is formed during F-cyclohexane 
radiolysis. We were not able to identify any chroma
tograph peak as F-cyclohexene, but the possibility ex
isted that our chromatograph column was not separating 
F-cyclohexene and F-cyclohexane. To test this possi
bility, the ability of the Bendix time-of-flight mass spec
trometer to scan several mass peaks simultaneously 
was used. One scanner was set on mass 131, the high
est intensity peak in the mass spectrum of F-cyclo- 
hexane, and a second scanner was set on mass 162, 
which is the highest intensity peak in the mass spec
trum of F-cyclohexene,9 but which in the spectrum of 
F-cyclohexane is only 4%  as intense as the 131 peak.
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The F-cyclohexane chromatograph peak in a sample 
irradiated to about 2 X 1021 e.v./g. was then monitored 
for these two masses. The ratio of the two mass peaks 
did not change throughout the course of the experi
ment, indicating that little if any F-cyclohexene was 
present. We estimate that formation of F-cyclohexene 
with a G value of 0.1 or greater would have produced 
enough of the material to cause an easily observable 
change in the 162:131 ratio during the passage of the 
chromatographic peak.

Another problem in accounting for the distribution of 
radiolysis products in F-cyclohexane is that of fluorine 
balance. The fluorine which must be accounted for as 
a result of formation of F-bicvclohexyl and F-cyclo- 
hexylhexene amounts to (7(F) =  6. Although forma
tion of saturated straight chain and alkylcyclohexyl 
products can account for a portion of this fluorine, no 
more than perhaps 10% can be accounted for in this 
manner. MacKenzie, et al. , 6 report no F2 production 
in the radiolysis of F-cyclohexane. It would appear 
then that there must be other radiolysis products which 
have so far been unidentified. Perhaps the most likely 
possibility for such a product is F-n-hexane which might 
not have been separated from the F-cyclohexane parent 
by our chromatographic columns. Experiments are 
in progress to determine if this is the case.

F-Cyclobutane. Chromatography on a silica gel 
column of irradiated F-cyclobutane gave three small 
chromatographic peaks (I, II, III) of shorter retention 
time than the parent and three much larger peaks (IV, 
V, VI), at longer retention times. Peak I is taken to 
be F-ethylene, since its retention time agreed with a 
known sample. Peak II is identified as CHF3 since its 
mass spectrum is in good agreement with that of a 
known sample of this substance. The base peak in 
each case is at m/e 51, corresponding to CHF2+. (Our 
fragmentation pattern disagrees with that reported by 
Majer,9 which shows 69 rather than 51 as the most in
tense peak.)

Peak III is identified as F-cyclopropane from its 
mass spectrum, which is given in Table III. This frag
mentation pattern is unlike that of either F-propylene 
(also listed in Table III for comparison) or F-propane 
as given by Majer.9 However, it is essentially identical 
with the cracking pattern of a product obtained in the 
mercury-sensitized photolysis of F-ethylene (done in a 
corollary experiment) which has been reported to be 
F-cyclopropane.13 If F-cyclopropane is a radiolysis 
product it would seem reasonable to expect some F- 
propylene as well, since any mechanism which would 
lead to the former might be expected to give at least 
some of the latter as a by-product. No evidence of a 
chromatograph peak which could correspond to F-

Table III : Mass Spectra cf Some C3 Fluorocarbons

m/e Species

------Relative abundance
Radiolysis product 
(F-cyclopropane) F-Propylene (ref. 9)

150 c 3f 6 2.52 28.6
131 c 3f 5 15.59 72.0
100 c 2f 4 58.46 36.1
93 c 3f 3 1.79 5.87
81 c 2f 3 11.12 14.2
69 C F s 74.02 77.1
50 c f 2 35.97 12.1
43 c 2f 12.2 4.06
31 CF 100.0 100.0

propylene was actually found. However, the F-cyclo
propane peak is eluted just before the large peak for the 
parent F-cyclobutane, which could have obscured a 
peak for F-propylene. The latter compound is re
ported to elute between F-cyclopropane and F-cyclo
butane on a silica gel column.6

The major post-parent chromatograph peaks were 
apparently mixtures of unresolved Cs, C«, and C8 
fluorocarbons, since mass spectra of the chromatograph 
peaks taken using samples irradiated to different doses 
gave different cracking patterns. The highest mass 
peaks observed in the cases of the C6 and C6 chromato
graph peaks corresponded to saturated, noncyclicspecies, 
C5F12 and C6Fh. However, these spectra also had very 
high intensities at m/e 100 (corresponding to C2F4+), 
which is characteristic of an F-cyclobutane ring. We 
conclude, therefore, that these products are mainly F- 
methylcyclobutane and F-ethylcyclobutane, respec
tively, with smaller amounts of F-pentane and F-hexane 
also present. The absence of an appreciable C7 chro
matograph peak is curious; since this corresponds to a 
C3 fragment plus butane, it may be related to the pres
ence of cyclopropane as a radiolysis product.

The largest value of m/e observed in the mass spec
trum of the C8 chromatograph peak was 381, corre
sponding to the fragment C8Fi6 + and indicating the 
parent molecule C8F1E. Again there was a very high 
intensity at m/e 100, indicating F-cyclobutane rings. 
We postulate that this peak consists of F-butylcyclo- 
butane and probably also F-bicyclobutyl (by analogy 
with the case of F-cyclohexane) with little if any satu
rated F-octane formed.

It should be noted that, during the analysis of all 
three of the post-parent chromatograph peaks, the 
mass spectrometer showed a weak peak at m/e 51 
(CHF2+), indicating ihat small amounts of hydrogen-

(13) B. Atkinson, J. Chem. Soc., 2684 (1952).
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containing materials were being eluted along with the 
perfluorocarbons listed above. The production of 
CHF3 was also noted earlier. It is apparent that the 
F-cyclobutane sample which we used contained some 
partially hydrogenated materials. Although quanti
tative work was not undertaken pending the further 
purification of the sample, we believe that the qualita
tive observations described above are valid.

Discussion

Although extended speculation about mechanism is 
premature, some generalizations may be pertinent. 
Among the major differences between the perfluorocar
bons and the hydrocarbons are the great strength of 
the C-F bond compared to the C -H  bond, and the 
weakness of the F -F  bond compared to the H -H  bond. 
The former is clearly no deterrent to C -F  bond rupture 
during radiolysis; more than 80% of the observed 
bond rupture in the radiolysis of liquid F-cyclohexane 
involves C -F  rather than C-C bonds. It is true that 
F-cyclohexane is probably not a typical compound, 
since ordinary cyclohexane shows far less C -C  bond rup
ture than hydrocarbons in general. Nevertheless, 
implications that the radiation chemistry of perfluoro
carbons is centered in C -C  rather than C-F bonds 
should be avoided.

The weakness of the F -F  bond is important since it 
must mean that abstraction from fluorocarbon substrate 
by F atoms to make F2 is essentially impossible. This 
factor alone would be enough to make the radiation 
chemistry of fluorocarbons much different from that of 
hydrocarbons. It may also be related to the apparent 
lack of F-cyclohexene among the radiolysis products. 
In the case of cyclohexane radiolysis, most mechanisms 
proposed for cyclohexene production involve either 
molecular elimination of H2 or the elimination of two 
(possibly hot) hydrogen atoms. The corresponding re
actions in F-cyclohexane are both quite unfavorable 
thermodynamically

c-CeFi2 —,l"v c-C6F i0 +  F2 (1)

c-CeFi2 —*vv oCeFio T  2F (2)
The first is endothermic by about 150 kcal. mole; the 
second is about 40 to 50 kcal./mole more endothermic 
than in the case of ordinary cyclohexane. Further
more, in both cases the products would be subject to 
caged recombination (unlike the case of the hydro
carbons where H2 is presumably nearly inert). The ab
straction of fluorine from the substrate is so endothermic 
(82 kcal. /mole) that it is dubious even as a “ hot”  
process.

The role of fluorine in the radiolysis, whether as F 

or F2, remains to be further elucidated. It can be 
pointed out that in the case of ordinary cyclohexane, a 
large part of the total hydrogen gas yield (G of about
5.5) is balanced by the production of cyclohexene (G of 
about 3). Since F-cyclohexene apparently is not 
formed, the maximum yield of F2 which might be ex
pected would be less than the corresponding H2 yield 
from cyclohexane. As we have noted above, the pres
ent results show a deficit of molecular fluorine with a 
G value of about 3, or 6 for fluorine atoms. Although 
this deficit could be attributed to the use of glass vessels, 
the same general problem seems to occur in studies using 
metal vessels, in which no fluorine was found.6

With respect to possible ionic aspects of the mech
anism, consideration may be given to mass spectro
scopic evidence. One common aspect of fluoro
carbon mass spectra, true of F-cyclohexane, is the near 
zero abundance of the parent positive ion. Field and 
Franklin14 point out that the most probable ionization 
process for fluorocarbons may involve loss of F _ , 
presumably

c-CeFu +  e — >  c-C6Fu+ +  F _ +  e (3)

The rather similar electron capture process would give 
F-cyclohexyl radical as one of the products

c-CsF i2 -f- e -  >  c-C6F ii- +  F -  (4)

In spite of the high electron affinity of fluorine, this 
reaction cannot occur with thermalized electrons be
cause the C-F bond strength greatly exceeds the elec
tron affinity. These processes, if they occur, would 
modify the nature of the neutralization process, as well 
as providing a mechanism for C-F bond rupture. Un
fortunately, the general pertinence of the 70-v. mass 
spectrum is even more dubious here than in the case of 
hydrocarbons. The most intense peaks in the crack
ing pattern of F-cyclohexane are m/e 131 (C3F5"1") and 
69 (CF3+); corresponding radiolysis products do not 
occur in significant yield. The radical ion C6Fn+ 
occurs with an abundance of only 3.43% in contrast to 
the preponderance of C6Fn fragments under radiolysis.

It seems simplest and most reasonable to attribute 
the formation of F-bicyclohexyl to radical recombina
tion. The experimental results indicate that the pro
duction of F-cyclohexylhexene and F-cyclohexylhexane 
are not coupled to that of F-bicyclohexyl, since the for
mer two increase nearly linearly with dose while the 
production of the latter falls off markedly. Hence 
there is a temptation to write a different sort of mech
anism—possibly an ionic one—for the first two com

(14) F. H. Field and J. L. Franklin, “Electron Impact Phenomena,” 
Academic Press, New York, N. Y., 1957, p. 179.
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pounds. Although a plausible ion-molecule sequence 
can be written leading to these products, there is no 
supporting evidence for the reactions involved. No 
data on ion-molecule reactions in saturated fluoro
carbons have been published, although a paper on the 
high-pressure mass spectrum of F-ethylene appeared 
recently.10

The qualitative data on F-cyclobutane seem to fit 
the same general pattern as F-cyclohexane and will not 
be discussed in detail. The greater amount of frag
mentation in this case can be attributed to greater ring 
strain.

In the above discussion we have stressed comparison 
of F-cyclohexane with hydrocarbon systems. In 
many ways the radiation chemistry of CCI4 may be 
more pertinent. Points of comparison include great 
sensitivity to impurities, rather low net yields, high

electronegativity of the halogen involved, and im- 
plausibility of abstraction reactions. Radiolysis of 
hydrogen-containing substances in the two media have 
some analogous aspects as well; work in this direction is 
currently in progress in our laboratories.
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The Volatilization of Molybdenum in the Presence of Water Vapor

by G. R. Belton and A. S. Jordan

Department of Metallurgy, University of Pennsylvania, Philadelphia 4, Pennsylvania (.Received March 15, 1965)

A study has been made, using the transpiration technique, of the enhanced volatility of 
molybdenum in mixtures of water vapor, hydrogen, and argon. The major volatilization 
is shown to occur by the reaction Mo(s) +  4H20(g) =  M o03H20(g) +  3H2(g). The standard 
free energy change for the reaction between 1200 and 1500° is given by AF° =  40,410 — 
7.10T. The standard free energy changes for the reactions Mo(s) +  3H20(g) =  M o03(g) +  
3H2(g) and Mo(s) +  2H20(g) =  M o02(g) — 2H2(g), obtained by combination of this work 
with mass spectrometric studies from the literature, are given by AF° =  100,120 — 33.99T 
and AF° =  119,900 — 41.0477, respectively.

Introduction
In a recent paper1 the enhanced volatility of metallic 

tungsten in the presence of water vapor at elevated 
temperatures was shown to be due to the formation of 
the gaseous hydrated compound WO3H2O. The pres
ent paper describes a similar study of the effect of water 
vapor on the volatility of molybdenum.

Millner and Neugebauer2 were the first to note that

the volatility of molybdenum trioxide at 600 and 700° 
was increased by the presence of water vapor. Later, 
Brewer and Elliott3 extended this work by measuring

(1) G. R. Belton and R. L. McCarron, J. Phys. Chem., 68, 1852 
(1964).
(2) T. Millner and J. Neugebauer, Nature, 163, 601 (1949).
(3) L. Brewer and G. R. B. Elliott, University of California, Radia
tion Laboratory Report 1831, 1952.
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the amount of M o03 which could be volatilized in 
sealed silica tubes in the presence of various amounts 
of water at 560°. These authors concluded that the 
volatility was a linear function of the water pressure 
and that the volatilization occurred by the reaction

M o03(s) +  H20(g) =  M o03H20(g) (1)

Glemser and Haeseler4 have since carried out more 
precise transpiration experiments on the volatility of 
the oxide in water vapor +  oxygen mixtures from 600 
to 690°. This work, together with the measurements 
of Wendlandt and Glemser5 on the volatility of M o03 
in steam at elevated pressures and at 500°, supported 
the linear dependence necessary for reaction 1. How
ever, the possibility of more than one M o03 unit in 
the volatile species cannot be ruled out by the above 
results although the simple species would be expected 
by analogy with the behavior of tungsten.

The purpose of the present investigation has been 
to prove conclusively the formula of the volatile com
pound and to obtain thermodynamic data for the for
mation of the compound directly from the metal and 
over a substantial temperature range. This has been 
achieved by using the transpiration technique to meas
ure the apparent vapor pressure of molybdenum in the 
presence of water vapor +  hydrogen +  argon mixtures 
insufficiently oxidizing to permit formation of the con
densed oxide. The contribution of the gaseous oxide 
to the volatility has been derived by taking advantage 
of the dependence of the oxide pressure on the water 
vapor-hydrogen ratio alone.

Experimental

The transpiration apparatus and experimental pro
cedure were substantially the same as were used in 
the earlier work1 and described in some detail by Belton 
and Richardson.6 A change in procedure was in
troduced, however, by the desire to vary the pressure 
of water vapor independently of the water vapor- 
hydrogen ratio. This was achieved by saturating 
several argon +  hydrogen mixtures as well as pine 
hydrogen.

Materials. High purity molybdenum wire (Fansteel 
Metallurgical Corp.) approximately 0.25 mm. in diam
eter and with a minimum molybdenum content of 
99.95% was used in the experiments. Experimental 
specimens which were approximately 25 mm. long by 
4 mm. in diameter were constructed of two concentric 
coils of the wire.

Apart from pure hydrogen, three commercially 
prepared high purity argon-hydrogen gas mixtures 
were used. Their hydrogen contents in volume per 
cent were 33.3 ±  0.1, 14.9 ±  0.1, and 4.56 ±  0.01.

The maximum impurity contents were N2 <  250 p.p.m., 
0 2 <  10 p.p.m., and hydrocarbons <  20 p.p.m.

Results
The experimental results are shown in Figures 1 

and 2, where the apparent vapor pressure of molyb
denum is shown plotted against the flow rate (STP) 
of the equilibrium gas. Two additional sets of data 
obtained at 1500° and with a water vapor-hydrogen 
ratio of 1.00 are not shown; however, these data showed 
experimental scatter similar to those illustrated.

The equilibrium pressures were taken as the “ pla
teau”  values, i.e., the regions where the apparent vapor 
pressure is independent of flow rate. These values, 
together with the experimental conditions, are presented 
in Table I. The average value of the mean deviations 
from the equilibrium results, listed in Table I, is ap
proximately 3%. As the vapor pressure of molyb
denum7 is negligible at the temperatures of the ex
periments, the listed equilibrium pressures are directly 
ascribable to the one or more gaseous compounds stable 
under the conditions of the experiments.

Table I : The Volatility of Molybdenum in the Presence 
of Water Vapor

Temp., °C. PH,o/PH2 P H j O ,  m m .

Total apparent vapor 
press., atm. X 106

1500 1.00 99.1 62.60
1500 1.00 33.1 29.50

1479 1.00 33.1 22.72
1479 1.00 99.1 56.38
1479 1.00 190.5 91.77
1479 0.82 27.2 12.99
1479 0.82 82.1 26.20
1479 0.82 162.3 45.80
1479 0.82 340.0 90.92

1383 1.40 45.6 31.33
1383 1.40 241.8 133.80

1283 1.00 33.1 3.08
1283 1.00 190.5 16.16

1200 1.00 33.1 1.67
1200 1.00 99.1 5.30
1200 1.00 381.8 19.34
1200 0.87 353.8 11.55

(4) O. Glemser and R. Haeseler, Z. anorg. allgem. Chem., 316, 168 
(1962).
(5) H. G. Wendlandt and O. Glemser, Angew. Chem., 75, 949 (1963).
(6) G. R. Belton and F. D. Richardson, Trans. Faraday Soc., 58, 
1562 (1962).
(7) J. W. Edwards, H. L. Johnston, and P. E. Blackburn, J. Am. 
Chem. Soc., 74, 1534 (1952).
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Figure 1. Results obtained from transpiration experiments at 
1479°. Values of pH2o/Ph2 and Pb2o (mm.), respectively, 
are: ▼, 1.00, 190.5; V, 0.82, 340.0; A, 1.00, 99.1; A, 0.82, 
162.3; •, 0.82, 82.1; O, 1.00; 33.1; X , 0.82, 27.2.
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Figure 2. Results obtained from transpiration experiments at 
1200 to 1383°. Values of Vs2o/Pb2, Pn2o (mm.), and 
temperature (°C.), respectively, are: □, 1.40, 241.8, 1383°;
A, 1.40, 45.6, 1383°; V, 1.00, 381.8, 1200°; A, 1.00, 190.5, 
1283°; A, 0.87, 353.8, 1200c ; •, 1.00, 99.1, 1200°;
O, 1.00, 33.1, 1283°; X , 1.00, 33.1, 1200°.

Each pressure may then be separated into an oxide 
contribution and the hydrated species contribution by 
taking advantage of the pressure dependence on gas 
composition. If a general reaction for the formation 
of a gaseous oxide is formulated

zMo +  2/II2O =  MozOj, +  Î/H2 (2)

it follows that the apparent pressure of the oxide is 
directly proportional to (p h ,o/Pe 2) v- Hence, for any 
set of data taken with a constant water vapor-hydrogen 
ratio, the contribution which is independent of water 
pressure must be due to the volatile oxide or oxides.

In Figures 3 and 4 the apparent pressures of Mo are 
shown plotted against the partial pressure of water 
vapor at constant water vapor-hydrogen ratios. The 
values of the intercepts at zero water pressure represent 
the pressures of the gaseous oxides. A  linear depend
ence of the pressure of molybdenum on the pressure 
of water is clearly shown by the data at 1479 and 1200°. 
Hence, the data were analyzed by the method of least 
mean squares to determine the best values for the in
tercepts (oxide contribution) and slopes (hydrated 
species contribution) of the straight line. Each sepa
rate measurement was given equal weight in these

Pressure of water vapor, mm.

Figure 3. Dependence of apparent volatility of Mo on the 
pressure of water vapor at constant Ph2o/Ph2 ratios. Values 
of Ph2o/Ph2 and temperature (°C.), respectively, are: □,
1.00, 1500°; O, 1.00, 1479°; A, 0.82, 1479°; •, 1.40, 1383°.
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Figure 4. Dependence of apparent volatility of Mo on the 
pressure of water vapor at constant Ph2o/P h2 ratio at the lower 
temperatures. Values of p H2o/P h2 and temperature (°C.), 
respectively, are: O, 1.00, 1283°; X, 1.00, 1200°;
D, 0.87, 1200°.

calculations in order to give meaningful probable 
errors. The resulting pressures of the oxides and of the 
hydrated species are presented in Table II. The data 
at 1283 and 1200° gave zero intercepts within the prob
able errors of the experiments and were interpreted 
accordingly.

Table I I : Derived Partial Pressures of Hydrated and 
Unhydrated Species

Temp.,
°C. ph2o/ ph2

Press, of hydrated 
speeies/atm. of H2O, 

atm. X 106
Total press, of oxide 
species, atm. X 10s

1500 1 .0 0 3 8 0 .4  ±  6 .7 1 3 .0 0  ±  1 .1

1479 1 .0 0 3 3 0 .5  ±  6 .8 1 0 .4 8  ±  1 .2 0

1479 0 .8 2 1 8 9 .2  ±  1 .5 5 .9 2  ±  0 .3 9

1383 1 .4 0 4 0 4 .2  ±  6 .7 7 .1 1  ±  1 .5 4

1283 1 .0 0 6 7 .6  ±  2 .1

1200 1 .0 0 3 8 .2  ± 1 . 1

1200 0 .8 7 2 4 .7  ±  0 .6

Discussion
Errors. In the similar study1 on tungsten the maxi

mum uncertainty in the derived vapor pressures was

shown to be about ±6.5% . An additional small 
error arises in the present work because of the un
certainty in the composition of the argon and hydrogen 
gas mixtures. If this is taken into account, the un
certainty in the derived pressures in the present work is 
approximately ± 7 % . The calculated probable errors 
in the slopes of the straight lines (column 3 in Table II), 
being derived from several such data, are consistent 
with this uncertainty.

Several specimens with a combined weight of ap
proximately 5 g. were used in the experiments. The 
combined weight loss was about 0.15 g. or 3%. The 
specified maximum impurity content of the molyb
denum was 0.05%; hence, it is concluded that the 
impurities present in the molybdenum could not sig
nificantly affect the results.

Confirmation and Thermodynamic Properties of the 
Gaseous Species M 0 O3H2O. At constant temperature 
and constant water vapor-hydrogen ratio, the pressure 
of the hydrated compound has been shown to be a 
linear function of the water pressure. This means 
that the compound must stoichiometrically contain 
one molecule of H20  which is in agreement with the 
previously cited work3-5 on the volatility of M0O3. 
The manner in which the apparent pressure varies with 
the ratio of water vapor to hydrogen may then be used 
to determine the additional number of oxygen atoms in 
the gaseous compound. Table III summarizes the 
calculations on the three species which most nearly 
satisfy the measurements. Column 2 shows the ap
parent pressure per atmosphere of water vapor calcu
lated for the condition when Ph2o/ ph2 is equal to 0.82 
at 1479° from the results obtained at this temperature 
when Ph2o/ ph2 was equal to 1.00. The observed value 
is shown at the bottom of this column. Column 3 
shows the results calculated for a ratio of 0.87 from the 
results at a ratio of 1.00 at 1200°.

Table III : Results of Calculations on the Choice of 
Volatile Species from Mo +  H20  +  H2 +  A Experiments

Supposed species
Caled, vapor press./atm. of water vapor, atm. X 106 

1479°, ph2o/ ph2 = 0.82 1200°, phío / ph, = 0.87 
Caled.“  C a led /

M 0 O 2H 2O 2 2 2 .1  ± 1 1 . 1 2 8 .7  ±  1 .4

M 0 O 3H 2O 1 8 1 .8  ±  1 0 .9 2 5 .1  ±  1 .5

M 0 O 4H 2O 1 4 9 .1  ±  1 0 .4 2 1 .9  ±  1 .5

Obad. Obsd.

1 8 9 .2  ±  1 .5 2 4 .7  ±  0 .6

“ From results at 1479° and Ph2o/P h2 =  1-00. 6 From results 
at 1200° and p h,o/P h2 = 1-00.
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The uncertainties listed for the calculated values 
were derived by combining the probable errors listed 
in Table II with the uncertainty in the water vapor- 
hydrogen ratio. The species M o03H20  fully satisfies 
the calculations, but the remaining two species must be 
considered as possibilities. Species requiring either 
higher or lower dependences than those listed are clearly 
ruled out.

If the species M o08H20  is considered, the reaction in 
the presence of H2 and H20  would be

Mo +  4H20(g) =  M o03H20(g) +  3H2(g) (3)

for which
Figure 5. Temperature dependence of equilibrium constant 
for the reaction Mo +  4H20  = M 0O3H2O +  3H2.

K  =  (pmoo3h2o) (ph2) 3/(P h2o) 4 (4)

Values of log K  derived from the values of pnoo3n2o / 
Ph2o listed in Table II are shown plotted against 
I/T (°K.) in Figure 5. The best straight line calcu
lated by the method of least squares is

l o g #  =
8830 (±200) 

T
+  1.55 (±0.12) ( 5 )

The standard free energy change for reaction 3 would 
then be

AF° =  40,410 -  7.105P (6)

The standard free energy change for the reaction

M o03(s) +  H20(g) = M o03H20(g)

may then be calculated by appropriate combination of 
eq. 6 with the standard free energies of formation of 
H20 8 and M o03.9 At 900°K. the value is +15,870 cal.

From this, one can readily calculate that, at 900°K., 
unit activity of M o03, and 760 mm. of H20, pmoo3h2o =
0.106 mm. This is subject to a factor of error of ap
proximately 2 if account is taken of the probable errors 
in slope and intercept of eq. 5. The measured value 
of Glemser and Haeseler under approximately these 
conditions (903°K. and 744 mm.) is 0.6 mm. This 
is in surprisingly good agreement when the long ex
trapolation of 600° is considered. If similar calcula
tions are carried out for the remaining species in Table 
III or for all three species when assumed to contain 
more than one atom of molybdenum, the results are 
several orders of magnitude away from the measured 
value and they are effectively ruled out.

Thus, there is conclusive evidence that the major 
hydrated gaseous species is stoichiometrically M o03H20  
and that the vaporization reaction in the presence of 
water vapor is as given by eq. 3. The most probable 
values for the standard free energy change of this re

action are given by the equation AF° =  40,410 — 
7.10T (±450 cal.).

The entropy of the gaseous species may be calculated 
by combination of the entropy change of reaction 3 
with the well-established entropies of Mo, H20 , and 
H2 taken from the literature.10 The most probable 
value at 1600°K. is S° =  137.9 ±  0.55 e.u.

The molecule W 03FI20 , which is probably iso- 
structural with the molybdenum species, was previously 
found1 to have an entropy at this temperature of 136.7 
±  1.05 e.u. This similarity in entropy values is sur
prising in view of the difference in molecular weight 
between the two species but is not unreasonable when 
compared with the difference in entropies of the hexa
fluorides, the only other seven-atom gas molecules of 
Mo and W for which data are available. At 1600°K. 
the entropy of MoF6 is 138.07 ±  1 e.u.,10 and that of 
WFe is 139.49 e.u.,11 both these values being based 
upon spectroscopic studies.

The Volatile Oxides. As pointed out ear her in this 
paper, the pressures listed in column 4 of Table II 
represent the total pressures of the volatile oxides 
under the conditions of the experiments. If the data 
taken at 1479° with Pe2o/P h2 ratios of 1.00 and 0.82 
are considered, the species M o02 and M o03 would 
both satisfy calculations of the type carried out for the 
hydrated species. However, the mass spectrometric 
investigation of the sublimation of M o02 +  Mo at

(8) “ Selected Values of Chemical Thermodynamic Properties,” 
Series III, Vol. 1, National Bureau of Standards, Washington 25,
D. C.
(9) E. G. King, W. W. Weller, and A. U. Christensen, U. S. Depart
ment of the Interior, Bureau of Mines, Report of Investigations 
5664, 1960.
(10) K. K. Kelley, U. S. Bureau of Mines Bulletin 584, U. S. Govern
ment Printing Office, Washington, D. C., 1960; K. K. Kelley and
E. G. King, U. S. Bureau of Mines Bulletin 592, U. S. Government 
Printing Office, Washington, D. C., 1961.
(11) “ JANAF Thermochemical Tables,”  The Dow Chemical Co., 
Midland, Mich., 1963.
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1500-1780°K. of Bums, et al.,* IV. 12 has shown that there 
are several species which, in decreasing order of im
portance, are M 0 O3 , (M o03)2, M o02, and (M o03)3.

The expected pressures of M o03 under the conditions 
of the present experiments may be calculated from the 
standard free energy change of the reaction

Mo(s) +  3H20(g) =  M o03(g) +  3H2(g) (7)

derived by appropriate combination of the pressure 
data of Burns, et al., with the data for H20 (g )8 and 
M o02(s). Taking the standard free energy of forma
tion of M o0 2(s) to be that reported by King, et al.,9 
corrected by —500 cal. in view of the later work of 
Rapp,13 the resulting pressures are as shown in column 3 
of Table IV. These are substantially lower than the 
total apparent pressures determined in this work, shown 
in column 4 of the same table.

Table IV : Derived Pressures of the Volatile Oxides M o03 
and M o02

Temp.,
°C. ph2o/ ph2

Calcd.® 
press, of 
M0O3, 
atm.
X 10®

Total oxide 
press, from 
expt., atm. 

X 10®

Press, 
attributed 
to M0O3, 

atm. X 10®

Press, 
attributed 
to M 0O2, 

atm. X 10®

1500 1.00 2.21 13.00 10.41 1.47
1479 1.00 1.57 10.48 8.43 1.12
1479 0.82 0.87 5.92 4.98 0.81
1383 1.40 0.83 7.11 4.96 0.23
“ From data of Bums, DeMarià, Drowart, and Grimley.

The data of Burns, et al., were used therefore only 
to calculate the expected proportions of the various 
oxide species in the gas phase for each experimental 
condition. The pressures attributable to M o03 and 
M o0 2, the major oxide species, under the existing 
conditions, were then derived from the measured pres
sures.14 15 These are shown in column 5 and 6 of Table
IV.

Derived values of log K  for reaction 7, where

K  =  (pmoo.) (ph2) 8/  (pmo)3 (8)

are shown plotted against 1/T (°K.) in Figure 6.
Since the temperature range of the experiments is 

small, the enthalpy change of reaction 7 is taken as 
that given by the combination of the data of Bums, 
et al., with the calorimetrically determined heat of 
formation of M o02(s)9 and theselectedvalueforH20(g ).8 
This yields for the straight line shown in Figure 6.

log K  =  -  21| °° +  7.43 (±0.05) (9)

Figure 6. Temperature dependence of equilibrium constants 
for the reactions Mo +  2H20  = M o02 +  2H2 and 
Mo +  3H20  = MoOs +  3H2.

Hence, the standard free energy change for reaction 7 
would be given by

AF° =  100,120 -  33.99T (10)

Derived values of log K  for the reaction

Mo(s) +  2HaO(g) =  M o02(g) +  2H2(g) (11)

calculated by the same method, are also shown in 
Figure 6. The straight line equation is

20 210
log K  = ------- >—  +  8J7 ( ± 0 -05) (12)

giving for the standard free energy change of reaction 11 

AF° =  119,900 -  41.04T (13)

The pressures of the oxides derived in this work are 
higher by a factor of about 5.4 than the expected pres
sures derived from the data of Burns, et al. This 
factor is subject to an error of approximately ± 10%  
if account is taken of the probable errors listed in Table
II. The earlier Knudsen cell measurements of Black
burn and his co-workers16 on the Mo -f- M o02 system 
also gave higher apparent pressures. If the mass 
spectrometric data are used to calculate the propor
tions of the species present at 1818 °K. (the lowest 
temperature of Blackburn) and the pressures rede
termined from the weight loss of the Knudsen cell,

(12) R. P. Burns, G. DeMaria, J. Drowart, and R. T. Grimley, 
J. Chem. Phys., 32, 1363 (1960).
(13) R. A. Rapp, Trans. AIME, 227, 371 (1963).
(14) Within experimental error, the variation of the total oxide 
pressure with the H20 /H 2 ratio at 1479° is in agreement with the mass 
spectrometric proportions of M o02 and M0 O3.
(15) P. E. Blackburn, M. Hoch, and H. L. Johnston, J. Phys. Chem.,
62, 769 (1958).
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the pressure of M o03 is again higher than that ex
trapolated from Burn’s equation by a factor of 5.5, in 
good agreement with this work.

Inghram and Drowart16 have suggested that pres
sures derived from mass spectrometer studies of this 
type are subject to a maximum error of X  2. However, 
evidence has been accumulated recently that the 
principle of additivity of relative ionization cross 
sections17 used in the calculation of results is in error. 
For example, the work of Goldfinger and Jeunehomme18 
has shown that the ratio of cross sections for certain 
homonuclear diatomic molecules compared to the 
atoms is about 1.5. Berkowitz and his co-workers19 
have obtained values of 1 to 1.4 for the dimer/monomer 
cross-section ratios of the lithium halides. This type 
of error would lead to a too low pressure. In addition, 
as the ionization cross sections normally refer to 
energies at the maxima of the ionization efficiency 
curves, it is usual16 to correct the cross sections to the 
ionizing energies used. This was not done by Burns, 
et al., and could be responsible for serious error.

Derivation of eq. 9 and 12 involved the assumption

that the mass spectrometric work gave the correct 
relative proportions of the oxide species; i.e., the 
ionization cross sections used were in error only with 
respect to silver, the calibrating substance. Any 
other relative errors among the cross sections must 
lead to errors in these equations. For these reasons, 
equations involving (M o03)2 and (M o03)3, the more 
complex and lower pressure species, are not presented.
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(16) M. G. Inghram and J. Drowart, Proceedings of the International 
Symposium on High Temperature Technology, McGraw-Hill Book 
Co., Inc., New York, N. Y „ 1960, p. 219.
(17) J. W. Otvos and D. P. Stevenson, J. Am. Chem. Soc., 78 , 546 
(1956).
(18) P. Goldfinger and M. Jeunehomme, Trans. Faraday Soc., 59, 
2851 (1963).
(19) J. Berkowitz, H. A. Tasman, and W. A. Chupka, J. Chem. 
Phys., 36, 2170 (1962).
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Radiolytic Stress Relaxation of an Ethylene-Propylene Copolymer1

by Hyuk Yu and Leo A. Wall

National Bureau of Standards, Washington, D. C. (.Received January 1J+, I960)

The kinetics of network chain scission induced by y-rays has been studied by stress re
laxation at constant elongation under vacuum and in air. The rate of chain scission of a 
1:1 ethylene-propylene copolymer was found to be independent of initial network chain 
density, and the initial rates were roughly the same in air and under vacuum. Parameters 
for cross linking induced by y-rays were obtained by sol extraction and by measurement of 
elastic properties of the resulting networks. G values for scission and cross linking and gel 
dose, obtained by stress relaxation, by elastic properties, and by sol extraction, were found 
to be in agreement with each other.

Introduction

It has been well established that some vinyl polymers 
undergo simultaneous cross linking and chain scission 
Under high energy irradiation.2“ 3 However, a clean- 
cut separation of the two competing processes is not 
readily effected by the usual sol-gel partitioning method 
commonly employed in investigations of radiation 
effects on polymers. This method was first advanced 
by Charlesby and Pinner4 as an extension of the theory 
of gelation proposed by Flory5 and Stockmayer6 and 
was recently generalized by Inokuti and Dole.7’8 
The method requires a knowledge of the molecular 
weight distribution and makes the assumption that cross 
linking and chain scission processes occur linearly 
with respect to the radiation dose. Even so, this 
method does not directly provide one with a knowledge 
on the radiation yield for chain scission. It is obtained 
only indirectly from the relative radiation yield 
of the two processes and the measured cross-linking 
efficiency. We have sought a more direct method 
for the problems of chain scission and cross linking in 
polymers by high energy radiation. This method, 
which is based on the stress relaxation of a polymeric 
network at constant elongation, was originally devised 
by Tobolsky and his co-workers,9 and, subsequently, 
it was demonstrated to be a fruitful tool for the kinetic 
investigation of chain scissions in amorphous polymers.10

In this paper we report that stress relaxation measure
ments can provide answers to important questions 
connected with radiolytic chain scission of amorphous 
polymers and that the elasticity measurements of

resulting networks can yield the efficiency of cross link
ing as well as the dose of incipient gelation without a 
knowledge of the molecular weight distribution. 
Moreover, we show that the scission event is random 
along a polymer chain and that the scission and cross- 
linking processes are linear with respect to the radiation 
dose.

Essential to the interpretation of stress relaxation 
data at constant elongation is the fact that the stress 
at any time t is directly proportional to the remaining 
number of elastically active network chains present in 
the unstrained condition and receives no contributions 
from the network chains formed under the strained con
dition. Thus, the decay of stress is a direct measure 
of chain scissions within a network and is not connected 
in any way with the concurrent chain cross-linking

(1) Based on research supported by the National Aeronautics and 
Space Administration.
(2) (a) A. Charlesby, “ Atomic Radiation and Polymers,”  Pergamon 
Press, New York, N. Y., 1960, Chapter 11; (b) A. Chapiro, “ Radia^ 
tion Chemistry of Polymeric Systems,” John Wiley and Sons, Inc., 
New York, N. Y., 1962, Chapter 3.
(3) L. A. Wall and J. H. Flynn, Rubber Chem. Technol., 35, 1157 
(1962).
(4) A. Charlesby and S. H. Pinner, Proc. Roy. Soc. (London), A249, 
367 (1959).
(5) P. J. Flory, J. Am. Chem. Soc., 63, 3097 (1941).
(6) W. H. Stockmayer, J. Chem. Phys., 12, 125 (1944).
(7) M. Inokuti, ibid., 38, 2999 (1963).
(8) M. Inokuti and M. Dole, ibid., 38, 3006 (1963).
(9) A. V. Tobolsky, I. B. Prettyman, and J. H. Dillon, J. Appl. 
Phys., 15, 380 (1944).
(10) A. V. Tobolsky, “ Structure and Properties of Polymers,” 
John Wiley and Sons, Inc., New York, N. Y., 1960, Chapter 5.
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process. Since the initial statement of this hy
pothesis by Andrews, Tobolsky, and Hanson11 it has 
received a considerable amount of substantiation, 
criticism, and refinement.12-15 We shall assume in this 
paper the “ two-network”  hypothesis12 13 14 15 of Andrews, 
Tobolsky, and Hanson and neglect fine corrections 
which we feel inconsequential with regard to the main 
points we now wish to make.

We start with the elastic equation of state for simple 
elongation

/  =  $vkT(a -  a -2) (1)

where/is the tensile stress in terms of the cross-sectional 
area in the unstrained state, <f> is the “ front factor,”  v 
is the number of network chains per unit volume, k 
is Boltzmann’s constant, T is the absolute temperature, 
and a is the length ratio; i.e., a =  h/U, h being the 
final length of the elongated sample and Z0 the original 
length. Under an isothermal condition with a constant 
elongation, we see that the tensile stress /  is directly 
porportional to v if the front factor $  remains constant 
during the process of cross linking and scission. In
asmuch as $  is generally regarded as a parameter for a 
type of cross-linking process16’17 within the network, it 
is reasonable to assume $ constant throughout the 
course of a given type of cross linking and scission.

From the observed tensile stress decay one can de
duce the number of chain scissions occurring randomly 
along the polymer chain under different chain length 
distributions. For a case of uniform chain length 
distribution, the relationship between the observed 
stress and the number of scissions was formulated by 
Tobolsky, Metz, and Mesrobian18 19 as

q(t) = (2)

where q(t) is the total number of scissions which have 
occurred up to time t per unit volume of the network, 
v0 the original number of network chains, f(t) the tensile 
stress at time t, and/(0) the stress at time zero. Start
ing with the most probable distribution of chain length, 
one finds that there are two different ways of counting 
the number of scissions from the stress decay, depend
ing upon the assumption introduced into the formula
tions.19-21 The two methods, however, reduce to the 
same formula in the limit for a number-average chain 
length longer than 100. The limiting formula21 
appears as

where all notations have the same definition as in eq.
2. The difference between eq. 2 and 3 becomes ap

preciable as the average chain length increases. In 
this paper, our preference for eq. 3 over eq. 2 is a 
natural one, particularly in the light of the random 
cross linking by radiation. Although there is no way 
that one can test experimentally how chain lengths are 
distributed within a network, it seems that the most 
probable distribution is close to the actual situation. 
It should be pointed out, however, that a priori 
choice of one distribution over the other for the interpre
tation of stress relaxation is a matter of judgment.22 
The network chain density v0, with which we deal in 
this paper, is well within the range of an average chain 
length above 100 units. Consequently, the number of 
scissions is calculated from the observed stress data 
according to eq. 3.

Experimental
We have chosen the 1:1 ethylene-propylene copoly

mer for study because it has the simplest hydrocarbon 
structure that is amorphous in the temperature range 
of interest (room temperature up to 120°). Thin 
films of a copolymer composition of 50 ±  5% propylene 
content, 0.0254 cm. thick, free of antioxidant, were 
kindly supplied to us by the Synthetic Rubber Re
search Division of the Goodyear Tire and Rubber Co.

The film was cut into strips of 0.64 cm., placed in
side glass tubing, and evacuated at ca. 1 ¡j. pressure for 
48 hr. at room temperature. The tubes were then 
sealed under vacuum. The films were irradiated using 
a Co60 source of approximately 50,000 curies in a water 
pool arrangement, and dose rates at different geom
etries were calibrated by commercial cobalt glass 
dosimeters. Irradiation of films for the formation of 
networks was carried out at a dose rate of 1.29-1.33 X 
1020 e.v./hr. (2.13-2.22 Mrads/hr., and 1 roentgen =
0.968 rad for this polymer). After the required dose 
the sample films were removed from the glass tubes 
and various measurements performed.

(11) R. D. Andrews, A. V. Tobolsky, and E. E. Hanson, J. Appi. 
Phys., 17, 352 (1946).
(12) J. P. Berry, J. Scanlan, and W. F. Watson, Trans. Faraday Soc., 
52, 1137 (1956).
(13) J. Scanlan and W. F. Watson, ibid., 54, 740 (1958).
(14) P. J. Flory, ibid., 56, 722 (1960).
(15) J. Scanlan, ibid., 57, 839 (1961).
(16) A. Ciferri, C. A. J. Hoeve, and P. J. Flory, J. Am. Chem. Soc., 
83, 1015 (1961).
(17) A. V. Tobolsky, D. W. Carlson, and N. Indictor, J. Polymer 
Sci., 54, 175 (1961).
(18) A. V. Tobolsky, D. J. Metz, and R. B. Mesrobian, J. Am. Chem. 
Soc., 72, 1942 (1950).
(19) A. M. Bueche, ./. Chem. Phys., 21, 614 (1953).
(20) J. P. Berry and W. F. Watson, J. Polymer Sci., 18, 201 (1955).
(21) H. Yu, ibid., B2, 631 (1964).
(22) A. V. Tobolsky, ibid., B2, 637 (1964).
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Figure 1. A schematic illustration of stress relaxometer.

Equilibrium stresses of the resulting networks at 
different temperatures were measured in vacuo by a 
relaxometer, shown in Figure 1, consisting of a linear 
variable transformer (Schaevitz Engineering Co., 
060SS-L, 8-kHz excitation frequency), a pair of canti
lever springs supporting the transformer core, and a 
sample clamp. The relaxometer was placed inside a 
glass envelope, and the six leads from the transformer 
were connected across a glass seal to six N i-W -Cu 
lead wires (A and S Lead Wire Corp.). A Transducer 
amplifier-indicator (Daytronic Corp., Model 300C) 
was used for the signal input and output amplification, 
and the final output signal was continuously recorded 
(Leeds and Northrop Speedomax Type G recorder, 
Model S 60000). Elongation of the film was de
termined by measuring the distance between the flat 
edges of the upper and lower clamp with a cathetometer. 
After the sample was stretched to a desired elongation 
(30-45%), the relaxometer was placed inside the cell 
and the stress monitored continually while the cell was 
evacuated. When the pressure reached ca. 1 
the temperature of the sample was raised with an 
external heater. Sample temperature was determined 
by a thermocouple wrapped with a piece of the same

sample and placed close to the stretched film. The 
reason for measuring the stress in vacuo was to avoid 
possible oxidative degradation at high temperatures 
during the experiment. After the stress attained a 
sensibly constant value (16-24 hr.) at the highest tem
perature under investigation, the sample temperature 
was lowered by intervals and the corresponding stress 
recorded. A similar procedure was repeated for ascend
ing temperature intervals when the sample reached 
room temperature. A typical stress-temperature meas
urement of a radiation-induced network is shown in 
Figure 2. From the equilibrium stress found by this 
procedure, the network chain density is calculated 
according to eq. 1, and the results are shown in Table I 
and Figure 3. Sol fractions of the networks produced 
by various radiation doses are also included in Table I.

Densities of cross-linked, unextracted samples de
termined by hydrostatic weighing with methanol at 
room temperature showed that only a slight increase 
(~ 2 % ) was associated with the cross linking. Thus, 
the density of 0.85 g./cc. was used in calculating v0

Table 1

Network chain 
density,

Sample
Dose,° r, 

e.v./g. X 10-20
Reduced 

dose/ re/r
vo (chain/cc.) 

X IO"1*
Sol

fraction, S

1 7 .2 5 0 .6 2 5 0 .8 4 0 .6 2
2 1 3 .9 0 .3 2 5 1 .9 0 .4 4
3 2 0 .9 0 .2 1 7 3 .4 0 .2 6
4 3 1 .6 0 .1 4 3 4 .5 0 .1 6
5 4 6 .6 0 .0 9 8 5 .6 0 .1 2

“ Conversion factor: 1 Mr. = 6.05 X 1019 e.v./g. 6 r g  (gel 
dose) =  4.55 X IO20 e.v./g.

Figure 2. A typical stress temperature measurement of a 
radiation-induced 1 : 1  ethylene-propylene copolymer network. 
Network chain density v a of 3.38 X 1019 chains/cc. is 
determined from the observed equilibrium stress using the 
rubber elasticity equation.
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Figure 3. Network chain density of the radiation-cross-linked 
1:1 ethylene-propylene copolymer v s .  dose. The point 
for the largest dose is drawn to scale the range 
of errors in the measurement.

for all the samples without introducing any significant 
error.

Stress relaxation of networks was carried out in air, 
under vacuum, and in He with the films cross linked in a 
maimer previously described. The dose rate was
1.33-1.39 X 1020 e.v./g. hr. (2.2-2.3 Mr./hr.), and 
the temperature range was between the pool tempera
ture (25°) and 120°. Before the relaxometer cell was 
placed in the source, the usual stress relaxation of a 
network to an equilibrium value was allowed to pro
ceed for 24-48 hr. at room temperature. For the runs 
under vacuum, the elongated samples were evacuated 
at 100° for 30-48 hr. until the pressure in the cell 
reached a few microns. Then the cell was sealed. At 
the conclusion of a run the seal was broken, the relax
ometer removed from the cell, and the sample cut off 
from the clamp. This removed any residual stress 
and enabled us to ascertain if the signal output had re
turned to the original null position at zero elongation in 
the electronic system. Drifting of the zero stress 
signal output was found to be insignificant (0.5-1%) 
after 16-40 hr. of continuous measurement in the Co60 
source, indicating the stability of the measurement sys
tem.

The extraction of sol from the cross-linked samples 
was carried out with toluene at room temperature. 
Samples (0.5 g.) were repeatedly swelled and dried in 
vacuo until the weight of the remaining gel was main
tained between consecutive swelling and drying. 
Fractional weight loss was regarded as the sol frac
tion; this is also tabulated in Table I.

0 10 20  30  40
TIM E (hr)

Figure 4. Stress relaxation of 1 : 1  ethylene-propylene 
copolymer for various network chain densities in air at 
dose rate of 1.33 X 1020 e.v./g. hr. (2.2 Mr./hr.).

Figure 5. Comparison of stress relaxation of a 1: 1  ethylene- 
propylene copolymer network (4.5 X 1019 chains/ce.) 
in air and under vacuum at room temperature.
Dose rate: 1.33 X 10“  e.v./g. hr.

R e s u l t s  a n d  D i s c u s s i o n

The results of stress relaxation experiments in air are 
shown in Figure 4 by plotting { [/(0 )//(f) ] — 1} against 
time, with the samples of different network chain densi
ties. The result of the stress relaxation of a network 
in air is compared with that under vacuum in Figure 5. 
The shape of the curves in Figure 4 indicates that scis
sion is taking place randomly along the network chains 
during the first stage of relaxation; the slopes of the 
straight lines drawn over the first linear portion of the 
experimental points are inversely proportional to the
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original network chain density v0, consistent with the 
scheme of random scission of eq. 3. We note in Figure 
5 that the rate of the stress relaxation at the first 
stage in air is the same as under vacuum. The equal 
rate means that the cleavage of the chain backbone 
carbon-carbon bond in air is a primary process in
duced by y-rays and not an oxidative process. These 
findings are summarized in Table II, where the rate 
of chain scission in air is determined according to eq. 
3, with the slope of straight lines drawn over the 
first linear portion of the relaxation data in Figure 4 
(up to 9 Mr.). The scission rates under vacuum are 
calculated in a similar manner. It is evident from 
Table II that all scission rates are practically identical 
irrespective of the initial number of cross links per 
chain in agreement with the scheme of random scission. 
We note at this point that the comparison of the stress 
relaxation results in air with those under vacuum affords 
us a means of resolving the uncertainty as to when the 
oxidative degradation of a polymer sets in during the 
irradiation.23 For the ethylene-propylene copolymer 
under study, we find that at about 9 Mr. the oxidative 
process begins to be appreciable.

Table II : Rate of Chain Scission of 50:50 
Ethylene-Propylene Copolymer Induced by 7-Rays 
at Room Temperature

Network
chain density, dg/dt, (cuts/cc. hr.) dq/dr, (cuts/cc. e.v.)
(chains/cc.) /■------ X 10 18------- - ✓--------X 102-

Sample X i o -1» Air Vacuum Air Vacuum

2 1 .9 2 .9 4 2 .4 8
4 4 .5 2 .9 2 2 .4 3 2 .6 2 .1 4
5 5 .6 2 .5 2 1 .8 5 2 .2 4 1 .75

Av. 2.11 ± 0 .3 6

That the second portion of relaxation data in air 
(Figure 4) is not due to a random chain scission process 
can easily be seen by observing the parallel slope for all 
three runs. We suspect that a mechanism possibly 
responsible for this portion of relaxation is a radiolytic 
cleavage of tertiary hydroperoxide formed on cross
link sites during the irradiation, which in turn induces 
the rupture of cross links. Although we have not as 
yet confirmed this point conclusively, the observed 
equal rate of stress relaxation for the networks of dif
ferent cross-link density is certainly inconsistent with 
the random chain scission scheme. Further study of 
radiolytic stress relaxation in air to determine the exact 
nature of cross-link rupture for this polymer is in 
progress.

The linearity of the chain scission process with respect 
to radiation dose up to 80 Mr. is clearly illustrated, at 
least under vacuum, in Figure 5, and this is the first 
instance of the direct confirmation, we believe, of the 
linearity assumption commonly invoked in the sol-gel 
extraction method.2'4’7’8 We should also point out 
that the method employed here is a direct way of de
termining radiation yield of chain scission which is 
cleanly separable from that of cross linking. From 
the rate of chain scission in Table II, a G value for 
scission, 2.11 ±  0.36 cuts/100 e.v., is estimated; a 
conversion factor 1 roentgen = 0.968 rad and density 
of polymer 0.85 g./cc. are used in the estimate. It is 
of interest to note that this value is very similar to the 
result of Chapiro24 for radiation yield of C-C cleavage in 
normal alkane (G =  1-2) deduced from possible pri
mary free-radical processes. We can surmise then that 
alkyl substituents on a hydrocarbon chain do not af
fect the rate of radiolytic backbone C-C bond cleavage 
appreciably. We wish to pursue this point further by 
studying the effects of other substituents, i.e., halo
gens, aryl, etc., on the hydrocarbon backbone scission.

The relaxation measurements at a higher temperature 
under vacuum (120°) and in He (115°) show that the 
scission rates are practically identical with those of 
room temperature runs, as shown in Figure 6. The 
absence of a temperature coefficient for chain scission 
in the range of temperatures studied and the fact that 
no postirradiation relaxation of the stress was observed 
when the relaxometer cell was removed from the source 
support the claim of a direct cleavage of backbone C-C  
bonds that involves no long-lived chemical inter
mediates nor any chain reactions. It is noteworthy to 
recall a recent result of Kitamaru and Mandelkern25 
in this respect. They also found no temperature co
efficient of cross-linking efficiency for polyethylene in 
the amorphous state, whereas in the crystalline state 
the cross-linking efficiency increases with temperature.

Since radiation-induced cross-linking and scission 
processes are concurrently occurring in a polymer 
sample, what one observes in the elastic properties of a 
sample, after a certain dose of radiation in the un
stretched state, is the net effect of these two processes. 
We have shown in Figure 3 this over-all effect by 
plotting against dose the resulting network chain density 
vo calculated through eq. 1. A reasonable linearity 
between v0 and dose up to 40 Mr. assures us that the 
cross-linking rate is also constant since we have estab-

(23) See ref. 2b, p. 429.
(24) See ref. 2b, p. 108.
(25) R. Kitamaru and L. Mandelkern, J. Am. Chem. Soe., 86, 3529 
(1964).
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Figure 6. Stress relaxation of a 1 :1  ethylene-propylene 
copolym er network (5.6 X  1019 chains/cc.): O, under 
vacuum at 120°; • , in H e at 115°; A, under 
vacuum  at room  temperature.

lished chain scission to be linear with dose. The slope of 
the hne drawn through the data in Figure 3 is therefore 
taken as the difference between the rates of cross linking 
and scission, and the intercept with the abscissa is 
taken as the gel dose. Subsequently, we estimate from 
the slope the net number of chains formed per cc. to be 
2.59/100 e.v. I f  we assume that each cross-linking 
event adds one chain to the network while each scission 
process removes one, the over-all cross-linking ef- 
ficiency/100 e.v., i.e., the G value of cross linking, will be
2.11 +  2.59 =  4.70. The corresponding ratio, X = 
G(s)/G(x), of two G values then appears as 0.45. 
The gel dose from the intercept with the abscissa in 
Figure 3 is determined to be 7.5 Mr.

From the result of a sol extraction experiment we 
find 0.4 for X by extrapolating, to infinite dose, the plot 
of the Charlesby-Pinner function, s +  V s, against in
verse dose. Here s is the sol fraction. This is in 
fair agreement with the same quantity obtained quite 
differently from the measurements of the elastic parame
ter and the stress relaxation, as cited above. We have 
collected in Table III the values of X for polyethylene 
and polypropylene in the literature for a comparison 
with our result. It appears that the 1:1 ethylene- 
propylene copolymer is similar to polyethylene in its 
radiolytic behavior. Just how real the difference is 
between Inokuti and Dole’s atactic polypropylene result 
and ours wil L be tested with their sample by our method.

In order to make contact with the recent theory of 
Inokuti, we have plotted, in Figure 7, the observed s +  
V s against a reduced dose r jr ,  where rg is the gel dose 
and r is any dose beyond the gel point. The solid curve 
is drawn according to Inokuti’s numerical computation 
of the gel fraction at the relative cross-link density

Table HI

Polymer
<S'(scission) /  

(?(crosB links)“ Method6 Ref.

Atactic polypropylene 0 .8 A C
Isotactic polypropylene 1 .4 A c
Polyethylene 0 .3 6 -0 .4 0 A d

0 .5 6 -6 .6 8 A e
0 .4 4 A f

50:50 ethylene-propylene 
copolym er 0 .4 A Our work

0.46 B Our work

“ This is X =  G(scission) /(? (cross links) in Inokuti’s notation 
and corresponds to Charlesby and Pinner’s 2 P 0/qa. b A, sol 
extraction; B, stress relaxation. c See ref. 8. d A. C. Baskett 
and C. W . Miller, N ature, 174, 364 (1954). '  See ref. 4. !  Y .
Okada, J . A p p l. P olym er S d .,  8, 467 (1964).

Figure 7. Charlesby-Pinner function s +  V s  vs. reduced 
dose r j r  for 1 :1  ethylene-propylene copolym er. Solid 
curve is according to the result o f Inokuti7 where 
M „ / M n =  3 and X =  <7(s)/G(x) =  0.5.

Ve/Vn, where yg is the number of cross links per initial 
number-average molecule at the gel point and y„ 
denotes the corresponding value at a dose which yields 
the fractional gel fraction, g =  (n/10)^max, where 0 ^ 
n ^ 10. The maximum gel fraction grmax is given by

ft»« =  7 2[1 -  X +  (1 +  X)1/!] (4)

Since we have already established that the cross linking 
is linear with dose, it is permissible to equate our r j r  
to Inokuti’s i/g/i/n. In drawing the solid curve we 
have used a X value of 0.5, which is reasonably close to
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our observed value of 0.45. Also, the molecular weight 
distribution parameter =  [(Mw/Mn) — l ] -1 of 0.5 
was chosen since it gave the best fit. The agreement be
tween our experimental points and the calculated curve 
with the exception of one point implies that the sample 
under study has a heterogeneity index, Mw/Mn, of 3. 
It may also be added that one can calculate the value of 
d in principle from

[4/(A22/e)]{A2/g -  1 +  [1 +  (Xifc//?)]-'} =  1 (5)

by knowing X and yg. This is eq. 19 of Inokuti.7 As 
we have already shown, the value of X is available 
from the stress relaxation and the elasticity measure
ments. However, one has to know at least the number- 
average molecular weight and the gel dose to find yg. 
Thus, with the aid of eq. 5, we can, in principle, find a 
measure of molecular weight distribution of a polymer 
sample from the stress relaxation and equilibrium stress 
of a radiation-induced network together with the gel 
dose and the number-average molecular weight.

In conclusion, then, we can state that the method

described in this paper is capable not only of making 
direct measurements of the G values for scission and 
cross linking but also of giving a measure of the molecu
lar weight distribution, either from a knowledge of Mn 
and the gel dose or from a knowledge of the sol fraction.

Previous estimates of scission and cross links produced 
in polymers by high energy radiation have been from 
the measurements made some time after irradiation and 
through theories based on the assumption that the 
number of scission and cross-linking acts increase 
linearly with dose. Hence, we have demonstrated for 
the ethylene-propylene copolymer that (1) the linearity 
of scission and cross-linking processes with dose and
(2) the previously measured scission rates are primary 
acts.
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Specific Heat of Polyethylene Single Crystals

b y  B e r n h a r d  W u n d e r l i c h

Department of Chemistry, Rensselaer Polytechnic Institute, Troy, New York (Received January 8, 1965)

The specific heat of extended molecular chain single crystals of polyethylene has been meas
ured with a differential scanning calorimeter. The range from 180 to 410°K. was covered 
with a standard deviation of ± 2 % . Previous extrapolations from data of less than perfect 
crystallinity and paraffins were found fairly correct. The data from 230 to 400°K. fit the 
theoretical specific heats from vibrational spectra within the experimental error. At 
lower temperature a small deviation remains, indicating the necessity of improvement of the 
frequency spectrum.

I .  I n t r o d u c t i o n

During the past 3 years it has become possible 
to grow in our laboratory single crystals of poly
ethylene with extended molecular chains.1 These 
single crystals still contain a broad range of chain

length, but all crystals are made up of molecules in the 
extended-chain conformation. No folded-chain crys

(1) T. Arakawa, Thesis, Cornell University, Department of Chemis
try, 1964; B. Wunderlich and T. Arakawa, J. Polymer Sci., 2A, 3697 
(1964).
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tals could be discovered on inspection of bulk fracture 
surface replicas with the electron microscope.2 The 
density at 298°K. of the bulk material which was 
crystallized at 500°K. and 4350 atm. of hydrostatic 
pressure is 0.997 g. cm.-3, almost that calculated from 
the unit-cell parameters.

To arrive at the specific heat of such single-crystal
line polyethylene, two paths had been chosen in the past 
few years. Paraffin data have been extrapolated to 
infinite chain length,3 and polyethylene data of different 
degrees of crystallinity have been extrapolated to 100% 
perfection.4

In this paper measurements on actual single crystals 
between 180 and 400°K. are described and compared 
with the previous extrapolations.

For the measurement, a Perkiri-EImer Corp. (Nor
walk, Conn.) differential scanning calorimeter was used 
to enable measurements on the small quantities of 
single crystals available. The experimental data 
will be compared with the vibrational frequency spec
trum derived earlier.5

I I .  E x p e r i m e n t a l

A. Specific Heats. A detailed discussion of the 
Perkin-Elmer differential scanning calorimeter has 
been published by the people involved in the design of 
this instrument.6 Basically, two miniature sample 
holders are kept at constant temperature by supplying 
different electrical power to each sample holder. The 
differential power input is recorded alongside time and 
temperature signals.

Samples, as well as reference, are enclosed in 21.5 
± 0 . 2  mg. aluminum capsules before putting them into 
the sample holders. Approximately 30 mm.3 of sample 
could be accommodated in the aluminum capsules, 
giving a maximum of about 30 mg. of polymer or 100 
mg. of sapphire sample weights. The sapphire was 
used for calibration.

The mode of operation was as follows. Preliminary 
calibration adjusted all controls, so that over the whole 
temperature range of 180 to 480°K. the power recording 
remained on scale. The most sensitive scale (2X , 
about 5 meal, sec.-1 full scale deflection) was found 
to be nonlinear, and accordingly only the 4X  scale 
(about 13 meal, sec.-1 for full scale (12.7-em.) de
flection) was used. The heating rate was chosen as 
5°K. min.-1. At rates above 10°K. min.-1 a measur
able lag of temperature sensing was established while 
slower rates were excluded because of reduction of 
sensitivity. The mode of heating consisted of cooling 
to 180°K. with liquid nitrogen, which was used as 
coolant throughout the whole temperature range. 
After establishing a base line of differential power in

put into sample and reference for constant tempera
ture, heating was started at a rate of 5°K. min.-1 for 
4 min. After this again a new base line was established. 
In this fashion the whole temperature range was covered 
in 20°K. steps. About 1 to 1.5 min. (5 to 7°K. tem
perature rise on heating) was the time required to 
reach steady-state power input or to settle on the new 
base line after stopping the heating. Planimeter traces 
under the differential power-time recording gave iden
tical readings as steady-state amplitudes multiplied 
with the appropriate time constant, so that only the 
latter method was used to evaluate specific heats. 
The amplitudes were read from the recording chart 
with the help of an engine-divided ruler calibrated in
0.02 in. and read to 0.005 in.

The following four series of measurements were per
formed. First, the empty reference aluminum capsule 
was run against another empty capsule of determined 
weight to establish the asymmetry of the system as a 
function of temperature. This procedure was repeated 
five times over a period of 2 months to check on the 
long-term stability. All data fell on the same curve 
with an average maximum spread of 0.06 meal. sec.-1. 
The asymmetry increased smoothly from 0.60 to 0.65 
meal, sec.-1 between the limits of 180 and 480°K. 
All amplitudes measured were corrected by subtracting 
the appropriate asymmetry value.

The second series of measurements involved the 
power calibration with A120 3. Sapphire similar to 
that of Ginnings and Furukawa7 was used. Again, 
a total of five runs was completed to achieve statisti
cally significant averages. Two weights, 75.23 and
40.11 mg. of Al20,3, were used. The length of time over 
which these measurements were carried out was also 
about 2 months, and again all points could be combined 
on one graph. The standard deviation was ±0.0006 
meal, sec.-1 mg.-1. Using Ginnings and Furukawa’s 
values on specific heats of AI2O3, which are believed ac
curate to ±0 .2% , a calibration curve was established. 
For the chosen conditions (4X scale and 5°K. min.-1 
heating) the conversion factor to change 0.02-in. 
deflection from the base line to meal. °K .-1 varied 
smoothly from 0.075 zo 0.052 for the temperature 
range 180 to 480°K.7a

(2) P. H. Geil, F. R. Anderson, B. Wunderlich, and T. Arakawa, 
J. Polymer Sei., 2A, 3707 (1964).
(3) M. G. Broadhurst, J. Res. Natl. Bur. Std., 67A, 233 (1963).
(4) B. Wunderlich, J. Chem. Phys., 37, 1203 (1962).
(5) B. Wunderlich, ibid., 37, 1207 (1962).
(6) M. J. O’Neill, Anal. Chem., 36, 1238 (1964); E. S. Watson, M. J. 
O’Neill, J. Justin, and N. Brenner, ibid., 36, 1233 (1964).
(7) D. C. Ginnings and G. T. Furukawa, J. Am. Chem. Soc., 75, 522 
(1953).
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The third series consisted of five runs on extended- 
chain crystallized polyethylene. The weights varied 
between 25 and 35 mg. The first run was unannealed 
and showed small but definite signs of recrystallization 
above 340°K. Subsequent samples were annealed 
by heating to 410°K. for 5 min. and cooling at 0.625°K. 
min.-1 to room temperature inside the calorimeter. 
This procedure melts only a minute fraction of the 
polymer; however, it leads to a thermally quite stable 
material as the results show. The recrystallized ma
terial as judged from the calorimeter trace is so small 
that no measurable density change results from this 
annealing. Except for the unannealed run, measure
ments were taken up to 410 °K. The average maxi
mum spread of measured points up to 370°K. was
0.0029 meal, sec.-1 mg.-1. About 0.0292 meal. 
sec.-1 mg.-1 was added in this temperature region to 
heat the polymer. This makes the maximum error less 
than ± 5 % . The standard deviation of the averages of 
the five runs from a smooth curve is ±  2%.

The fourth series of measurements consisted of two 
runs of polymethylene run identically to the third 
series.

Small discrepancies in the weight of the aluminum 
were corrected using known specific heats. The plati
num temperature scale of the calorimeter was cor
rected by calibration at 20 points with standard 
melting point substances. Deviations from a linear 
resistance-temperature relationship lie on a parabolic 
curve with deviations going from +6.0°K . at 150°K. 
to a minimum of — 1.5°K. at 350°K. and finally to 
+ 7 °K . at 550°K. Quoted temperatures are thought 
to be reliable to ±0.5°K .

B. Materials. The linear polyethylene was of the 
Marlex 50 type. Its molecular weight distribution 
was checked by gel permeation chromatography.8 
Full credit for this characterization goes to Dr. B. A. 
Denenberg of Waters Associates, Inc. Further detail 
is published in the thesis of ref. 1. The number-aver
age molecular weight was 9800, while the weight- 
average was 130,000. The crystallization at elevated 
pressure was carried out by heating to 500°K. at at
mospheric pressure, followed by pressurization to 4350 
atm. at constant temperature. These conditions of 
temperature and pressure correspond to about 2°K. 
supercooling. After 20 hr. of crystallization time, the 
sample was cooled to room temperature at a constant 
pressure of 4350 atm. at a rate of 1.6°K. hr.-1. At room 
temperature the pressure was released and the sample 
analyzed. A full report about the crystal morphology 
and pressure crystallization technique has been pub
lished elsewhere.1'2 The specific volume of the sample 
at 298°K. was 1.003 ml. as determined by density

gradient column, which corresponds to 99% crystal
linity. The extrapolated amorphous specific volume 
at 298°K. is 1.173 ml. g.-1, and the X-ray unit cell 
specific volume at 298 °K. is 1.001 ml. g .-1.9

A commercially available sample of polymethylene 
made from diazomethane was used. The molecular 
weight of the sample is estimated to be above 107. 
The mode of crystallization was identical with that of 
polyethylene. The maximum temperature and pres
sure were 500°K. and 4760 atm., respectively. The 
specific volume of the polymethylene after pressure 
crystallization was 1.005 ml. g.-1 or 98% crystallinity.

Experimental maximum melting points on slow heat
ing by dilatometry on the polyethylene and polymethyl
ene were 411.9 and 414.6°K., respectively.

I I I .  R e s u l t s

Table I contains the smoothed values of the specific 
heat at constant pressure in cal. deg.-1 g .-1, along with

Table I : Specific Heat, cp, o f Polyethylene 
(cal. deg.“1 g.-1)

-Extrapolated cp------- -
Temp., ExpÜ. ,------- Calcd.6--------. From From erys-

°K. c p Cp Dev. (%) paraffins8 tallini ty4

180 0.265 0.241 -10 0.248 (0.242) 0.255
190 0.275 0.250 -10 0.260 (0.251) 0.266
200 0.285 0.260 -10 0.275 (0.262) 0.276
210 0.295 0.271 -9 0.288 (0.272) 0.286
220 0.300 0.281 - 7 0.301 (0.282) 0.295
230 0.305 0.291 -5 0.314 (0.289) 0.303
240 0.310 0.302 -3 0.328 (0.296) 0.309
250 0.320 0.314 -2 0.342 (0.308) 0.315
260 0.325 0.325 ±0 0.356 .. . 0.330
270 0.335 0.338 +  1 0.370 ... 0.354
280 0.350 0.352 +  1 0.384 .. . 0.368
290 0.360 0.365 +  1 0.398 .. . 0.392
300 0.375 0.379 +  1 0.413 ... 0.418
310 0.385 0.394 +2 0.427 ... 0.435
320 0.400 0.408 +2 0.441 ... 0.459
330 0.420 0.425 +  1 0.455 ... 0.477
340 0.435 0.441 +  1 0.469 ... 0.495
350 0.455 0.458 +  1 0.483 ... 0.513
360 0.475 0.476 +1 0.496 ... 0.531
370 0.500 0.495 -1 0.510 ... 0.549
380 0.525 0.516 - 2 0.523 ... 0.567
390 0.550 0.536 -3 0.537 ... 0.585
400 0.580 0.559 - 4 0.550 ... 0.604
410 0.615 0.586 -5 0.563 ... 0.622

(7a) Note Added in Pkoof. This varying conversion factor does 
not necessarily indicate a nonlinearity of the measuring circuit. A 
large portion of it is coupled with the nonlinearity of the Pt tem
perature-resistance curve.
(8) J. C. Moore, J. Polymer Sci., 2A, 835 (1964).
(9) P. R. Swan, ibid., 56,403 (1962); M. G. Gubler and A. J. Kovacs, 
ibid., 34, 551 (1959); L. E. Nielsen, J. Appl. Phys., 25, 1209 (1954).
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Figure 1. Specific heat of polyethylene in cal./deg. g.: 
drawn-out curve, calculated from  the vibrational spectrum; 
open circles, polym ethylene; filled circles, polyethylene.

the extrapolated data as given in the respective ref. 
3 and 4, and the calculated values from the frequency 
spectrum5 and the discrepancy percentage. Figure 1 
shows the measured points of polyethylene and -methy
lene and the calculated curve from the best frequency 
spectrum.5 The calculated data were changed from 
values at constant volume5 to constant pressure using 
the relationship cp — cv = 6.87 X 10-4 X cp2T. This 
expression was given previously4; cp and cv are ex
pressed in cal. deg.-1 g.-1 ; T is the absolute tempera
ture in °K.

I V .  D i s c u s s i o n

The temperature region of 180 to 400°K. is char
acterized by the almost full excitation of the acoustical 
modes of vibration and the start of the excitation of the 
low-frequency optical modes of vibration.5 The ex
perimental data show clearly the specific heat leveling 
off between 180 and 240°K. at a value of about 0.3 
cal. deg.-1 g .-1 which corresponds to a CV of approxi
mately 2R per degree and mole of CH2. The increase 
visible at about 250°K. comes from the low optical 
vibration and at 400°K. is completed to only 1.572 
out of a total of 5R. The two high optical vibrations 
(CH2 stretching) are of little importance even at 
400°K. At this temperature they make up no more 
than 2%  of the total specific heat.4

The new measurements presented here show that the 
extrapolations from samples of different crystallinity4 
were virtually correct up to 300 °K. Above this tem
perature the new data are somewhat lower and are 
in better agreement with the calculated cp from the 
vibrational spectrum. In this range Cp was previously 
estimated from the change in crystallinity with tem
perature.10 Extrapolation of cp was at that time4 
impossible because of the onset of melting somewhat 
above the glass transition (237°K.) of the only partially 
crystalline polymers.11’12 In fact, it can be seen from 
Figure 1 that the polyethylene, which contains still 
a certain amount of low molecular weight polymer, 
starts deviating from the purely vibrational specific 
heat at about 370°K., while the polymethylene with 
no low molecular weight components, but with a slightly 
lower crystallinity, shows no indication of melting up 
to 400°K.

The extrapolation from paraffins3 also agrees well, 
when corrected for the low optical vibrations which are 
not excited at the temperatures at which most paraffins 
used in the analysis are solid. The correction was made 
using an Einstein function fitted to give the proper 
melting equilibrium.3

It can be concluded that the specific heat from at 
least 230 to 410°K. is in agreement with the frequency 
spectrum as given in ref. 5. In the range 150 to 220°K. 
the specific heat shows a 10% discrepancy which is 
beyond the experimental error limit. The origin of 
this deviation is expected to lie in the insufficient ac
curacy of the upper end of the acoustical vibrations 
or the lower end of the optical vibrations.

With respect to the previous extrapolations, it re
mains to be remarked that the changes in composition 
(branching) or morphology (folding distances) which 
were necessary to reach different crystallinities had 
little or no influence on the final extrapolated specific 
heat data for 100% crystallinity.

Acknowledgment. Financial support from the Na
tional Aeronautics and Space Administration is grate
fully acknowledged.

(10) B. Wunderlich and M. Dole, J. Polymer Sci., 24, 201 (1957).
(11) B. Wunderlich, J. Chem. Phys., 37, 2429 (1962).
(12) B. Wunderlich, P. Sullivan, T. Arakawa, A. DiCyan, and J. 
Flood, J. Polymer Sci., 1A, 3581 (1963).
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Electromotive Force Studies of Cadmium Chloride in Water, 

Water-Ethanol, and Ethanol Solutions1 2

b y  J a c k  D .  H e f l e y  a n d  E d w a r d  S .  A m i s

Chemistry Department, University of Arkansas, Fayetteville, Arkansas (.Received January IS, 1965)

The electromotive force of the cell Cd-Cd.xHg(ll%)|CdCl2(TO)|AgCl-Ag was measured 
at 25, 30, 35°, in water, water-ethanol, and ethanol solvents over a concentration range 
of cadmium chloride of 0.00050-0.010 to. The standard potential of the cell for each 
solvent at each temperature was calculated using only one method of ionization and simul
taneously varying the value of the ionization equilibrium constant at a fixed distance 
of closest approach of the ions as the solvent composition was varied. The equilibrium 
constants decreased as the dielectric constants of the solvents decreased according to Bjer- 
rum’s theory of ionic association. The standard potentials were used to calculate the 
mean activity coefficients of cadmium chloride in the various solvents. The activity 
coefficients of cadmium chloride in the different solvents are similar to those determined 
by other investigators in mixed and nonaqueous solvent systems.

Measurements of the electromotive force of the cell 
Cd-CdAig(l 1%) | CdCl2(m) |AgCl-Ag have been made 
at 25, 30, and 35° throughout a cadmium chloride con
centration range of 0.0005-0.01 m and over the com
plete solvent range for the water-ethanol systems. 
From the results, the standard potential, Eo, of the 
cells and the activity coefficients of cadmium chloride 
in the various solvent systems have been computed.

E x p e r i m e n t a l

The silver-silver chloride electrodes o f the kind desig
nated by Hamed2a as type 2 were used. The cadmium 
amalgam was prepared from distilled mercury and high 
purity cadmium metal supplied at special request 
by the E. H. Sargent Co. The amalgam electrodes 
containing 11%  total cadmium were made individually 
in each cell vessel according to the method of Hamed 
and Fitzgerald.2b

A standard concentrated stock solution was made 
from Baker Analytical Reagent cadmium chloride and 
conductivity water. Its strength was found by 
gravimetric determination of its chloride content. 
More dilute solutions were prepared by adding weighed 
amounts of the standard solution to known weights of 
water. This same procedure was used in mixed sol
vents.

In order to prepare solutions in pure nonaqueous 
solvents, a known weight of the standard concentrated 
aqueous stock solutions mentioned above was evapo
rated and dried at 150° for 24 hr., then dissolved in 
the ethanol which had been purified according to the 
procedure of Smith.3 More dilute solutions in the 
nonaqueous solvent were then prepared in a manner 
similar to that for aqueous and mixed solvents.

Oxygen was removed from each cell by purging it 
with argon saturated with vapor whose composition 
and temperature were the same as the solvent in the 
individual cell. The cells came to equilibrium in 1-2 
hr. after preparation. The temperature control was 
within ± 0.01°.

The electromotive force of each cell was measured 
seven times with a Leeds and Northrup Type K-3 
universal potentiometer and each observed e.m.f. 
value which is recorded in this work is the average of 
these seven measurements.

(1) This communication is based on a dissertation presented to the 
Graduate Faculty at the University of Arkansas by J. D. H. in par
tial fulfillment of the requirements for the degree of Doctor of 
Philosophy.
(2) (a) H. S. Harned, J. Am. Chem. Soc., 51, 416 (1929); (b) H. S. 
Hamed and M. E. Fitzgerald, ibid., 58, 2624 (1936).
(3) E. L. Smith, J. Chem. Soc., 1288 (1927).
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R e s u l t s

When the electromotive force was measured on cad
mium chloride in water solutions at different molality 
values, the values in Table I were obtained. A 
graphical presentation is shown in Figure 1, where 
the observed electromotive force is plotted against 
the molality. It can be seen from Figure 1 that the 
data o f this work are in very good agreement with the 
data of Hamed and Fitzgerald.21*

Table I : Electrom otive Force Measurements of Cadmium 
Chloride in W ater Solutions at 25°

Sample no.° Conen., m E

R1 0.00050 0.85390
R2 0.00100 0.82997
R3 0.00200 0.80701
R 4 0.00500 0.77851
R 5 0.00700 0.76862
R 6 0.01000 0.75846
R7 0.02000 0.73976
R8 0.05000 0.71739
R9 0.10000 0.70175
1 0.00086 0.83447
2 0.00288 0.79710
3 0.00653 0.77074
4 0.01030 0.75690
5 0.01620 0.74657

“ R  indicates the values according to  H am ed and Fitzgerald.215

The electromotive force measurements of cadmium 
chloride in water-ethanol and ethanol solutions are 
shown in Table II. The graphical presentation of these 
data are shown in Figure 2. Only those data for 25° 
are shown graphically due to the small temperature 
coefficient. It can be seen from Figure 2 that the

Figure 1. Electrom otive force of cadmium chloride in water 
at 25° plotted against the cadmium chloride m olality:
O, data of Harned and Fitzgerald215; □, data of this work.

electromotive force data in the various ethanol solu
tions are a smooth function of the molality.

Table II : Electrom otive Force Measurements of Cadmium 
Chloride in Ethanol-W ater Solvents

Sample
no. Concn., m 25°

-E.m.f.---------
30° 35°

6 0.000482
30 %  Ethanol 

0.81115 0.81396 0.81632
7 0.00125 0.78343 0.78538 0.78761
8 0.00221 0.76346 0.76620 0.76864
9 0.00390 0.75106 0.75272 0.75397

10 0.00649 0.73639 0.73816 0.73993
11 0.0110 0.72182 0.72312 0.72481
12 0.0171 0.71243 0.71386 0.71500
13 0.0379 0.69486 0.69640 0.69764
14 0.0838 0.68000 0.68105 0.68185

15 0.000659
60 %  Ethanol 

0.75073 0.75169 0.75305
16 0.00145 0.73269 0.73564 0.73765
17 0.00249 0.72286 0.72361 0.72452
18 0.00439 0.70990 0.71096 0.71178
19 0.00724 0.69941 0.70045 0.70125
20 0.0140 0.68585 0.68661 0.68730
21 0.0187 0.68101 0.68175 0.68241
22 0.0474 0.66561 0.66630 0.66685
23 0.0978 0.65538 0.65627 0.65695

24 0.000699
90%  Ethanol 

0.68158 0.68205 0.68244
25 0.00162 0.67154 0.67199 0.67233
26 0.00257 0.66478 0.66529 0.66548
27 0.00439 0.65883 0.65922 0.65965
28 0.00656 0.65428 0.65452 0.65500
29 0.0113 0.64817 0.64861 0.64891
30 0.0206 0.64016 0.64074 0.64086
31 0.0422 0.63381 0.63388 0.63396
32 0.0612 0.63094 0.63098 0.63101
33 0.0973 0.62657 0.62663 0.62671

34 0.000824
100%  Ethanol 

0.64743 0.64764 0.64777
35 0.00154 0.63724 • 0.63734 0.63745
36 0.00222 0.63691 0.63711 0.63733
37 0.00236 0.63575 0.63597 0.63619
38 0.00454 0.62832 0.62844 0.62868
39 0.00797 0.62005 0.62009 0.62020
40 0.0158 0.61693 0.61704 0.61717
41 0.0291 3.61570 0.61581 0.61591
42 0.0581 3.61198 0.61208 0.61216

The experimental accuracy in aqueous solutions was 
in general of the order of 0.02 mv. In the alcoholic 
solutions the accuracy was somewhat less. Due to 
the nature of the calculations, the accuracy of the values 
of the standard potentials discussed below is believed 
to be at least ±  2.0 mv.
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Figure 2. Electrom otive force of cadmium chloride in water, 
water-ethanol, and ethanol at 25°: O, H20 ;  □ , 30%
E tO H ; A, 60%  E tO H ; ■, 90%  E tO H ; • , 100%  EtOH.

E v a l u a t i o n  o f  t h e  S t a n d a r d  P o t e n t i a l s

The determination of the standard potentials of 
cadmium chloride in the different solvent systems was 
based on the method used by Harned and Fitzgerald2*5 
to determine the standard potential of cadmium in an 
aqueous solution. In their work they assumed that 
cadmium chloride is an incompletely dissociated elec
trolyte and then corrected for the degree of dissocia
tion, a, from the equilibrium constant, K, and the 
activity coefficient of barium chloride by using the law 
of mass action and the Debye-Hückel theory.

In this work it was necessary to modify the method 
of Harned and Fitzgerald2*5 in two ways. These two 
modifications will be discussed below.

The electromotive force of the cell may be repre
sented by eq. 1, where E0 is the standard potential, m

E =  Eo — k log 3m37 ± 3 (1)

is the molality, 7 ± is the mean ionic activity coefficient, 
and k equals 2.303ür/23\ By replacing log 7 ± by 
( —iS'(f)y/m +  B'm) where S\n is the limiting slope of 
the Debye-Hückel theory, one obtains eq. 2.

E +  k log 4m3 — 3kS\t)\/m = E0 — 3kB'm — Es

(2)
According to eq. 2, if cadmium chloride were a com

pletely dissociated electrolyte, a plot of E  +  k log 
4m3 — 3kS'(i)~\/m should be linear with m in dilute 
solutions. This is not the case and confirms the 
conductance data which indicate that cadmium chlo
ride is incompletely dissociated.

The dissociation mechanism which appears to be 
most suitable from the character of the data is that of

eq. 3 and 4. According to these equations cadmium 

CdCl2 — > CdCl+ +  C l-  (3)

CdCl+ Cd2+ +  c i -  (4)

chloride is completely dissociated while the ion CdCl+ 
is partially dissociated. It is probable that both 
cadmium chloride and CdCl+ are incompletely dis
sociated. The above assumption neglects the first 
association as having a negligible effect compared to 
the second in dilute solutions.

Now if ycdi+ =  7aM — 7ax4, the equilibrium constant 
of eq. 4 is

K  __ (amyaM.) (1 + a) y  

m ( l  —  a ) 7 a x

? » 7 a M « ( l  +  a )  

1 — a ( 5 )

where a is the degree of dissociation. Solving for a 
gives

2 -  1 + * )  +m7aM

V(i + k _j  +
W7aM

4A ~
77I7aM_

(6)

Using the reiterative procedure of Harned and 
Fitzgerald2*5 and of Harned and Owen,4a the equilibrium 
constant for the dissociation constant, K, and the de
gree of dissociation, «, for the process represented in 
eq. 4 were found, as were 7aM, the activity coefficient 
of the M 2+ ions; fi', the real ionic strength; and 7a, 
the real mean activity coefficient of cadmium chlo
ride.

Harned and Fitzgerald2*5 in their work on cadmium 
chloride in aqueous solution used the activity co
efficient of barium chloride obtained by Tippetts and 
Newton4*5 for the real activity coefficient of cadmium 
chloride. In this work, data on cadmium chloride in 
aqueous solution were taken initially to check the ex
perimental procedure for reproducibility. Since these 
data compared favorably with the data of Harned and 
Fitzgerald the two sets of data were listed together 
and treated according to the theory of Harned and 
Fitzgerald2b>4a with the aid of an IBM 7074 computer. 
The value of E° obtained from the mixed data was 
0.57340 v. compared to the value of E° of 0.57300 v. 
found by Harned and Fitzgerald.

The next step in the treatment of the data was to 
replace the activity coefficient of barium chloride 
by 7aMV! or 7», the mean activity coefficient for cad-

(4) (a) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,” 3rd Ed., Reinhold Publishing Corp., New 
York, N. Y., 1958, pp. 551-560; (b) E. A. Tippetts and R. F.
Newton, J. Am. Chem. Soc., 56, 1675 (1934).
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mium chloride from which the best value of a was com
puted using the reiterative procedure described above. 
This procedure gave in this case 0.57162 v. for E°. 
Since this treatment of the data gave a value within
1.4 mv. of the value determined by Harned and Fitz
gerald, it was decided to write a program for the IBM 
7074 computer which was similar to the treatment of 
Harned and Fitzgerald except for two changes listed 
below.

The first change was that ya =  7aM !̂ for cadmium 
chloride was used instead of ya for barium chloride.

The second change was that curves corresponding to 
the equations for E°' and E°' — E° were not con
sidered separately, but rather their difference was com
puted since the difference was E°. The two pertinent 
equations are

and Fitzgerald did not list their deviations, the points 
on the horizontal lines from which E° values were de
termined showed deviations comparable to the ones 
listed in Table III.

In Table III are listed the calculated values of E° 
together with the values of the equilibrium constants 
and the mean distance of approach of the ions which 
were used in order for the E° values to show a suitable 
minimum deviation. The dielectric constants of the 
solvents and the thermodynamic functions AF°, 
AH°, and AS° for the cell process are presented in the 
table.

The values of AF° were obtained from

A F° = -n 5 E °  (10)

those of AH° were calculated from

„  , 3 X 2.303RT
E ' = E d---------------------- log m —25 6

3 X I f  -1 —  S'«, VS + log 4 CO
2 ^

2£F s

2.303ÄT, „  3 X 2.303Ä77
Tog a (1 +  a ) ------------— ------- log 7a —2 5 25

3 V 2  X 2.303RT
2£F 'S fflV i«  (8)

Subtracting eq. 8 from eq. 7 one obtains 

3 X 2.303R T ,
E = E -\-----------— ------- log m +

3 X 2.303RT . 3 X 2.303RT 0, ,
-  log 7 a ------------ — -------  O (f) v  m +25

dV 2  X  2.303RT 
25

25

„  / -  , 2.303R T , „  , N0
S(f)V  M H------ ^ —  log Oi (1 +  a )2

(9)

This was the final form which was used to evaluate E° 
for each observed value of E  at a given molality. 
The values of E° computed from this equation for 
each value of E and m were averaged. The IBM 7074 
computer program was stated so that different values 
of K  and a selected value of d were tried until the correct 
combination gave an average E° value with an average 
deviation of 1.5 mv. or less. This amounts to the 
difference between the curves from eq. 7 and 8 being 
a straight line with a slope of zero within about 1.5 mv. 
In the higher alcohol solutions the average minimum 
deviation of E° was somewhat higher. While Harned

and those of ASÍ0 from

AS° =

( I D

(12)

In the above equations AF°, AH°, and AS° are the 
changes of free energy, enthalpy, and entropy, respec
tively, for the cell process when the reactant and prod
uct species are at unit activity, n is the number of 
electrons transferred in the reaction, and 5 is the fara- 
day (96,512 international coulombs, since E° is in 
international volts).

In order for E° to reach this minimum it was not 
necessary to change the value of & as the solvent was 
varied from water to 100% ethanol. Oiwa6 found a 
trend for a when HC1 was studied in water-methanol 
solutions, although the range of variation in & for HC1 
was not large. He indicated that this was due to a 
preferential solvation effect of the ions. Present work 
in these laboratories on cadmium chloride in water- 
methanol solvents indicates a constancy in d.

In Figure 3 the E° values listed in Table III are 
plotted against the reciprocal of the dielectric constant 
of the medium in which each E° value was determined. 
The resulting lines are almost straight. The data taken 
by Corsaro6 on zinc chloride in water-alcohol solutions 
gave straight lines for such plots. He found that the 
E° value of the salt varied linearly with the reciprocal 
of the dielectric constant of the medium in which the

(5) I. T. Oiwa, / .  Phys. Chem., 60, 754 (1956).
(6) C. Corsaro and H. L. Stephens, J. Electrochem. Soc., 104, 512 
(1957).
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Table III: Tabulated Values of Derived Quantities in Different Solvents and at Different Temperatures

d, À .
Deviation — AF°, - A f f " , - A S 0,

Solvent Temp., °K . D K E °, v.° in E° cal./mole cal./mole e.u.

h 2o 298.16 78.5 0.07 5 0.57162 0.00130 26,363
33,800 24.9

h 2o 303.16 76.8 0.07 5 0.568906 26,238
32,400 20.3

h 2o 308.16 75.0 0.07 5 0.56670*' 23,136
30% EtOH 298.16 61.1 0.04 5 0.52742 0.00106 24,325

29,800 18.4
30% EtOH 303.16 59.7 0.04 5 0.52544 0.00095 24,233

30,800 21.7
30% EtOH 308.16 58.2 0.04 5 0.52308 0.00093 23,124
60% EtOH 298.16 43.4 0.005 5 0.46930 0.00167 21,644

32,300 35.8
60% EtOH 303.16 42.3 0.005 5 0.46554 0.00188 21,466

35,200 45.3
60% EtOH 308.16 41.1 0.005 5 0.46055 0.00183 21,240
90% EtOH 298.16 28.1 0.0007 5 0.37498 0.00175 17,294

29,100 39.6
90% EtOH 303.16 27.4 0.0007 5 0.37069 0.00190 17,096

35,800 61.7
90% EtOH 308.16 26.5 0.0007 5 0.36399 0.00192 16,787

100% EtOH 298.16 24.3 0.0006 5 0.33711 0.00124 15,547
30,000 48.5

100% EtOH 303.16 23.7 0.0006 5 0.33183 0.00144 15,304
36,400 67.9

100% EtOH 308.16 23.0 0.0006 5 0.32430 0.00160 14,957

“ International volts. b Extrapolated from temperature coefficient.

Figure 3. Standard potentials of cadmium chloride plotted 
against 1 ¡ D  using ethanol solutions: •, EtOH solutions 
at 25°; ■, EtOH solutions at 30° +0.02000 v.;
A, EtOH solutions at 35° +0.04000 v.

E° was determined, when alcohol and water-alcoho 
solutions were used. Harned and Owen7 have dis
cussed this dependence of E° on 1/D theoretically on 
the basis of the work necessary to separate the ions 
of the salt against the attractive coulombic forces. 
These authors used the activity coefficient in their 
derivation and thus introduced the thermal energy, 
kT, in their final equation. Amis8 using a purely elec
trostatic approach has derived an equation for a linear 
relation between E° and 1/D which does not involve 
the thermal energy. Amis explains the reason for 
deviation from a straight line as due to selective sol
vation of the ions.

The method of treating the raw data in this work has 
yielded satisfactory values of E° in the various sol
vent compositions. However, the variation in the 
parameter K  in the different solvent systems needs 
to be justified.

The variation in the dissociation constant, K, 
is not at all unusual when one considers Bjerrum’s9

(7) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,” Reinhold Publishing Corp., New York, 
N. Y „ 1950, pp. 336-340.
(8) E. S. Amis, J. Electroanal. Ckem., 8, 413 (1964).
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theory of ionic association in media other than water. 
This theory states that the ions of all electrolytes tend 
to associate more and more as the dielectric constants 
of the solvent media decrease. This phenomenon is 
attributed to the fact that when electrolytes are dis
solved in solvents of low dielectric constants, the simple 
coulombic forces are sufficient to cause ionic associa
tion. Experimental verification of Bjerrum’s theory 
has been presented by Fuoss and Kraus.9 10 They 
found from conductance data on tetraisoamylammo- 
nium nitrate in dioxane-water solutions that a threefold 
decrease in the dielectric constant of the solvent caused 
the dissociation constant to decrease by a factor of 
10_3. The same trends were observed in this work. 
When an approximate threefold decrease in the di
electric constant of the solvent was made, the dis
sociation constant was decreased by a factor of IQ-2. 
In view of these same qualitative trends, it is felt 
that the variation of the dissociation constants for 
cadmium chloride in the different solvents is reasonable.

As seen from Table III, the standard free energy 
change of the cell process increases (becomes con
tinually less negative) as the percentage of ethyl 
alcohol in the solvent increases. This means that the 
process is less spontaneous at unit activity of reactants 
as the nonaqueous component of the solvent increases. 
The increase of standard free energy with decrease of 
the dielectric constant of the solvent might be due, 
among other things, to the difference in the nature and 
extent of solvation, change in structure of the solvent, 
and increased energy necessary to prevent association 
of the ions. Perhaps the greatest cause of the decrease 
in spontaneity, in fact the cause which probably pre
dominates, is the greater energy requirement to prevent 
association of the ions in lower dielectric constant 
media. That this is the predominant cause of decrease 
in spontaneity is shown by the practically linear rela
tionship between E° and 1/D .8 In general the spon
taneity decreases with increase in temperature again 
perhaps because the dielectric constants of the solvents 
decrease at higher temperatures.

Since AH° and AS0 values depend on differences in 
AF°, the errors in these functions are no doubt much 
greater than in the AF° values. The small differences 
in large numbers retain the same magnitude of errors, 
and hence much larger percentage errors than do the 
original large numbers. Thus AH° and AS° values 
have been rounded off to three significant numbers 
and their trends are not nearly so regular or amenable 
to interpretations as are the values of AF°. Never
theless these values are presented so that they may be 
available for comparison with future data. The re
action is exothermic throughout and shows a negative

entropy increment in ah solvents. The exothermicity 
and negative entropy increments are greater in the higher 
than in the lower temperature range except in pure 
water as a solvent.

The decreases in entropy of the process indicate an 
ordering effect which, except for water, is greater at 
higher temperature ranges than at lower ranges. The 
greater decreases in entropy and hence greater order 
at higher temperature ranges might be due to reduced 
dielectric constant so that solvation or other effects 
of ethyl alcohol may cause the number of accessible 
states of order to increase with increase in temperature. 
The opposite trend in water might be due to the de
creased hydrogen bonding at the higher temperature, 
reducing the possibility of longer chains being orien
tated by the ions. The greater negative values of 
entropy in pure alcohol indicate a greater ordering 
effect in this solvent, perhaps arising from the fact that 
for the same number of molecules ordered in this media 
as contrasted with water, greater weight and volume 
fractions of the solvent are ordered.

Activity Coefficients
After the E° values were determined for each sol

vent composition, the activity coefficients were cal
culated from eq. 1.

The logarithms of the activity coefficients which 
were determined in this manner are listed in Tables 
IV and V. A graphical representation of these data

Figure 4. Activity coefficients of cadmium chloride in the 
water-ethanol system at 25°: O, H20 ; □, 30% EtOH;
A, 60% EtOH; •, 90% EtOH; ■, 100% EtOH.

(9) N. Bjerrum, Kgl. Danske Videnskab. Selskab, 7, No. 9 (1926).
(10) R. M. Fuoss and C. A. Kraus, J. Am. Chem. Soc., 55, 1019 
(1933).
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Table IV : Activity Coefficients of Cadmium Chloride in
Water at 25°

m ■\/ m — log 7 ±

0 .000500 0 .0 2 2 4 0 .0 8 0 3
0.000861 0 .0 29 3 0 .0 9 7 4
0 .0 0 1 0 0 0 .0 31 6 0 .1 1 1 7
0 .00200 0 .0 44 7 0 .1 5 4 0
0 .00288 0 .0 53 7 0 .2 0 0 7
0 .00500 0 .0 70 7 0 .2 3 0 8
0 .00653 0 .0 8 0 8 0 .2 5 9 5
0 .0 07 0 0 0 .0 8 3 7 0 .2 6 5 5
0 .0 10 0 0 .1 0 0 0 .3 0 6 2
0 .0 10 3 0 .1 01 0 .3 0 1 4
0 .0 16 2 0 .1 2 7 0 .3 8 1 7
0 .0 2 0 0 0 .1 4 1 0 .3 9 6 5
0 .0 5 0 0 0 .2 2 4 0 .5 4 2 3
0 .1 0 0 0 .3 1 6 0 .6 6 7 1

in which log y±  is plotted against y/m is shown in 
Figure 4. Only those data for 25° are shown graphi
cally due to the small temperature coefficient.

The variation of the activity coefficients of cadmium 
chloride with the dielectric constant (or solvent com
position), as shown in the figures, follows the same 
general trends which Harned and Morrison11’12 ob
served for hydrochloric acid in water-dioxane solvents. 
This trend, of course, is a deviation from the straight 
line limiting slope of the Debye-Hiickel theory at a 
lower value of the molality as the dielectric is decreased.

Summary
The electromotive force of cadmium chloride was de

termined in water, water-ethanol, and ethanol solvents 
over a concentration range of 0.00050-0.010 m. The 
measurements were made using a Leeds and Northrup 
Type K-3 potentiometer and an amalgam cell without 
transference.

In order to determine the standard potential of cad
mium chloride in the various solvents it was necessary 
to extrapolate the molality to zero by a suitable linear 
function of the observed electromotive force. Satis
factory values of the standard potential were de
termined over the entire solvent, temperature, and con
centration ranges by assuming only one method of 
ionization and simultaneously varying the equilibrium 
constant at a fixed distance of closest approach of the 
ions as the solvent composition was varied.

The justification for decreasing the dissociation 
constant as the dielectric constant was decreased was 
based on Bjerrum’s theory of ionic association in 
media other than water.

The laborious calculations involved in the determi
nation of the standard potentials were accomplished 
by using an IBM 7074 computer.

Table V : Activity Coefficients of Cadmium Chloride in 
Ethanol-Water Solvents

'--------------------------log Y±------- ----
m s / m 25°

30% Ethanol

30° 35°

0.000482 0.02195 0.0811 0.0810 0.0809
0.001250 0.03536 0.183 0.178 0.182
0.00221 0.04701 0.205 0.213 0.222
0.00390 0.06245 0.312 0.309 0.309
0.00649 0.08056 0.368 0.370 0.377
0.0110 0.10488 0.433 0.433 0.441
0.0171 0.13076 0.519 0.522 0.526
0.0379 0.19467 0.666 0.674 0.683
0.0838 0.28949 0.843

60% Ethanol

0.848 0.855

0.000659 0.02567 0.191 0.191 0.209
0.00145 0.03808 0.330 0.355 0.383
0.00249 0.04990 0.454 0.457 0.475
0.00439 0.06626 0.554 0.563 0.582
0.00724 0.08509 0.654 0.664 0.685
0.0140 0.11832 0.787 0.797 0.819
0.0187 0.13675 0.858 0.868 0.891
0.0474 0.21772 1.089 1.101 1.126
0.0978 0.31272 1.288

90% Ethanol

1.305 1.332

0.000699 0.02642 0.500 0.496 0.517
0.00162 0.04025 0.752 0.749 0.772
0.00257 0.05069 0.876 0.875 0.898
0.00439 0.06626 1.042 1.041 1.067
0.00656 0.08809 1.165 1.163 1.190
0.0113 0.10630 1.332 1.334 1.360
0.0206 0.14353 1.502 1.507 1.533
0.0422 0.20453 1.743 1.743 1.769
0.0612 0.24739 1.872 1.872 1.899
0.0973 0.31193 2.024

100% Ethanol

2.025 2.053

0.000824 0.02871 0.614 0.616 0.643
0.00154 0.03924 0.770 0.774 0.802
0.00222 0.04712 0.925 0.930 0.960
0.00236 0.04858 0.939 0.944 0.974
0.00454 0.06738 1.139 1.145 1.176
0.00797 0.08927 1.291 1.297 1.328
0.0158 0.12569 1.553 1.560 1.592
0.0291 0.17059 1.804 1.812 1.844
0.0581 0.24104 2.062 2.070 2.103

The standard potentials which were determined were 
used to calculate the mean ionic activity coefficients 
of cadmium chloride in the various solvents. The 
calculations were made by using the form of the 
Nernst equation which is applicable to a 2-1 electrolyte.

The activity coefficients of cadmium chloride in the

(11) H. S. Harned and J. O. Morrison, Am. J. Sei., 33, 161 (1937).
(12) H. S. Harned and J. O. Morrison, J. Am . Chem. Soc., 58, 1908 
(1936).

The Journal of Physical Chemistry



Enthalpies of Formation of N iobium and Tantalum Pentafluorides 2089

various solvent systems are similar to those determined 
by other investigators for electrolytes in mixed and 
nonaqueous solvents. The general behavior is that 
deviations from the Debye-Hiickel theory occur at 
lower concentrations as the dielectric constant of the 
solvent is decreased.
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Fluorine Bomb Calorimetry. X. The Enthalpies of Formation of 

Niobium and Tantalum Pentafluorides12

by Elliott Greenberg, Carol A. Natke, and Ward N. Hubbard

Chemical Engineering Division, Argonne National Laboratory, Argonne, Illinois (Received January 18, 1965)

The energies of formation of niobium and tantalum pentafluorides were measured by 
direct combination of the elements in a bomb calorimeter. From these measurements the 
standard enthalpies of formation, AHf°29S.it>, of niobium and tantalum pentafluorides were 
calculated to be —433.5q ±  0.15 and —454.97 ±  0.19 kcal. mole-1, respectively.

Introduction

The determination of the heats of formation of the 
pentafluorides of niobium and tantalum is part of a con
tinuing program3 to obtain precise thermo chemical data 
by fluorine bomb calorimetry.

Experimental

Calorimetric System. The calorimeter, laboratory 
designation ANL-R1, and combustion bomb, labora
tory designation Ni-T, have already been described.3’4 
Twelve calibration experiments were carried out with 
benzoic acid (National Bureau of Standards Sample 
39i), some preceding and some following the fluorine com
bustions. The certified energy of combustion for this 
sample was 26.434 ±  0.003 abs. kjoule g.-1. S(calor.), 
the energy equivalent of the calorimetric system, was
3566.3o cal. deg.-1 for the niobium experiments and
3566.2.4 for the tantalum experiments. In each case 
the standard deviation of the mean was ±0.2 cal. 
deg.-1, or 0.005%.

Materials. Samples of niobium and tantalum were

obtained from the Wah Chang Corp. and the National 
Research Corp., respectively, in the form of 0.317-cm. 
diameter rod, 0.0127-cm. foil, and 0.0254-cm. diameter 
wire. The outer portion of the rods was removed by 
taking surface cuts with a small lathe, using a tungsten 
carbide tool bit and keeping the sample flooded with 
Chlorothene (inhibited 1,1,1-trichloroethane). The 
machined samples were then stored under vacuum to 
minimize any possible surface oxidation. Samples for 
the combustion experiments and analyses were cut at 
appropriate positions along the length of a single rod. 
The impurities found in these samples are summarized 
in Table I. No other metaflic impurities were de-

(1) This work was performed under the auspices of the U. S. Atomic 
Energy Commission.
(2) Presented in part at the 18th Calorimetry Conference in Bartles
ville, Okla., Oct. 1963.
(3) E. Greenberg, J. L. Settle, H. M. Feder, and W. N. Hubbard, 
J. Phys. Chem., 65, 1168 (1961). See also succeeding papers in this 
series.
(4) E. Greenberg, J. L. Settle, and W. N. Hubbard, ibid., 66, 1345 
(1962).
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tected. The chemical states of the impurities are un
known, but the assumed states of combination are in
dicated in the table. In each case, the foil and wire 
samples were of comparable quality to the rod samples 
and, because these items constituted only a small frac
tion of the total sample, it was not considered necessary 
to analyze them for their specific impurity contents.

Table I : Impurities in the Samples

Impurity Nb
—P.p.m.-----------------

Ta
Assumed form 

of impurity

c° 33 22 M C 5 6
0 “ 83 68 M z O f

H“ 3 0 .2 Solid soin.
Na 50 16 M N 6
Ti 94 Ti
W 60 8 W
Re 51 Fe
Zr 50 Zr
Nb 16 Nb
Si 11 Si
A1 11 A1
Ca 9 Ca
Na 9 Na
M g 7 M g
M o 7 M o
Ta 5 Ta
Cu 5 Cu
Hf 3 Hf

° Average of chemical analyses by manufacturer and Chemical 
Research Services, Inc., Addison, 111.; all others are spectro- 
chemical data provided by manufacturer and J. Goleb, Argonne 
National Laboratory. 6 M  represents either niobium or tanta
lum.

Purified fluorine (99.97%) was prepared by distilla
tion of commercial fluorine in a low temperature still.8’6 

Combustion Technique. The sample arrangement and 
combustion technique were similar to those described8 
for the combustion of zirconium in fluorine. Pre
liminary combustion experiments indicated a tendency 
for preferential attack of the sample at the point of con
tact between it and the nickel support. This attack, 
which often cut through the sample near its base before 
the end of the combustion, was greater at higher fluorine 
pressures. Satisfactory combustions were obtained 
with fluorine pressures of 1500 mm. in the niobium ex
periments and 2000 mm. in the tantalum experiments. 
No inert diluent gas was necessary because of the high 
melting point of these metals. Under these conditions 
it was satisfactory to machine the lower end of the nio
bium sample rods to a diameter of 0.089 cm. but it was 
necessary to increase this dimension to 0.14 cm. for tan
talum in order to prevent burning through near the

base of the sample. The assembled bomb was always 
pretreated with fluorine at operating pressure for a few 
minutes before final evacuation and charging. The 
calorimetric measurements were made in the usual man
ner.

Surface Fluorination Experiments. Trial exposures 
of weighed samples to fluorine indicated a definite spon
taneous surface reaction. Since this reaction occurs 
before intentional ignition of the sample, the associated 
thermal effect represents heat evolved which is not de
tected during the calorimetric experiment, thereby 
necessitating a correction. Therefore, in carrying out 
the calorimetric experiments a special effort was made 
to reproduce as closely as possible the elapsed time be
tween first exposure of the sample to fluorine and the 
initiation of the combustion reaction in the calorimeter. 
After the calorimetric combustions were completed, a 
series of blank experiments was run with each metal in 
which typical weighed samples were loaded and treated 
in a manner identical with the procedure employed for 
the calorimetric runs. After exposure of the sample to 
fluorine for the appropriate time interval, the bomb was 
evacuated, flushed with argon, and the sample re
covered and reweighed. The reweighing was per
formed in an inert-atmosphere glove box in order to 
avoid reaction between atmospheric moisture and the 
metal fluoride on the sample surface. From the gain in 
weight of the sample (about 0.4 ± 0 . 1  mg., assumed to 
be due to the formation of the corresponding penta- 
fluoride) an appropriate thermal correction was cal
culated for the prefluorination of the sample.

Analysis of Combustion Products. After the comple
tion of each calorimetric measurement, the bomb was 
discharged and the unbumed metal was quickly re
covered, flooded with water, dried under vacuum, and 
weighed.

The white, solid, combustion products recovered from 
the bomb exhibited the characteristic physical proper
ties of NbF5 and TaF5, respectively, and yielded X-ray 
diffraction patterns which were quite spotty, possibly 
owing to the coarseness of the crystallites. After 
these products were ground in an inert-atmosphere 
glove box, satisfactory X-ray patterns were obtained, 
provided the inert atmosphere was sufficiently pure to 
be unreactive. The patterns agreed with those ob
tained by Edwards6 for NbF5 and TaF5.

In some of the combustion experiments the small 
amount of gas remaining in the bomb after combustion

(5) L. Stein, E. Rudzitis, and J. L. Settle, “ Purification of Fluorine 
by Distillation,”  Argonne National Laboratory, ANL-6364 (1961). 
(Available from Office of Technical Services, TJ. S. Department of 
Commerce, Washington 25, D. C.)
(6) A. J. Edwards, J. Chem. Soc., 3714 (1964).
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Table II : Results of Niobium Combustions

•Combustion no.-
l 2 3 4 5 6

(1) Mass, g. 1.05270 1.05769 1.04740 1.04976 1.04358 1.04506
(2) Ai0, deg. 1.36953 1.37599 1.36254 1.36601 1.35739 1.35935
(3) S(calor.)( — Afe), cal. -4884.15 -4907.19 -4859.23 -4871.60 -4840.86 -4847.86
(4) Accontenta, Cal. -9 .8 1 -9 .8 8 -9 .8 1 -9 .8 2 -9 .7 5 -9 .8 1
(5) ACignition, Cal. 0.61 0.77 0.84 0.92 1.14 0.88
(6) ACgaB, Cal.“ -0 .1 0 -0 .1 0 -0 .1 0 -0 .1 0 -0 .1 0 -0 .1 0
(7) ACprefinorination, Cal. -1 .7 3 -1 .7 3 -1 .7 3 -1 .7 3 -1 .7 3 -1 .7 3
(8) ACjmpuritiea, Cal. -0 .3 5 -0 .3 5 -0 .3 5 -0 .3 5 -0 .3 4 -0 .3 4
(9) AE c ° / M ,  cal. g.“ 1 -4650.45 -4650.21 -4649.97 -4651.23 -4649.04 -4649.46

Mean AE c ° / M  =  —4650.1 cal. g.-1 
Std. dev. of mean = ± 0 .3  cal. g.-1

“ A C c0ntents = G’(cont.)(<i — 25) +  Sf(cont.)(25 — if +  Aioorr) in which U  varied from 22.9 to 23.3°. 1 The bomb contents included 
about 65.2 g. of nickel and 0.08 g. of Teflon. 6 ACg„s = ACi(gas)]op '(gas) +  ACf(gas)]°p£(gas).

Table in  : Results of Tantalum Combustions“

-Combustion noA
8 9 ll 12 13 14 15

(1) Mass, g. 2.72870 2.74600 2.72486 2.72652 2.72309 2.67219 2.73363
(2) AA, deg. 1.91390 1.92466 1.91106 1.91167 1.90853 1.87522 1.91716
(3) S (c a lo r .) (  — A i0), ca l. -6825.43 -6863.80 -6815.30 -6817.47 -6806.28 -6687.48 -6837.05
(4) ACeontents, Cal. -13 .91 -13 .97 -13 .91 -13 .90 -13 .88 -13 .59 -13 .89
(5) AC ignition, Cal. 1.19 0.67 0.68 0.60 0.90 0.92 0.68
(6) ACgaa, Cal.6 -0 .1 8 -0 .1 8 -0 .1 8 -0 .1 8 -0 .1 8 -0 .1 8 -0 .1 8
(7) ACprefinorination, Cal. -1 .7 2 -1 .7 2 -1 .7 2 -1 .7 2 -1 .7 2 -1 .7 2 -1 .7 2
(8) ACimpurities, Cal. 0.25 0.25 0.25 0.25 0.25 0.24 0.25
(9) AE c ° / M  ca l. g . -1 -2506.61 -2505.01 -2506.62 -2505.91 -2504.84 -2507.98 -2506.52

Mean AE c ° / M  =  —2506.2 cal. g.-1 
Std. dev. of mean = ± 0 .4  cal. g.-1

“ An earlier series of combustion experiments gave somewhat less precise results because of minor experimental difficulties, and, for 
this reason, the data are not included in the final tabulation. However, thfe mean A E c ° / M  value for the first series does not differ 
significantly from that reported herein. 6 No data were obtained for run 10 because the calorimeter stirrer failed during the reaction 
period. 6 A E a o n te n t s  = S*(cont.)(ii — 25) +  Sf(cont.)(25 — U  +  Af0orr) in which t\ was approximately 22.77°. d The bomb contents 
included about 65.0 g. of nickel and 0.09 g. of Teflon. 6ACgas = ABi(gas)]op^gaŝ  +  ACf(gas)]°Pf(gas).

was transferred to an infrared cell for analysis. The 
analyses confirmed that the carbon and silicon impuri
ties in the samples were burned to their respective tetra- 
fluorides.

Results
Experimental Results. The results of the niobium 

and tantalum1 combustion experiments, expressed in 
terms of the defined calorie equal to (exactly) 4.184 ab
solute joules, are summarized in Tables II and III. 
The corrections to standard states were applied in ac
cordance with the procedure illustrated for the combus
tion of molybdenum in fluorine.7 The entries in the 
tables are (1) the mass in vacuo of the sample burned, 
which was determined by subtracting the mass of un

burned metal recovered after combustion from the 
mass of sample originally introduced into the bomb;
(2) the observed increase in the calorimeter tempera
ture, corrected for heat exchanged between the calo
rimeter and its surroundings, At0 =  U — U — AtmTI;
(3) the energy equivalent of the calorimetric system 
minus the contents of the bomb, multiplied by —Atc;
(4) the energy equivalents of the initial and final con
tents of the bomb, each multiplied by its appropriate 
portion of —Af0 to correct the results to the energy of 
the hypothetical isothermal process at 25°; (5) the

(7) W. N. Hubbard, “ Experimental Thermochemistry,”  Vol. II, 
H. A. Skinner, Ed., Interscience Publishers Ltd., London, 1962, 
Chapter 6.
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measured electrical energy input for ignition of the fuse; 
(6) the net correction for reducing the pressure of the 
bomb gas to standard-state conditions; (7) the correc
tion for the spontaneous surface reaction of the sample 
with fluorine before intentional ignition of the sample;
(8) the net correction for impurities in the sample;
(9) the energy change per gram of metal for the reac
tion

M (c) +  6/ 2F2(g) MFt(c) (1)

where M represents either niobium or tantalum.
For calculation of item 4 the following values were 

used: heat capacities at constant pressure—0.106x,
0.28, 0.0633, 0.0335, 0.1715, and 0.118 cal. deg.“ 1 g.“ 1 
for Ni,8 Teflon,9 N b,10 11 Ta,10 NbF6,n and TaF6,12 re
spectively; heat capacity at constant volume— 5.50 cal. 
deg.-1 mole-1 for fluorine.13 14 15

The coefficients (pE/bP)T and p (in the equation PV  
=  nRT{ 1 — pP)), which were required for calculation 
of item 6, were estimated by the method of Hirschfelder, 
et al.,u from the force constants for fluorine.16 The co
efficients at 25° were 0.000803 atm.-1 and —1.781 cal. 
atm.“ 1 mole“ 1 for p and (bE/bP)T, respectively. For 
estimation of the internal volume of the bomb in the 
initial and final states, the densities used were 8.907,
2.24, 8.53, 16.626, 3.54, and 5.19 g. cc.“ 1 for N i,16 
Teflon,9 N b,17 Ta,16 NbF6,6 and TaF5,6 respectively. 
The internal volume of the empty bomb was 0.358 1.

For calculation of item 8 the assumptions indicated 
in Table I were made regarding the states of combina
tion of the impurities. After the combustion, carbon, 
oxygen, hydrogen, and nitrogen Were assumed to be 
present as CF4, 0 2, HF, and N2, respectively. The re
maining impurities were assumed to form their most 
stable fluorides during combustion. For the small 
silicon impurity in the tantalum sample there is no sig
nificant change in the correction if the silicon is as
sumed to be combined. The required enthalpies of 
formation were taken from the indicated sources: 
NbC,18'19 TaC,18’20 Nb20 6 and T a + V 1 N b-H  sys
tem,22 NbN and TaN,23 CF4,24 25 HF,26 TiF4,4 WF6,26 
SiF4,27 A1F3,28 FeF3,29 MgF2,30 CaF2,31 and NaF.31

The approximate corrections to the measured heat for 
the niobium sample were: oxygen,—0.018%; carbon, 
+0.009% ; nitrogen, —0.009%; hydrogen, +0.008% ; 
titanium, +0.007% ; tungsten, —0.003%. Correc
tions for the tantalum sample were: oxygen, — 0.023%; 
carbon, +0.011% ; silicon and aluminum, +0.005% 
each; nitrogen, —0.004%; iron, +0.004% ; calcium 
and magnesium, +0.002% each; niobium and sodium, 
+0.001% each; other impurity corrections were neg
ligible. The net correction made for all impurities 
(item 8) was (—0.007 ±  0.014)% for the niobium

sample and (0.004 ±  0.019)% for the tantalum sample. 
In each case the uncertainty attached to the net impur
ity correction is relatively large as compared to the ac
tual correction owing to fortuitous partial cancellation 
of the individual corrections. These uncertainties in
clude a generous allowance for analytical uncertainties 
and for the possibility that the impurities existed in 
states of combination other than those assumed.

All other corrections to standard states were neg-

(8) R. H. Busey and W. F. Giauque, J. Am. Chem. Soc., 74, 3157 
(1952).
(9) W. D. Good, D. W. Scott, and G. Waddington, J. Phys. Chem., 60, 
1080 (1956).
(10) R. Hultgren, R. L. Orr, P. D. Anderson, and K. K. Kelley, 
“ Selected Values of Thermodynamic Properties of Metals and Al
loys,” John Wiley and Sons, Inc., New York, N. Y., 1963, pp. 189, 
272.
(11) A. P. Brady, O. E. Myers, and J. K. Clauss, J. Phys. Chem., 
64, 588 (1960).
(12) Estimated.
(13) W. H. Evans, T. R. Munson, and D. D. Wagman, J. Res. Natl. 
Bur. Std., 55, 147 (1955).
(14) J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, “ Molecular 
Theory of Gases and Liquids,” John Wiley and Sons, Inc., New 
York, N. Y „ 1954.
(15) D. White, J. H. Hu, and H. L. Johnston, J. Chem. Phys., 21, 
1149 (1953).
(16) H. E. Swanson and E. Tatge, “ Standard X-ray Diffraction 
Powder Patterns,” Vol. I, National Bureau of Standards Circular 
539, U. S. Government Printing Office, Washington, D. C., 1953, pp. 
13, 31.
(17) M. R. Nadler and C. P. Kempter, Anal. Chem., 31, 1922 
(1959).
(18) A. N. Kornilov, V. Ya. Leonidov, and S. M. Skuratov, Vestn. 
Mosk. Univ. Ser II: Khim., 17, No. 6, 48 (1962).
(19) E. J. Huber, Jr., E. L. Head, C. E. Holley, Jr., E. K. Storms, 
and N. H. Krikorian, J. Phys. Chem., 65, 1846 (1961).
(20) E. J. Huber, Jr., E. L. Head, C. E. Holley, Jr., and A. L. Bow
man, ibid.., 67, 793 (1963).
(21) A. N. Kornilov, V. Ya. Leonidov, and S. M. Skuratov, Bold. 
Akad. Nauk SSSR, 144, 355 (1962).
(22) E. Veleckis, Ph.D. Thesis, Illinois Institute of Technology, 1960.
(23) A. D. Mah and N. L. Gellert, Am. Chem. Soc., 78, 3261 
(1956).
(24) D. W. Scott, W. D. Good, and G. Waddington, ibid., 77, 245 
(1955).
(25) The value of —64.8 kcal. mole-1 for the standard enthalpy of 
formation of HF(g) has been tentatively adopted by W. H. Evans, 
National Bureau of Standards, Washington, D. C., for the revised 
edition of N.B.S. Circular 500 (private communication, 1963).
(26) O. E. Myers and A. P. Brady, J. Phys. Chem., 64, 591 (1960).
(27) S. S. Wise, J. L. Margrave, H. M. Feder, and W. N. Hubbard, 
ibid., 67, 815 (1963).
(28) “ Janaf Thermochemical Tables,”  The Dow Chemical Co., Mid
land, Mich., Sept. 1963.
(29) L. Brewer, L. A. Bromley, P. L. Gilles, and N. L. Lofgren, “ The 
Chemistry and Metallurgy of Miscellaneous Materials: Thermo
dynamics,” L. L. Quill, Ed., McGraw-Hill Book Co., Inc., New York, 
N. Y., 1950, pp. 76-192.
(30) E. Rudzitis, H. M. Feder, and W. N. Hubbard, J. Phys. Chem., 
68, 2978 (1964).
(31) “ Selected Values of Chemical Thermodynamic Properties,” 
National Bureau of Standards Circular 500, U. S. Government Print
ing Office, Washington, D. C., 1952.
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ligible. AEc°/M is just the sum of items 3 through 8 
divided by the mass of sample reacted.

Derived Data. Table IV presents derived standard 
thermal data for the formation of niobium and tanta
lum pentafluorides at 25° as shown by reaction 1. The 
atomic weights32 of niobium and tantalum were taken 
as 92.906 and 180.948 g. (g.-atom)-1, respectively. The 
entropies, 8°, at 25°, of Nb(c) ,10 Ta(c) ,10 NbF6(c),n 
TaFs(c),33 and F2(g) 13 were taken as 8.70, 9.92, 38.3,
40.6, and 48.45 cal. deg.-1 mole-1, respectively. The 
uncertainties given are uncertainty intervals34 equal to 
twice the combined standard deviations arising from 
known sources.

Table IV : Derived Data at 25°
NbFe(c) TaFs(c)

Energy of formation,
AE}° — AEc°, kcal.
mole-1 —432.02 ±  O.I5 —453.4g ±  O.lg

mined to be —433.5o ±  O.I5 and —454.97 ±  O.lgkcal. 
mole-1, respectively, by direct combination of the 
elements in a combustion bomb calorimeter. The only 
previous thermochemical study reported is that by 
Myers and Brady26 for niobium pentafluoride. They 
carried out three different heat of solution measure
ments, with each of the thermochemical cycles involv
ing estimation of unknown auxiliary data. Their 
values were —439 ±  8, —423 ±  10, and —435 ±  8, 
with the average reported as —432 kcal. mole-1. 
Considering the uncertainties involved in their work, 
their value is in surprisingly good agreement with 
the value reported herein. Glassner35 and Amosov88 
estimated —342 and —370 ±  30 kcal. mole-1, respec
tively, for NbF6, and —360 and —380 ±  20 kcal. 
mole-1, respectively, for TaF6, while Brewer, et al.,M 
estimated —300 kcal. mole-1 for TaF6. These esti
mates, in common with a number of others for metal 
fluorides, were very wide of the mark.

Enthalpy of formation,
AHf°, kcal. mole-1 -4 3 3 .5o ±  O.I5 -454.97 ±  O.I9

Entropy of formation,
A/S/°, cal. deg.- 1  mole-1 —91.5 —90.4

Gibbs energy of formation,
A Gf° =  A H f° -  TA8f°,
kcal. mole-1 —406.22 ±  O.I5 —428.02 ±  O.I9

Conclusion
The standard enthalpies of formation of crystalline 

niobium and tantalum pentafluorides have been deter
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(32) A. E. Cameron and E. Wichers, J. Am. Chem. Soc., 84, 4175 
(1962).
(33) V. M. Amosov, Izv. Vysshikh Uchebn. Zavedenii, Tsvetn. Met., 6, 
No. 2, 103 (1963).
(34) F. D. Rossini, “Experimental Thermochemistry,”  F. D. Rossini, 
Ed., Interscience Publishers, Inc., New York, N. Y., 1956, Chapter 
14.
(35) A. Glassner, “The Thermochemical Properties of the Oxides, 
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Thermodynamic Properties of n-Propyl-, n-Butyl-, and n-Decyl-Substituted 

Cyclohexane from 10 to 370°K .

by Herman L. Finke, John F. Messerly, and Samuel S. Todd

Contribution No. 189 from the Thermodynamics Laboratory of the Bartlesville Petroleum Research Center, 
Bureau of Mines, U. S. Department of the Interior, Bartlesville, Oklahoma (.Received January 19, 1965)

Heat capacities from 12 to 370°K., heats of fusion, triple points, and purities of «-propyl- 
cyclohexane, «-butylcyclohexane, and «-decylcyclohexane were determined by adiabatic 
calorimetry, and the data were used to calculate the thermodynamic functions (Gs — H °0) /  
T, (Hs — H°0)/T, Hs — H°o, Ss, and C8, for the solid and liquid states at selected tem
peratures in the range 10 to 370°K. From the Clapeyron equation and Cox equations 
fitted to vapor pressure data from the literature, the entropies of these compounds in the 
ideal gas state at 298.15°K. were calculated. The average entropy increments per meth
ylene group between «-butyl- and n-decylcyclohexane in the liquid and ideal gas states 
were found to be 7.78 ±  0.03 and 9.35 ±  0.04 cal. deg.-1 mole-1, respectively. These 
values agree well within experimental error with the constant values for the corresponding 
higher members of the n-alkane series of hydrocarbons and with the average value obtained 
from «-butyl- and «-decylcyclopentanes.

Introduction

As a part of the continuing program of the Bureau 
of Mines to provide thermodynamic data on materials 
either in or derivable from petroleum, measurements 
of the heat capacities of the condensed phases, heats 
of fusion, and triple points of n-propyl-, n-butyl-, and 
«-decyl-substituted cyclohexane were made. As men
tioned in a previous publication1 from this laboratory, 
the utilization of the same apparatus and method in all 
measurements will tend to minimize the effects of 
systematic errors with the result that greater precision 
will be obtained for the incremental values of the ther
modynamic functions per methylene group than from 
the results of a number of different investigators.

Measurements of the low-temperature thermody
namic properties of the nine «-paraffin hydrocarbons, 
«-octane through «-hexadecane, by Finke, et al,,2 
together with like measurements of «-pentane,3 « -  
hexane,4 5 «-heptane,6 «-heptadecane,3 and «-octadecane,3 
have shown that the entropy increment per methylene 
group for the liquid at 298.15°K. is essentially constant 
within the precision of the measurements in this labora
tory. Person and Pimentel6 have shown that the en
tropy increment per methylene group for the «-alkanes,

«-octane through «-hexadecane, in the ideal gas state 
at 298.15°K. is also constant. Unpublished results 
from this laboratory show that this constancy of the 
methylene increment also holds from C5 through Ci8 
in the ideal gas state at 298.15°K. Messerly, et al.,1 
have shown that the average entropy increment per 
methylene group in both the liquid and ideal gas states 
for «-butyl- through «-decylcyclopentane is similar to 
that for the «-alkanes within the limits of the precision 
of the measurements. The measurements reported 
in this paper were undertaken to determine whether 
this entropy increment would hold for «-propyl-, 
«-butyl-, and «-decyl-substituted cyclohexane.

None of the three «-alkyl-substituted cyclohexanes

(1) J. F. Messerly, S. S. Todd, and H. L. Finke, J. Phys. Chem., 69, 
353 (1965).
(2) H. L. Finke, M. E. Gross, G. Waddington, and H. M. Huffman, 
./. Am. Chem. Soc., 76, 333 (1954).
(3) Unpublished results, this laboratory.
(4) D. R. Douslin and H. M. Huffman, J. Am. Chem. Soc., 68, 1704 
(1946).
(5) J. P. McCullough and J. F. Messerly, U. 3. Bureau of Mines 
Bulletin 596, U. S. Government Printing Office, Washington, D. C., 
1961.
(6) W. B. Person and G. C. Pimentel, J. Am. Chem. Soc., 75, 532 
(1953).
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reported here have been investigated by any other' 
laboratories, and, as far as the authors are aware, the 
only other low-temperature thermodynamic studies of 
longer chain n-alkyl-substituted cyclohexane are those 
by Parks, et al.,7 on n-heptyl- and n-dodecylcyclo- 
hexane. The latter measurements were made in an 
apparatus of lower precision on samples whose im
purities were at least an order of magnitude greater 
than those reported here.
Experimental

Materials. The samples used in these investiga
tions were all API Research hydrocarbons.8 The ma
terials were checked for dryness by cooling each in its 
breakoff-tip ampoule, as received, to a temperature 
just above the melting point and observing the absence 
or presence of “ floaters.”  As no evidence of water 
was noted, each sample was transferred in vacuo to 
the calorimeter, in turn, to preserve the purity of the 
sample. An estimate of the purity of each sample is 
given in a later section.

Apparatus and Physical Constants. Measurements 
were made in the low-temperature adiabatic cryostat 
described by Ruehrwein and Huffman.9 The sample 
(ca. 0.5 mole) was sealed in a copper calorimeter 
equipped with horizontal, perforated heat-distributing 
disks of copper. A small amount of helium (ca. 
40 mm. pressure) was left in the calorimeter to promote 
thermal equilibration at low temperatures. The 1951 
International Atomic Weights10 and values of the 
fundamental physical constants11 were used. Measure
ments of the electrical energy supplied to the calorimeter 
heater and the resistance of the platinum resistance 
thermometer were made on a White double poten
tiometer. Measurements of potential were in terms of 
a bank of six saturated cadmium cells calibrated at 
the National Bureau of Standards. The electrical 
stopclock used for time measurements was driven by 
a constant-frequency (±0.002% ) a.c. power source; 
the estimated uncertainty in time measurements 
was less than 0.01%. Temperature measurements 
were made with platinum resistance thermometers 
calibrated in terms of the International Temperature 
Scale of 194812 13 from 90 to 400°K. and in terms of the 
provisional scale of the National Bureau of Standards18 
from 11 to 90 °K. Celsius temperatures were con
verted to Kelvin temperatures by the addition of 
273.15°.14 Energy was measured in joules and con
verted to calories by the relation 1 cal. =  4.184 
(exactly) joules.
Results

Heat Capacity Measurements. The observed heat 
capacities at saturation pressure, CB, of solid and liquid

«.-propyl-, Ti-butyl-, and m-decyl-substituted cyclo
hexane are presented in Table I. Under the condi
tions of the measurements the quantity CB differs 
from Cp by less than 0.04% at the highest temperature 
for the most volatile material, n-propylcyclohexane. 
At all other temperatures the difference between C„ 
and Cp is barely significant. The temperature in
crements used in the experiments were small enough 
that corrections for nonlinear variation of Cs with T 
were unnecessary (the increments employed were ap
proximately 10% of the absolute temperature below 
50°K., 5 to 8° from 50 to 150°K., and 8 to 10° above 
150°K.). The precision of the heat capacity measure
ments was usually better than 0.1%; above 30°K. 
the accuracy uncertainty of the values of CB should not 
exceed 0.2%, except in regions near phase transforma
tions. The values of the heat capacities determined 
near phase changes may be of lower precision and ac
curacy because of rapid changes in C3 with T, slow 
equilibration, or uncertainties caused by the presence 
of impurities.

Empirical equations were calculated to represent the 
heat capacity of each compound in the liquid state. 
The constants for these equations are listed in Table 
II, together with the values of the deviations from ob
served data as an estimate of the reliability of the 
results.

Solid State Phase Transformations. No solid-solid 
phase transitions were observed in the n-alkylcyclo- 
hexanes. Two rather interesting phenomena were 
observed in the n-decylcyclohexane measurements. 
Near 41 °K., a small cusp-like irregularity was observed 
in the heat capacity. This irregularity was observed 
in two separate series of runs through this region but 
was quite small and involved only about 0.002 cal. 
deg.-1 mole-1 of entropy. In neither case were abnormal 
equilibrations of the compound observed. The second 
phenomenon was the existence of a nonreproducible 
area in the heat capacity curve starting about 50°

(7) G. S. Parks, G. E. Moore, M. L. Renquist, B. F. Naylor, L. A. 
McClaine, P. S. Fujii, and J. A. Hatton, J. Am. Chem. Soc., 71, 3386 
(1949).
(8) These samples of API Research hydrocarbons were made avail
able through the American Petroleum Institute Research Project 44 
on the “ Collection, Analysis and Calculation of Data on Properties 
of Hydrocarbons”  and were purified by the American Petroleum 
Institute Research Project 6 on the “ Analysis, Purification and Prop
erties of Hydrocarbons.”
(9) R. A. Ruehrwein and H. M. Huffman, J. Am. Chem. Soc., 65,1620 
(1943).
(10) E. Wichers, ibid., 74, 2447 (1952).
(11) F. D. Rossini, F. T. Gucker, Jr., H. L. Johnston, L. Pauling, and 
G. W. Vinal, ibid., 74, 2699 (1952).
(12) H. F. Stimson, J. Res Natl. Bur. Std., 42, 209 (1949).
(13) H. J. Hoge and F. G. Brickwedde, ibid., 22, 351 (1939).
(14) H. F. Stimson, Am. J. Phys., 23, 614 (1955).
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Table I : Heat Capacity
cs>

cal. mole-1
T, °K."

11.36 0.835
12.56 1.127
13.35 1.332
13.84 1.468
14.46 1.629
15.13 1.829
15.73 1.994
16.59 2.252
17.20 2.427
18.40 2.818
18.75 2.924
20.44 3.491
20.57 3.521
22.75 4.238
22.84 4.266
25.36 5.080
25.44 5.105
28.15 5.956

185.51 46.473 
188.07 46.669 
192.89 47.009 
197.79 47.374 
202.61 47.757 
207.36 48.133 
216.76 48.942 
226.47 49.836

11.57 0.922
11.60 0.941
12.80 1.249
12.80 1.252
14.11 1.614
14.21 1.651
15.54 2.047
15.81 2.119
17.12 2.541
17.65 2.707
18.78 3.081
19.69 3.390
20.46 3.661
21.87 4.148
22.26 4.288
24.17 4.942
24.39 5.023
26.70 5.811
28.27 6.334

207.52 54.375 
209.98 54.570 
214.21 54.979 
219.87 55.482 
221.77 55.663 
230.07 56.491 
240.10 57.560

C„
cal. mole-1

T, °K.°
ra-Propylcyclohexane

Crystal
28.21 5.980
31.23 6.896
34.66 7.919
40.57 9.529
44.74 10.580
49.45 11.682
54.57 12.763
55.67 13.038
59.61 13.841
60.21 13.972
65.12 14.958
70.30 15.892
75.39 16.799
80.62 17.751
86.00 18.709
91.49 19.600
67.14 20.479

102.53 21.312
Liquid

236.47 50.809
246.28 51.811
255.92 52.858
265.81 53.963
275.94 55.148
285.87 56.340
295.28 57.494
295.62 57.546
n-Butylcyclohexane

Crystal
29.42 6.726
32.43 7.739
35.85 8.835
39.63 9.992
43.65 11.162
47.85 12.319
52.39 13.486
55.88 14.361
57.35 14.703
60.52 15.464
65.54 16.621
70.80 17.727
75.97 18.780
81.27 19.880
86.71 20.990
90.26 21.620
91.87 21.915
95.67 22.552

Liquid
249.95 58.657
260.05 59.837
270.40 61.105
280.56 62.402
286.74 63.227
290.54 63.727
296.36 64.528

C „

cal. mole-1 
T  °K.° °K.-1&

103.34 21.419
107.77 22.118
108.64 22.246
113.75 23.042
119.16 23.894
124.87 24.785
130.39 25.648
136.17 26.558
142.19 27.534
142.84 27.669
147.66 28.505
148.03 28.527
148.49 28.649
154.27 29.699°
160.66 30.936'
165.83 31.987°
166.83 32.247°

302.40 58.394
311.78 59.601
321.76 60.887
332.30 62.283 
342.63 63.649
352.78 65.042 
362.74 66.362
373.20 67.724

101.62 23.578
107.68 24.611
113.72 25.620
120.23 26.683
126.97 27.779
133.91 28.862
141.07 29.972
147.93 31.015
148.05 31.062
154.88 32.138
155.85 32.276
158.00 32.624
161.51 33.168
163.50 33.473
164.03 33.567
170.43 34.583"
176.68 35.602"
182.77 36.795"

305.97 65.862 
315.81 67.247
325.86 68.679 
335.73 70.077 
345.43 71.475
355.31 72.924 
365.38 74.392

C.,
cal. mole-1

T , °K.° »K.-li

11.54 1.288
12.11 1.477
12.76 1.726
13.56 2.011
14.22 2.287
15.11 2.649
16.01 3.019
16.99 3.455
18.07 3.936
19.31 4.529
20.31 5.008
22.01 5.860
2 2 . I S 6.268
23.21 6.469
24.96 7.368
25.83 7.812
25.91 7.848
28.13 9.014
28.74 9.304
29.39 9.686
31.44 10.765
32.89 11.544
34.90 12.639
35.63 13.031
37.83 14.208
38.64 14.668
39.81 15.344
41.64 16.423
42.87 16.800
43.51 17.084
45.77 17.817
47.71 18.633
49.29 19.309
49.29 19.309
52.48 20.610
53.08 20.889
54.30 21.369
56.23 22.149
59.94 23.631
62.01 24.395
66.06 25.949
67.89 26.599
72.51 28.164

274.26 104.028
278.44 104.678
280.27 105.004

C „

cal. mole-1 
T,° K.a " I . - '1

n-Decylcyclohexane
Crystal

73.88 28. 634
79.00 30. 332
79.95 30. 652
85.39 32. 413
92.15 34. 359
98.07 35. 970
99.29 36. 264

105.09 37. 808
106.92 38. 273
112.11 39. 610
115.34 40. 390
124.03 42. 496
132.32 44. 432
140.27 46,.250
148.45 48. 082
156.88 49..941
163.85 51..505
165.03 51 ,753
171.75 53 .250
172.93 53 .509
179.89 55 .042
180.60 55 .212
188.52 57 .019
196.68 58 .909
204.61 60 .819
208.21 61 .687
209.86 62 .033
212.75 62 .833
214.79 63 .267
216.05 63 .587
216.53 63 .752
217.05 63 .896
221.08 64 .934
223.05 65 .425
224.99 65 .920
225.63 66 .132
226.19/ 66 .256
227.63i 66 .447
229.38s 67 .092
231.25* 67 .521
233.40*' 68 .140
234.60* 68 .528
234.98* 68 .641

Liquid
283.33 105.479 
286.10 105.964 
289.38 106.516

C s ,

cal. mole-1
T, °K.a

235.11° 68.662
235.47f 68.822
236.64s 69.157
239.03* 69.792
239.55* 69.906
242.45° 70.711
242.67’ 70.345
243.09* 70.949
243.22* 70.939
244.72s 71.538
246.06™ 71.894
246.09** 71.997
246.65’' 72.069
247.38° 72.353
248.52* 72.673
248.65* 72.549
249.41™ 73.262
250.00’' 73.484
252.18° 74.971
252.57s 74.548
252.70™ 75.028
252.73* 74.150
252.78* 73.825
252.95* 74.733
253.28’' 75.141
255.96™ 74.955
256.12* 74.671
256.26’' 75.121
257.32* 74.837
257.37° 75.926
259.20™ 76.055
259.22’' 76.179
259.35* 75.714
259.64* 76.577
260.18s 76.835
262.39™ 77.547
262.41’' 77.697
262.47° 78.265
262.50* 76.902
262.82* 77.057
265.51™ 80.438
265.53’' 80.191
265.65* 81.481

293.33 107.234
296.47 107.792
300.48 108.514

“  T  is the mean temperature of each heat capacity measure
ment. 6 Ca is the heat capacity of the condensed phase at satura
tion pressure. Values of C8 for crystals are n o t  corrected for 
premelting caused by impurities. c , d  The temperature increments 
of these measurements are in order of increasing T ,  °K.: (c) 
6.498, 6.281, 5.079, 6.070; ( d )  6.326, 6.173, 6.007. °~™ Denote 
separate series of measurements.
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Table II : Equations for Heat Capacity of Liquid 

C a =  A  +  B T  +  C T 2 +  D T > ,  cal. deg.“ 1 mole-’
Compd. A B C x 10* D  X 10» Range, °K. Av. dev., cal. Max. dev., cal.

n-Propylcyclohexane 51.742 -0.14864 7.8247 -7.2145 185-375 0.01 0.03
n-Butylcyclohexane 67.440 -0.25653 11.698 -11.376 207-365 0.01 0.04
n-Decylcyclohexane 97.940 -0 .1150 5.000 274-300 0.01 0.02

below the melting point. Numerous runs in which 
various crystallization and cooling rates were used 
were made through this region. No correlation 
could be found between the deviations and either the 
history of cooling or mode of heating. From 230 
to 270 °K. thermal equilibration was extremely slow, 
necessitating abnormally large corrections. As these 
abnormalities in behavior were primarily in the pre
melting region, it is felt that they are the result of 
impurities. Efforts were made to promote any tran
sition that may have been supercooled, but with 
no success. The results reported in Table I are un
corrected for any effect of premelting caused by im
purities. (Table V lists values at selected tempera
tures determined from the best smooth curve drawn 
through all the data from Table I after appropriate 
corrections for premelting have been made.)

Heats of Fusion, Triple Point Temperatures, and 
Purity of Samples. The heats of fusion, AHm, were 
determined from the heat capacity data and enthalpy 
measurements made over finite temperature intervals 
that included the triple point temperature. The 
average of two or more measurements for each com
pound is listed in Table III.

Table III : Triple Point Temperatures, Heats of Fusion, 
and Cryoscopic Constants

rtp, A Hm, A, B,
Compd. °K. cal. mole-1 deg. -> deg._1

n-Propylcyclohexane 178.25 2479 ±  1“ 0.03926 0.00323
n-Butylcyclohexane 198.42 3384 ±  2“ 0.04324 0.00287
n-Decylcyclohexane 271.43 9225 ±  6“ 0.06350 0.00238

“ Maximum deviation from mean.

The triple point temperature and sample purity for 
each compound were determined from studies of the 
equilibrium melting temperature as a function of the 
fraction of sample melted.15 16 The resulting melting 
point summaries are given for the three compounds 
in Table IV. In all cases the equilibrium tempera
tures, Tv, were plotted as functions of 1 / f , the re
ciprocal of the fraction of the total sample in the liquid

state. The triple point temperatures, Ttp, were de
termined by linear extrapolations to the zero value of 
1 /f. If the impurities form ideal solutions in the liquid 
phase and are insoluble in the solid phase, the relation 
between mole fraction of total impurity, V 2*, and melt
ing point depression, A T =  Ttp — Tv, is16

- l n ( l  -  Nf) =  a AF(1 +  bA F +  . . . )  (1)

where V 2 = V 2* / f . The cryoscopic constants, A = 
AHm/RTtp2 and b  =  1 /F tp — ACm/2AHm, were

Table IV : Melting Point Summaries

* 1/F TV, °K . r caiod, "K.

n-Propylcyclohexane (impurity = 0.04 mole %)
0.0981 10.196 178.1861 178.1386
0.2646 3.779 178.2140 178.2064
0.5030 1.988 178.2263 178.2253
0.6937 1.442 178.2311“ 178.2311
0.9083 1.101 178.2347“ 178.2347
1.0000 1.000 178.2358
Pure 0 178.2463

n-Butylcyclohexane (impurity = 0.03 mole %)
0.1031 9.699 198.3776 198.3557
0.2538 3.940 198.3989 198.3932
0.5107 1.958 198.4067 198.4061
0.7070 1.414 198.4096“ 198.4096
0.9032 1.107 198.4116“ 198.4116
1.0000 1.000 198.4123
Pure 0 198.4188

n-Decylcyclohexane (impurity = 0.09 mole %)
0.0929 10.76 271.2967 271.2752
0.2355 4.246 271.3726 271.3698
0.4809 2.079 271.4014“ 271.4014
0.6957 1.437 271.4110 271.4107
0.9001 1.1110 271.4155“ 271.4155
1.0000 1.0000 271.4171
Pure 0 271.4316

“ Straight line through these points extrapolated to 1 / f  =  0 to 
calculate triple point temperature.

(15) J. P. McCullough and C. Waddington, Anal. chim. Ada, 17, 80 
(1957).
(16) A. R. Glasgow, Jr., A. J. Streiff, and F. D. Rossini, J. Res. Natl. 
Bur. Std., 35, 355 (1945).
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Table V : Thermodynamic Functions for Condensed Phases“

- (G .  - (Hs - - « ? s  - (Ha -
H °t)/T, H°o)/T, $8» H°o)/T, H°o)/T, Ss,

cal. cal. cal. Cs, cal. cal. cal. Cs,mole"1 mole -1 Ha -  H°o, mole-1 cal. mole-1 mole -1 mole -1 Ha -  H°o, mole -1 cal. mole“ :
T, °K. "K .- i °K .- i cal. mole-1 “ K .-i °K .-1 T, °K. °K ._1 °K .-1 cal. mole-1 °K .-1 8K .- '

n-Propylcyclohexane ra-Butylcyclohexane
Crystal Crystal

10 0 .0 4 8 0 .1 4 6 1 .4 5 7 0 .1 9 4 0 .5 7 9 10 0 .0 5 2 0 .1 5 6 1 .5 6 2 0 .2 0 8 0 .6 2 0
15 0 .1 6 2 0 .4 7 1 7 .0 6 9 0 .6 3 3 1 .7 80 15 0 .1 7 2 0 .4 9 8 7 .4 6 6 0 .6 7 0 1 .8 7 6
20 0 .3 6 5 0 .9 8 6 1 9 .726 1 .351 3 .3 3 3 20 0 .3 8 6 1 .0 39 2 0 .77 9 1 .4 25 3 .4 9 7
25 0 .651 1 .6 2 0 4 0 .4 9 2 .2 71 4 .9 6 1 25 0 .6 8 7 1 .7 0 4 4 2 .5 9 2 .3 9 1 5 .2 2 1
30 1 .0 07 2 .3 0 8 6 9 .2 4 3 .3 1 5 6 .5 1 9 30 1 .0 62 2 .4 3 1 7 2 .9 4 3 .4 9 3 6 .9 1 3
35 1 .4 15 3 .0 1 7 105 .58 4 .4 3 2 8 .0 1 3 35 1 .4 93 3 .1 9 0 1 11 .66 4 .6 8 3 8 .5 5 0
40 1 .865 3 .7 2 8 149 .10 5 .5 9 3 9 .3 7 8 40 1 .9 7 0 3 .9 5 7 1 58 .29 5 .9 2 7 1 0 .08 7
45 2 .3 4 4 4 .4 2 7 199 .20 6 .7 7 1 10 .642 45 2 .4 8 0 4 .7 2 0 212 .41 7 .2 0 0 1 1 .52 6
50 2 .8 4 6 5 .1 0 7 2 5 5 .3 3 7 .9 5 3 11 .802 50 3 .0 1 5 5 .4 6 9 2 7 3 .4 4 8 .4 8 4 1 2 .8 6 4
60 3 .8 9 3 6 .4 0 3 3 8 4 .1 10 .296 1 3 .92 9 60 4 .1 4 2 6 .9 1 2 4 1 4 .7 11 .054 1 5 .33 6
70 4 .9 7 3 7 .6 1 9 5 3 3 .3 12 .592 1 5 .83 8 70 5 .3 1 0 8 .2 7 9 5 7 9 .5 13 .589 1 7 .55 3
80 6 .0 6 5 8 .7 5 8 7 0 0 .6 14 .823 1 7 .6 4 0 80 6 .5 01 9 .5 6 6 7 6 5 .2 1 6 .06 7 1 9 .601
90 7 .1 6 0 9 .8 4 3 8 8 5 .8 17 .003 19 .362 90 7 .6 9 9 1 0 .795 9 7 1 .5 1 8 .4 9 4 2 1 .5 8 4

100 8 .2 5 0 10 .873 1 ,0 8 7 .3 19 .123 2 0 .9 2 0 100 8 .8 9 7 1 1 .959 1 ,1 9 5 .9 2 0 .8 5 6 2 3 .2 7 8
110 9 .3 3 3 11 .856 1 ,3 0 4 .1 2 1 .18 9 2 2 .4 6 0 110 1 0 .089 13 .066 1 ,4 3 7 .2 2 3 .1 5 5 2 4 .9 9 5
120 10 .405 12 .805 1 ,5 3 6 .5 2 3 .2 1 0 24 .021 120 1 1 .272 14 .129 1 ,6 9 5 .5 2 5 .40 1 2 6 .6 4 7
130 11 .467 13 .728 1 ,7 8 4 .6 2 5 .1 9 5 2 5 .59 1 130 1 2 .44 4 15 .154 1 ,9 7 0 .0 2 7 .5 9 8 2 8 .2 4 1
140 12 .518 14 .631 2 ,0 4 8 .3 2 7 .1 4 9 2 7 .1 7 3 140 1 3 .604 16 .145 2 ,2 6 0 .3 2 9 .7 4 9 2 9 .8 0 5
150 13 .558 1 5 .52 4 2 ,3 2 8 .6 2 9 .0 8 2 2 8 .8 9 8 150 1 4 .7 4 17 .107 2 ,5 6 6 .1 3 1 .8 5 3 1 .3 4
160 14 .588 16 .416 2 ,6 2 6 .5 3 1 .0 0 4 3 0 .7 1 6 160 1 5 .88 1 8 .04 7 2 ,8 8 7 .4 3 3 .9 3 3 2 .9 2
170 1 5 .61 0 17 .313 2 ,9 4 3 .2 3 2 .9 2 3 3 2 .6 1 7 170 1 7 .0 0 18 .968 3 ,2 2 4 3 5 .9 7 3 4 .4 8
1 78 .25 1 6 .45 0 18 .058 3 ,2 1 9 .1 3 4 .5 0 8 3 4 .2 0 0 180 1 8 .11 19 .873 3 ,5 7 7 3 7 .9 8 3 6 .0 6

Tiinmrl 190 19 .21 2 0 .7 6 7 3 ,9 4 5 3 9 .9 8 3 7 .6 3
1 9 8 .4 2 2 0 .1 3 2 1 .511 4 ,2 6 8 4 1 .6 4 3 8 .9 4

1 78 .25 1 6 .45 0 3 1 .9 6 5 5 ,6 9 8 .1 4 8 .4 1 5 4 5 .98 3
180 1 6 .76 3 2 .1 0 5 ,7 7 8 4 8 .8 6 4 6 .1 0 Liquid
190 1 8 .52 3 2 .8 5 6 ,2 4 2 5 1 .3 7 4 6 .7 9 198 .42 2 0 .1 3 3 8 .5 6 7 ,6 5 2 5 8 .6 9 5 3 .6 0
200 2 0 .2 2 3 3 .5 7 6 ,7 1 4 5 3 .7 9 4 7 .5 4 200 2 0 .4 3 3 8 .6 8 7 ,7 3 6 5 9 .1 1 5 3 .7 3
210 2 1 .8 8 3 4 .2 5 7 ,1 9 3 5 6 .1 3 4 8 .3 6 210 2 2 .3 4 3 9 .4 2 8 ,2 7 8 6 1 .7 6 5 4 .5 8
220 2 3 .4 9 3 4 .9 1 7 ,6 81 5 8 .4 0 4 9 .2 3 220 2 4 .1 9 4 0 .1 3 8 ,8 2 8 6 4 .3 2 5 5 .4 9
230 2 5 .0 5 3 5 .5 6 8 ,1 7 8 6 0 .61 5 0 .1 7 230 2 5 .9 9 4 0 .81 9 ,3 8 8 6 6 .8 0 5 6 .4 7
240 2 6 .5 7 3 6 .1 9 8 ,6 8 5 6 2 .7 6 5 1 .1 6 240 2 7 .7 4 4 1 .4 9 9 ,9 5 8 6 9 .2 3 5 7 .5 4
250 2 8 .0 6 3 6 .8 1 9 ,2 0 2 6 4 .8 7 5 2 .21 250 2 9 .4 5 4 2 .1 6 10 ,539 71 .61 5 8 .6 6
260 2 9 .5 2 3 7 .4 2 9 ,7 2 9 6 6 .9 4 5 3 .3 1 260 3 1 .1 1 4 2 .8 1 11,131 7 3 .9 2 5 9 .8 2
270 3 0 .9 4 3 8 .0 3 10 ,268 6 8 .9 7 5 4 .4 5 270 3 2 .7 4 4 3 .4 7 11 ,735 7 6 .21 6 1 .0 4
2 7 3 .1 5 3 1 .3 9 3 8 .2 2 10 ,441 6 9 .6 1 5 4 .8 2 2 7 3 .1 5 3 3 .2 5 4 3 .6 7 1 1 ,929 7 6 .9 2 6 1 .4 5
280 3 2 .3 4 3 8 .6 4 10 ,819 7 0 .9 8 5 5 .6 3 280 3 4 .3 4 4 4 .11 1 2 ,352 7 8 .4 5 6 2 .3 4
290 3 3 .7 1 3 9 .2 4 11 ,381 7 2 .9 5 5 6 .8 4 290 3 5 .9 0 4 4 .7 6 12 ,982 8 0 .6 6 6 3 .6 6
2 9 8 .1 5 3 4 .8 0 3 9 .7 4 11 ,849 7 4 .5 4 5 7 .8 5 2 9 8 .1 5 3 7 .1 5 4 5 .3 0 13 ,506 8 2 .4 5 6 4 .7 8
300 3 5 .0 5 3 9 .8 5 11 ,956 7 4 .9 0 5 8 .0 8 300 3 7 .4 2 4 5 .4 2 13 ,626 8 2 .8 4 6 5 .0 3
310 3 6 .3 6 4 0 .4 6 12 ,543 7 6 .8 2 5 9 .3 6 310 3 8 .9 3 4 6 .0 7 14 ,283 8 5 .0 0 6 6 .4 2
320 3 7 .6 6 4 1 .0 7 13 ,143 7 8 .7 3 6 0 .6 5 320 4 0 .4 0 4 6 .7 3 1 4 ,95 4 8 7 .1 3 6 7 .8 3
330 3 8 .9 3 4 1 .6 8 13 ,756 8 0 .6 1 6 1 .9 8 330 4 1 .8 5 4 7 .3 9 1 5 ,640 8 9 .2 4 6 9 .2 5
340 4 0 .1 8 4 2 .3 0 14 ,383 8 2 .4 8 6 3 .3 1 340 4 3 .2 7 4 8 .0 6 1 6 ,340 9 1 .3 3 7 0 .6 9
350 4 1 .4 2 4 2 .9 2 15 ,022 8 4 .3 4 6 4 .6 4 350 4 4 .6 7 4 8 .7 3 1 7 ,05 4 9 3 .4 0 7 2 .1 4
360 4 2 .6 4 4 3 .5 4 15 ,676 8 6 .1 8 6 5 .9 8 360 4 6 .0 5 4 9 .4 0 1 7 ,783 9 5 .4 5 7 3 .5 9
370 4 3 .8 4 4 4 .1 6 1 6 ,34 2 8 8 .0 0 6 7 .3 1 370 4 7 .41 5 0 .0 7 1 8 ,526 9 7 .4 8 7 5 .0 6
380 4 5 .0 3 4 4 .7 9 1 7 ,02 2 8 9 .8 2 6 8 .6 4
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Table V ( C o n t i n u e d )

-«?8 “ ( H ,  -
H°o)/T, H°a)/T, SB,

cal. cal. cal. C „

mole"1 mole -1 Hs -  H ° o, mole-1 cal. mole~]
T, °K. °K ."1 "K.-i cal. mole-1 °K .-1 °K.~i

n-Decylcyclohexane

Crystal
10 0 .0 7 2 0 .2 1 5 2 .1 4 9 0 .2 8 7 0 .8 5 4
15 0 .2 4 0 0 .6 9 4 10 .417 0 .9 3 4 2 .5 8 0
20 0 .5 3 6 1 .4 42 2 8 .8 3 4 1 .9 78 4 .8 4 0
25 0 .9 5 6 2 .3 7 4 5 9 .3 6 3 .3 3 0 7 .3 8 5
30 1 .4 8 0 3 .4 2 5 102 .75 4 .9 0 5 10 .010
35 2 .0 9 2 4 .5 5 8 1 5 9 .5 4 6 .6 5 0 1 2 .69 0
40 2 .7 7 7 5 .7 4 4 2 2 9 .7 5 8 .5 21 15 .445
45 3 .5 2 5 6 .9 5 3 3 1 2 .9 10 .478 17 .533
50 4 .3 1 8 8 .1 1 2 4 0 5 .6 1 2 .43 0 19 .615
60 5 .9 9 7 10 .368 6 2 2 .1 16 .365 2 3 .6 5 0
70 7 .7 6 0 12 .535 8 7 7 .5 2 0 .29 5 2 7 .3 2 0
80 9 .5 6 8 1 4 .5 9 4 1 ,1 6 7 .5 2 4 .16 2 3 0 .6 7
90 1 1 .403 16 .557 1 ,4 9 0 .2 2 7 .9 6 0 3 3 .7 7

100 1 3 .2 4 18 .415 1 ,8 4 1 .5 3 1 .6 6 3 6 .4 6
110 1 5 .09 2 0 .1 7 4 2 ,2 1 9 .2 3 5 .2 6 3 9 .0 5
120 16 .91 2 1 .851 2 ,6 2 2 .1 3 8 .7 6 4 1 .5 2
130 1 8 .72 2 3 .4 5 6 3 ,0 4 9 .2 4 2 .1 8 4 3 .9 0
140 2 0 .5 2 2 4 .99 8 3 ,5 0 0 4 5 .5 2 4 6 .1 8
150 2 2 .3 0 2 6 .4 8 5 3 ,9 7 3 4 8 .7 8 4 8 .4 1
160 2 4 .0 5 2 7 .9 2 5 4 ,4 6 8 5 1 .9 7 5 0 .6 4
170 2 5 .7 8 2 9 .3 2 7 4 ,9 8 6 55 .11 5 2 .8 6
180 2 7 .4 9 3 0 .7 0 5 ,5 2 5 5 8 .1 9 5 5 .0 8
190 2 9 .1 9 3 2 .0 4 6 ,0 8 7 6 1 .2 3 5 7 .3 4
200 3 0 .8 7 3 3 .3 6 6 ,6 7 2 6 4 .2 3 5 9 .6 8
210 3 2 .5 3 3 4 .6 7 7 ,2 81 6 7 .2 0 6 2 .0 6
220 3 4 .1 8 3 5 .9 7 7 ,9 1 4 7 0 .1 5 6 4 .5 6
230 3 5 .8 0 3 7 .2 7 8 ,5 7 3 7 3 .0 7 6 7 .1 9
240 3 7 .4 1 3 8 .5 8 9 ,2 5 8 7 5 .9 9 6 9 .91
250 3 9 .0 2 3 9 .8 9 9 ,9 7 3 7 8 .91 7 3 .3 4
260 4 0 .6 1 4 1 .2 4 1 0 ,72 2 8 1 .8 5 7 5 .8 0
270 4 2 .1 9 4 2 .5 7 11 ,495 8 4 .7 6 7 9 .0 3
2 7 1 .4 3 4 2 .4 2 4 2 .7 7 11 ,609 8 5 .1 9 7 9 .5 4

Liquid
2 7 1 .4 3 4 2 .4 2 7 6 .7 5 2 0 ,8 3 4 119 .17 103.61
2 7 3 .1 5 4 2 .9 0 7 6 .9 2 2 1 ,0 1 2 119 .82 1 03 .86
280 4 4 .8 2 7 7 .5 9 2 1 ,7 2 6 122.41 104 .93
290 4 7 .5 6 7 8 .5 6 2 2 ,7 8 4 126 .12 106 .63
2 9 8 .1 5 4 9 .7 5 7 9 .3 5 2 3 ,6 6 0 1 2 9 .1 0 1 0 8 .0 9
300 5 0 .2 3 7 9 .5 3 2 3 ,8 5 9 1 29 .76 1 0 8 .4 2
310 5 2 .8 6 8 0 .4 9 2 4 ,9 5 3 1 33 .35 110 .23

calculated from the values of AHrn andJTtp in Table
V and values of A Cm, the difference between the heat 
capacities of the compound in the solid and liquid 
states at the triple point, obtained from data in Table
V (discussed in the following section). Values of a 
and b are included in Table III. Impurity values given 
in Table IV were calculated using eq. 1 in its simplified 
form (for V 2* < <  1), V 2* = afAT.

The impurity values reported for the three n-alkyl- 
substituted cyclohexanes as supplied by the American 
Petroleum Institute Research Project 44 were: n- 
propyl-, 0.06 mole % ; n-butyl-, 0.04 mole % ; n- 
decyl-, 0.12 mole %. These values are to be compared 
with those found in these studies and given in Table 
IV, viz., 0.04,0.03, and 0.09, respectively.

Chemical Thermodynamic Properties in the Solid and 
Liquid States. The lew temperature data for n- 
propylcyclohexane, n-butylcyclohexane, and n-decyl- 
cyclohexane were used in calculating values of the Gibbs 
energy function, enthalpy function, enthalpy, entropy, 
and heat capacity for the compounds in the solid and 
liquid states at selected temperatures from 10 to 370°K. 
The values at 10°K. were calculated from Debye 
functions, the parameters of which were evaluated 
from the heat capacity data between 11 and 20°K.17 
Thermodynamic properties above 10 °K. were cal
culated from values of heat and temperature of phase 
changes and from appropriate integration of smoothed 
values of Ce at regular intervals. The results are in 
Table V. Corrections for the effects of premelting 
were applied as necessary in computing the “ smoothed” 
data in Table V.

Vapor Pressures and Calculation of Heats and En
tropies of Vaporization. In order to calculate the 
entropy and enthalpy of the compounds in the ideal 
gas state at 298.15°K., values of the heat of vaporiza
tion and vapor pressure were required for each com
pound. For n-propylcyclohexane the value of Osborne 
and Ginnings18 was used. For the other two com
pounds studied, experimentally determined heats of 
vaporization were not available. To obtain more 
reliable heats of vaporization, Cox equations were 
fitted to the experimentally determined vapor pressures 
from the literature. Unpublished results from this 
laboratory have shown that the Cox equation can be 
fitted to the experimental data and extrapolated 
with more precision than the Antoine equation as

(17) The number of degrees of freedom used and the characteristic 
Debye temperature, respectively, were determined for the following 

“ The values tabulated are the Gibbs energy function, enthalpy compounds: n-propylcyclohexane, 6.0 and 116.7°; ra-butylcyclo- 
function, enthalpy, entropy, and heat capacity of the con- hexane, 6.0 and 114.0°; and ^decylcyclohexane, 8.5 and 115.1°.
densed phases at saturation pressure. (18) N. S. Osborne and D. C. Ginnings, J. Res. Natl. Bur. Std., 39,

y___________________ 1__________________________________  468 (1947).
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Table VI: Vapor Pressure Expressed by the Cox Equation“

Dev. from obsd.
,--------- data, mm.-----

Compd. B, °K . a b X 103 c X 106 Av. Max. Range, mm.

n-Propylcyclohexane 429.874 0.870924 -0.741755 0.661792 0.03 0.09 48-780
n-Butylcyclohexane 454.097 0.891970 -0.757619 0.644674 0.02 0.05 48-780
n-Decylcyclohexane 570.715 0.976863 -0.748865 0.498379 0.10 0.58 52-759

“ Log p(mm). = A (  1 — B / T )  where B  is n.b.p. in °K. and A  is defined by log A = a  +  b T  +  c T 2; T  in °K.

used by Rossini and co-workers.19 From the Clapeyron 
equation and the value of dp /dT  determined from the 
Cox equation fitted to the data of Rossini and co
workers,19 the heats and entropies of vaporization 
were calculated. Corrections for effects of gas imper
fection were negligible and omitted. The constants for 
the Cox equation and maximum and average deviations 
from the experimentally observed data are given for 
the three compounds in Table VI. The heats of vapori
zation at 298.15°K. calculated for the compounds, 
together with the experimentally determined value of 
Osborne and Ginnings,18 are given in Table VII.

Table VII : Heats and Entropies of Vaporization at 298.15°K.

298.15°K. between n-propyl- and n-butylcyclohexane,
7.91 cal. deg.-1 mole-1, is slightly greater than the 
average increment calculated between -butyl- and 
n-decylcyclohexane, 7.78 cal. deg.-1 mole-1. The latter 
value is in very good agreement with the values of

Table VIII: Entropies at 298.15°K. (cal. mole-1 °K .-1)

✓---------Liquid---------- ✓------- Ideal gas--------»
Compd. S° AS/CH î s° AiS/CHa

n-Propylcyclohexane 74.54
7.91

100.35
9.54

n-Butylcyclohexane 82.45
7.78

109.89
9.35

n-Decylcyclohexane 129.10 165.97

Compd.

-Calcd.-

A-Svap» 
cal. mole“ 1

A&vap> 
cal. mole“ 1 

°K.“i
Lit. Ai?vap» 
cal. mole“ 1

n-Propylcyclohexane
n-Butylcyclohexane
n-Decylcyclohexane

10,790 36.19 
11,957 40.10 
18,825 63.14

10,776"

Discussion
The entropies in the ideal gas state for the three 

compounds studied were obtained from the values of 
the entropy in the liquid state as listed in Table V, 
together with the entropy of vaporization listed in 
Table VII and the entropy of compression calculated 
from the vapor pressures listed in Table VI. The 
resulting entropy values obtained are presented in 
Table VIII, together with the entropy values for the 
liquid and the average entropy increment per methyl
ene group, AiSyCH2.

The entropy increment for the liquid state at

7.74 and 7.76 cal. deg.-1 mole-1 found for the liquid 
normal paraffins from C6 through Ci8 and liquid n- 
alkylcyclopentanes,1 respectively. For the ideal gas 
state the methylene increment between n-butyl- and 
w-decylcyclopentane was found to be 9.35 cal. deg.-1 
mole-1, again in close agreement with the values of
9.31 and 9.33 cal. deg.-1 mole-1 found for the n- 
paraffin hydrocarbons from C8 through C]6 by Person 
and Pimentel6 and the n-alkyl cyclopentanes.1 For 
the n-al kylcyclohexanes lower than w-butyl, the en
tropy differences per methylene group for both the 
liquid and ideal gas states at 298.15°K. are irregular.
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(19) (a) rc-Propylcyclohexane and n-butylcyclohexane : A. F.
Forziati, W. R. Norris, and F. D. Rossini, J. Res. Natl. Bur. Std. 43,
555 (1949); (b) n-decylcyclohexane: D. L. Camin, A. F. Forziati, and 
F. D. Rossini, J. Phys. Chem., 58, 440 (1954).
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Pure Quadrupole Resonance of Halogens in Potassium 

Hexahalorhenates(IV) and Hexachlorotungstate(IV)1

by Ryuichi Ikeda, Daiyu Nakamura, and Masaji Kubo

Department of Chemistry, Nagoya University, Chikusa, Nagoya, Japan {Received January 25, 1965)

The pure quadrupole resonance of halogens in potassium hexahalorhenates(IV) and hexa- 
chlorotungstate(IV) was observed at various temperatures. The hexachloro- and hexa- 
bromorhenates(IY) showed a single resonance line at room temperature in agreement with 
the potassium hexaehloroplatinate(IV) structure of these complexes. At lower tempera
tures, they gave rise to multiplet resonance lines, indicating that the symmetry of the 
crystals is lower than cubic symmetry. Potassium hexaiodorhenate(IY) yielded a triplet 
structure of resonance lines at all temperatures between room and liquid nitrogen tem
peratures. For potassium hexachloro tungstate (IV), a single line was observed only at room 
temperature. The unusual positive temperature coefficient of resonance frequencies 
observed for the cubic crystals can be explained in terms of the partial dn-px-bond charac
ter of metal-ligand bonds.

Introduction
We already have observed the pure quadrupole reso

nance of chlorine in potassium hexachloroiridate(IV) 
and hexachloroosmate(IV) and pointed out the impor
tance of x-bond character in discussing the nature of 
metal-ligand bonds in these complexes.2 It was 
shown that the ionic character of metal-halogen bonds 
M -X  in potassium hexahaloplatinates(IV), hexahalo- 
palladates(IV), hexachloroiridate(IV), and hexachloro- 
osmate(lV) is in linear relation to the difference, 
Xx — xm, between the electronegativities of atoms in
volved in the bonds and that the net charge on the cen
tral metal ion is a positive fraction of the electronic 
charge throughout this series of complexes. On the 
other hand, if the ir-bond character is disregarded, the 
data on iridium and osmium complexes deviate from 
the linear relation to a considerable extent, and the 
net charges on the iridium and osmium ions are in
creased in contradiction to Pauling’s electroneutrality 
principle.

Whereas iridium(IV) and osmium(IV) ions have one 
and two electronic vacancies, respectively, in their de 
orbitals, rhenium(IV) and tungsten(IV) ions have 
three and four holes, respectively. Accordingly, it is 
expected that the effect of partial 7r-bond character of 
metal-ligand bonds in rhenium and tungsten complexes

is more marked than in other complexes. The present 
investigation of potassium hexahalorhenates(IV) and 
hexachlorotungstate(IV) has been undertaken in order 
to examine the nature of metal-ligand bonds in these 
paramagnetic complexes.
Experimental

Apparatus. A Dean-type, self-quenching, super- 
regenerative spectrometer already described3 was used 
for the observation of quadrupole resonance frequencies 
of chlorine isotopes. For detecting the resonance ab
sorptions of bromine and iodine isotopes, a self-quench- 
ing, super-regenerative spectrometer3 equipped with 
Lecher lines was employed. Resonance frequencies 
were determined at room, Dry Ice, and liquid nitrogen 
temperatures. Since the data for potassium hexa- 
bromorhenate(IV) at these temperatures suggested the 
existence of transition points, measurements were per
formed also between Dry Ice temperature and room 
temperature. For potassium hexaiodorhenate(IV), 
frequency determination was extended up to 200° in

(1) Presented before the 8th International Conference on Coordina
tion Chemistry held in Vienna on Sept. 7-11, 1964.
(2) K. Ito, D. Nakamura, K. Ito, and M. Kubo, Inorg. Chern., 2, 
690 (1963).
(3) D. Nakamura, Y. Kurita, K. Ito, and M. Kubo, J. Am. Chem. 
Soc., 82, 5783 (1960).
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order to locate a possible transition to a cubic struc
ture. The unusual positive temperature coefficients 
of resonance frequencies of potassium hexachloro- 
rhenate(IV), hexabromorhenate(IV), and hexachloro- 
tungstate(lV) were checked by extending measure
ments up to 30, 180, and 35°, respectively.

Materials. Potassium hexachlororhenate(IV) and 
hexabromorhenate(IY) were prepared by reducing 
potassium perrhenate(VH) dissolved in concentrated 
hydrochloric acid and hydrobromic acid, respectively, 
with hypophosphorous acid.4-6 Anal. Calcd. for K 2- 
ReCl6: Cl, 44.6. Found: Cl, 44.3. Calcd. for K2- 
ReBr6: Br, 64.4. Found: Br, 64.3. Potassium hexa- 
iodorhenate(IV) was synthesized in a similar manner 
using potassium iodide in place of hypophosphorous acid 
as a reducing agent.6 Anal. Calcd. for K2ReI6: I,
74.2. Found: I, 74.1. For the preparation of potas
sium hexachlorotungstate(IV), a mixture of excess 
tungsten (VI) hexachloride and finely pulverized dry 
potassium iodide was heated in a sealed glass tube in 
the absence of air for several days at 130°.7 The excess 
of tungsten (VI) hexachloride as well as iodine formed 
during the reaction was removed under high vacuum. 
Anal. Calcd. for K2WC16: Cl, 44.9. Found: Cl,
43.8. The X-ray powder patterns of this sample in
dicated that the complex formed crystals of the potas
sium hexachloroplatinate(IV) structure with its lattice °
constant a =  9.89 A. in agreement with data found in 
the literature7 within experimental errors.

Results

The resonance frequencies of chlorine isotopes, 36C1 
and 37C1, were observed for potassium hexachlororhen- 
ate(IV) and hexachlorotungstate(IV) and yielded the 
isotope frequency ratio equal to 1.270, in good agree
ment with the known value. Similarly, potassium 
hexabromorhenate(IV) gave both 79Br and 81Br reso
nance lines at room temperature, the isotope frequency 
ratio being 1.197, in agreement with data found in the 
literature. At low temperatures, the intensity of the 
81Br resonance line was weak and escaped detection, 
partly because the sensitivity of available spectrometers 
was low in this wave length range. For potassium 
hexaiodorhenate(IV), three pairs of lines showing a 
frequency ratio approximately equal to 1:2 were ob
served. Although 185Re and 187Re also have a nuclear 
spin equal to 5/ 2, the observed signals can be attributed 
unequivocally to 127I. This is because the quadrupole 
coupling constant eQq of 187Re in ReOsF is reported8 to 
be equal to 48.4 Me./sec., corresponding to r2 =  14.5 
M c./sec. A rhenium nucleus in potassium hexaiodo- 
rhenate(IV) located at the center of a complex anion 
essentially having an Oh symmetry must experience a

field gradient much smaller than that at a rhenium 
nucleus in R e03F. Accordingly, r2 is expected to ap
pear at a frequency much lower than 14.5 M c./sec. in 
contradiction to the observed values. The resonance 
frequencies of 36C1, 79Br, and 127I observed at various 
temperatures are listed in Table I.

Table I : Pure Quadrupole Resonance Frequencies of 
36C1, 79Br, and 1Z7I in Potassium Hexahalorhenates(IV)
and Hexachlorotungstate(IV)

Multiplet
Compound Temp., °C. Freq., Mc./sec. component

K2ReCl6 23.0 13.887 ±  0.001
-7 6 13.875 ±  0.001

Liquid N2 ■<113.986 ±  0.005 
113.966 ±  0.005

K2ReBr6 18.0 112.70 ±  0.05
-7 8  j¡114.23 ±  0.08 

1115.04 ±  0.08 
1115.09 ±  0.05

Liquid N2 -I115.86 ±  0.05 
' 116.06 ±  0.05
j,121.91 ±  0.05 I

/ 21.0 1122.99 ±  0.05 ii
l j1123.13 ±  0.05 in
] j¡122.52 ±  0.05 I

vi i -7 7  <123.43 ±  0.05 i i
j j'123.89 ±  0.05 in
I j¡122.92 ±  0.05 I
' Liquid N2 1 123.73 ±  0.05 i i

! 124.58 ±  0.05 h i
1,243.68 ±  0.07 I

/2 0 .6  i 245.16 ±  0.07 i i
1'245.34 ±  0.07 h i
1¡244.84 ±  0.07 I

V2 j —76 ■<245.98 ±  0.07 i i
1'246.49 ±  0.07 h i
1¡245.52 ±  0.07 I

' Liquid N2 1 246.55 ±  0.07 i i
1'247.45 ±  0.07 h i

K2WC16 22.5 10.22 ±  0.01

A single resonance line was observed for each isotope
of chlorine in potassium hexachlororhenate(IV) at 
room and Dry Ice temperatures, indicating that all 
chlorine atoms are crystallographicaily equivalent, in 
agreement with the results of X-ray crystal analysis 
that this compound crystallizes in the potassium hexa-

(4) G. W. Watt and R. J. Thompson, Inorg. Syn., 7, 189 (1963).
(5) C. L. Rulfs and R. J. Meyer, J. Am. Chem. Soc., 77, 4505 (1955).
(6) H, V. A. Briscoe, P. L. Robinson, and A. J. Rndge, J. Chem. Soc. 
3218 (1931).
(7) C. D. Kennedy and R. D. Peacock, ibid., 3392 (1963).
(8) J. F. Lotspeich, A. Javan, and A. Engelbrecht, J. Chem. Phys., 
31, 633 (1959).
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chloroplatinate(IV) structure.9’10 The resonance fre
quency observed at room temperature is higher than 
that at Dry Ice temperature. In other words, the 
temperature coefficient of the resonance frequency is 
positive for this cubic structure as confirmed further 
by measurement at 30°. At liquid nitrogen tempera
ture, a closely spaced doublet was observed. The 
multiplet component of higher frequency is more in
tense than its counterpart, the intensity ratio being 
about 2:1. Therefore, it is concluded that two kinds 
of crystallographically nonequivalent chlorine atoms 
exist in this compound at liquid nitrogen temperature 
and that at least one transition point exists between 
liquid nitrogen temperature and Dry Ice temperature. 
In fact, Busey, et al.,11 have carried out heat capacity 
measurements and found that second-order transitions 
take place at 76, 103, and 111°K.

Potassium hexabromorhenate(IV) gives rise to a 
single resonance line at room temperature in agree
ment with the potassium hexachloroplatinate(IY) 
structure of this crystal.12 At Dry Ice and liquid nitro
gen temperatures, two and three resonance lines were 
observed, respectively. In order to locate transition 
points, the temperature dependence of resonance fre
quencies was traced between room and Dry Ice tem
peratures. The results are shown in Figure 1. A single 
line was observed in a temperature range from — 5.5 to 
180°. The curve is almost linear with a positive tem
perature coefficient. Below —5.5°, two resonance lines 
of equal intensity were observed. The low frequency 
line gradually became less intense from about —10° and 
disappeared at about —15°. Below this temperature, 
a new line of slightly higher frequency appeared with a 
different temperature coefficient. The line became 
weak at about —24° and completely disappeared at 
— 27°, below which a new line appeared on the high fre
quency side. This line showed a continuous change of 
frequency and no appreciable change in intensity until 
Dry Ice temperature was reached. On the other hand, 
the high frequency resonance line exhibited no discon
tinuity in its frequency down to —27° and no change in 
its intensity down to —17°. Below —17°, the in
tensity became weaker. At the same time, a new line 
of equal intensity appeared on the high frequency side. 
These two resonance lines disappeared at —27°, and a 
new line appeared below this temperature. This line 
showed no change in its intensity and no discontinuity 
of its frequency down to Dry Ice temperature. When 
the temperature was increased from Dry Ice tempera
ture, the reverse process could be followed, the transi
tion points being located at —4, —16, and —27°. 
The transition at —4° is presumed to correspond to a 
structural change from the cubic structure to a less

Figure 1. Temperature dependence of pure quadrupole 
resonance frequencies of 79Br in potassium 
hexabromorhenate(IV) showing the existence of three 
transition points at —4, —16, and —27°.

symmetric one. It is noteworthy that one of the multi
plet components is insensitive to the transition at 
— 16°. Possibly, some but not all of the bromine 
atoms in the crystal suffer no change in field gradient 
when the rotation of complex anions takes place about 
their respective Re-Br axes.13 Phase transitions of 
similar nature have been observed for potassium hexa- 
bromoselenate(IV) 14 15 and rubidium hexaiodotellurate-
(IV) 16 also. Busey and Sonder16 have measured the 
heat capacity of this compound and observed two 
transition points at —28 and —48°. , The former 
transition point agrees excellently with —27° of the 
present investigation, whereas the latter was not de
tected by quadrupole resonance spectroscopy.

(9) B. Aminoff, Z. Krist., A94, 246 (1936).
(10) J. Dalziel, N. S. Gill, R. S. Nyholm, and R. D. Peacock, J. 
Chem. Soc., 4012 (1958).
(11) R. H. Busey, H. H. Dearman, and R. B. Bevan, Jr., J. Phys, 
Chem., 66, 82 (1962).
(12) D. H. Templeton and C. H. Dauben, J. Am. Chem. Soc., 73, 
4492 (1951).
(13) R. G. S. Morfee, L. A. K. Staveley, S. T. Walters, and D. L. 
Wigley, Phys. Chem. Solids, 13, 132 (1960).
(14) D. Nakamura, K. Ito, and M. Kubo, Inorg. Chem., 2, 61 (1963).
(15) D. Nakamura and M. Kubo, J. Phys. Chem., 68, 2986 (1964).
(16) R. H. Busey and E. Sonder, J. Chem. Phys., 36, 93 (1962).
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Figure 2. Temperature dependence of pure quadrupole 
v i  resonance frequencies of 127I in potassium 
hexaiodorhenate( IV).

Both pi and v2 resonance frequencies of potassium 
hexaiodorhenate(lV) showed triplet structure at all 
temperatures below room temperature, indicating the 
existence of at leasi. three kinds of erystallographically 
nonequivalent iodine atoms in crystals. The crystal 
symmetry of this complex is known to be orthorhom
bic10'17 although detailed X-ray crystal analysis has not 
been carried out as yet. The correspondence of multi- 
plet components has been made as shown in the last 
column of Table I by taking into account the require
ment that 2vi >  V2 and by measuring the temperature 
variation of the resonance frequencies between room 
and Dry Ice temperatures. Figure 2 illustrates the 
temperature dependence of vi resonance frequencies 
above room temperature. The v2 frequencies show 
an analogous temperature variation. With increasing 
temperature, the separation between two high-fre
quency multiplet components decreased, until at about 
130° they coalesced into a single line, which became 
weaker and disappeared at about 159°. The low-fre
quency component of the triplet also became less in
tense with increasing temperature and disappeared at 
about 155°. At 166°, a new, fairly intense line ap
peared. On lowering the temperature from 200°, the 
single line disappeared at about 160°. As contrasted 
with the case of other hexahalorhenates(IV), the tem

perature coefficient of the single resonance line is nega
tive. However, there are good reasons for believing that 
although only a single resonance line was observed, the 
structure of this crystal phase is not cubic. Firstly, 
the asymmetry parameter observed at 179° is fairly 
large (y = 0.05). Secondly, the Norelco X-ray powder 
patterns clearly indicate a lower than cubic symmetry. 
Lastly, the transition bears striking resemblance, re
garding changes in the frequency and intensity of reso
nance lines, with temperature to that of rubidium hexa- 
iodotellurate(IV) 15 at —16°, above which it forms 
crystals of lower than cubic symmetry.

The existence of a transition at about 166° was con
firmed by differential thermal analysis also. A peak of 
heat capacity appeared at 170.5° descending with a 
gradual slope on the low temperature side to about 
155°.

For potassium hexachlorotungstate(IV), a single line 
was observed at room temperature as expected from 
the potassium hexachloroplatinate(lV) structure of this 
crystal.7 The line was very weak and difficult to ob
serve between about 10° and Dry Ice temperature. At 
liquid nitrogen temperature, multiplet fines were 
barely detectable, but it was not feasible to determine 
the frequencies accurately owing to low intensity.

Discussion

Quadrupole Coupling Constants and Asymmetry 
Parameters. From the resonance frequencies observed 
at liquid nitrogen temperature, the quadrupole coupling 
constants eQq of chlorine and bromine isotopes were 
evaluated assuming that the asymmetry parameter 77 is 
negligibly small. The assumption is plausible since the 
complex anions in question have Oh symmetry as has 
been confirmed by X-ray analysis on potassium hexa- 
chlororhenate (I V) ,9’10 hexabromorhenate (I V ) ,12 and 
hexachlorotungstate(IV).7 For 127I with its nuclear 
spin equal to s/ 2) the quadrupole coupling constant and 
asymmetry parameter can be calculated from the two 
observed frequencies, vi and v2, with the aid of Living
ston and Zeldes’ table.18 The results are shown in 
Table II.

Multiplet component I of the triplet resonance ab
sorption of iodine in potassium hexaiodorhenate(IV) 
yields a smaller quadrupole coupling constant and a 
smaller asymmetry parameter than the other multiplet 
components, II and III, at all temperatures investigated. 
At room temperature, the quadrupole coupling con
stant and the asymmetry parameter for multiplet com-

(17) J. C. Morrow, J. Phys. Chem., 60, 19 (1956).
(18) R. Livingston and H. Zeldes, “ Table of Eigenvalues for Pure 
Quadrupole Spectra, Spin */*.”  ONRL Report 1913, Oak Ridge 
National Laboratory, Oak Ridge, Tenn., 1955.
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Table II : Quadrupole Coupling Constants and Asymmetry 
Parameters of Halogens in Potassium Hexahalorhenates(IV) 
and Hexachlorotungstate(IV)

Compound Temp., °C. eQq, Me./sec. 1

K 2ReC l6 Liquid N 2 (27 .932 0
j 27.972 0
(27 .9 52  (av.)

K 2ReB r6 Liquid N 2 /2 3 0 .1 8 0
)23 1 .72 0
) 232.12 0
v231.34 (av .)

K 2R eI6 21 .0 (812 .35  ±  0 .09 0.021 ±  0.015

K2WC16

-7 7

Liquid N2

22.5

817.59 ±  0.16 
[818.27 ±  0.15 
816.26 ±  0.13 
820.41 ±  0.14 

(822.26 ±  0.13 
7818.54 ±  0.13 
1822.34 ±  0.13 
1825.74 ±  0.19 
1822.21 (ay.)

20.44

0.051 ±  0.006 
0.054 ±  0.005 
0.025 ±  0.012 
0.053 ±  0.005 
0.064 ±  0.005 
0.032 ±  0.008 
0.053 ±  0.005 
0.073 ±  0.004

0 * (IV)

ponent II are practically equal to those for multiplet 
component III. These facts can be explained on the 
basis of the crystal structure of this complex. It is 
known that at room temperature this complex forms or
thorhombic crystals with one lattice constant greater 
than two others of almost equal length.10'17 In other 
words, the lattice symmetry may well be approximated 
with a tetragonal symmetry. For the tetragonal sym
metry, one can expect a vanishing asymmetry param
eter for iodine nuclei located on the fourfold symmetry 
axis and a finite asymmetry parameter for all other 
iodine nuclei. For a potassium hexachloroplatinate-
(IV) structure elongated in the direction of the four
fold symmetry axis, the field gradient at an iodine 
nucleus along the fourfold symmetry axis is smaller than 
that along the perpendicular directions, and, hence, the 
quadrupole coupling constant for iodine nuclei in the 
axial direction is smaller than that for iodine nuclei in 
the perpendicular directions, in qualitative agreement 
with experiments. Potassium hexaiodoplatinate(IV), 
which is isomorphous with potassium hexaiodorhenate- 
(IV), shows a similar behavior with regard to the 
quadrupole coupling constant and the asymmetry 
parameter of the triplet lines.3

Nature of Metal-Ligand Bonds. We already have 
extended 2 the Townes-Dailey equation19-20 relating the 
observed quadrupole coupling constant eQq with the 
ionic character i of metal-halogen bonds as

eQq =  [(1 — s)(l — i — x) — Tr/2](eQg)atom (1) 

when dx-px-bond character is involved in the bonds.

Here, s denotes the extent of s-character in the sp- 
hybridized bonding <7-orbitals of halogens; x stands for 
the extent of the x~character of the bonds; and 
(eQq)atom is the atomic quadrupole coupling constant. 
As in a previous paper,2 s was assumed to amount to 
15%20-22 and x was estimated on the basis of the results 
of electron spin resonance experiments carried out by 
Griffiths, et al., on hexachloro- and hexabromoiridates-
( I V )  * 3 -2 6 (x — 5.4%) with an additional assumption 
that the number of electrons migrating from a halogen 
ion to the central metal ion through x-bonding is pro
portional to the number of electronic vacancies in the 
de orbitals of the central metal ion. Since the atomic 
quadrupole coupling constant (eQq)atom is known,27-29 
the extent of ionic character i and the covalent <r- 
bond character, <r =  1 — i — x, of the metal-ligand 
bonds can be calculated from the quadrupole coupling 
constants (observed at liquid nitrogen temperature 
except for potassium hexachlorotungstate(IV), for 
which the resonance frequency was observed only at 
room temperature) along with the net charge, p = 
4 — 6(1 — i) (in electronic units), on the central 
metal ion as shown in Table III.

Table III: The Bond Character of Metal-Ligand Bonds 
and the Net Charge on the Central Metal Atom in 
Potassium Hexahalorhenates(IV) and Hexachlorotungstate(IV)

Ionic
character,

<r-Bond
character,

7j--Bond
character, Net charge,

Compound i <T 7T P

K2ReCl6 0.45 0.39 0.16 0.70
K2ReBr6 0.39 0.45 0.16 0.34
K2ReI6 0.32 0.52 0.16 -0 .0 8
K2WC16 0.43 0.35 0.22 0.58

The ionic character of metal-ligand bonds in hexa- 
chlororhenate(IV) and hexachlorotungstate(IV) (0.45, 
0.43) is nearly the same as that in hexachloroplatinate- 19 20 21 22 23 24 25 26 27 28 29

(19) C. H. Townes and B. P. Dailey, J. Chem. Phys., 17, 782 (1949).
(20) B. P. Dailey and C. H. Townes, ibid., 23, 118 (1955).
(21) B. P. Dailey, ibid., 33, 1641 (1960).
(22) M. A. Whitehead and H. H. Jaff6, Trans. Faraday Soc., 57, 1854 
(1961).
(23) J. H. E. Griffiths, J. Owen, and I. M. Ward, Pros. Roy. Soc. 
(London), A219, 526 (1953).
(24) J. H. E. Griffiths and J. Owen, ibid., A226, 96 (1954).
(25) J. Owen, Discussions Faraday Soc., 19, 127 (1955).
(26) E. Cipollini, J. Owen, J. H. M. Thornley, and C. Windsor, 
Proc. Phys. Soc., 79, 1083 (1962).
(27) V. Jaecarino and J. G. King, Phys. Rev., 83, 471 (1951).
(28) J. G. King and V. Jaecarino, ibid., 91, 209 (1953).
(29) V. Jaecarino, J. G. King, R. A. Satten, and H. H. Stroke, ibid., 
94, 1798 (1954).
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(IV), hexachloroiridate(IV), and hexachloroosmate- 
(IV)2 (0.44, 0.47, 0.47). As a result, the net charge 
on each central metal ion is a positive fraction of the 
electronic charge as in the hexahalo complexes of the 
platinum series. In previous papers,2'14’30 we have 
shown that the covalent character, 1 — i, of metal- 
halogen bonds M -X  in hexahaloplatinates(IV), hexa- 
halopalladates(IV), hexachloroiridate(IV), and hexa- 
chloroosmate(IV) plotted against the difference, xx — 
Xm , between the electronegativities of atoms involved 
in the bonds gives a straight line within the reliability 
of the electronegativity values. The electronegativi
ties of rhenium and tungsten are reported as 1.9-2.1 
and 1.6-1.8, respectively.8-31 32 33“ 34 It is rather surprising 
to find that the data of ionic character observed for 
potassium hexahalorhenates(IV) conform to the afore
mentioned linear relation in the plot against the elec
tronegativity difference for the complexes of the plati
num series.

Positive Temperature Coefficient of Resonance Fre
quencies. The temperature coefficient of pure quad- 
rupole resonance frequencies is normally negative.35 
However, we have found positive temperature coef
ficients for potassium hexachlororhenate(IV), hexa- 
bromorhenate(IV), and hexachlorotungstate (IV) in 
the temperature range in which these complexes 
show a single resonance line; i.e., they form cubic 
crystals having the potassium hexachloroplatinate(IV) 
structure. (Potassium hexaiodorhenate(IV) did not 
crystallize in a cubic structure at any temperature 
studied. No positive temperature coefficient was ob
served in the temperature range.) This is the first 
instance of complex compounds ever reported to show 
a positive temperature coefficient although a few simple 
inorganic compounds such as tungsten hexachloride,36 
titanium tetrabromide,37 and thorium tetrachloride38 
have been reported to exhibit such temperature de
pendence. The change of resonance frequencies with 
temperature is almost linear in the temperature range 
of the cubic crystal structure. Table IV shows the 
quadrupole resonance frequency v and its temperature 
coefficient dr/d  T of the rhenium and tungsten com
plexes at 20° along with those of related complexes.

It is seen from Table IV that the resonance fre
quency of the hexachloro complexes decreases while 
the temperature coefficient increases progressively 
with decreasing atomic number of the central metal 
atoms or with increasing electron deficiency in the de 
orbitals. This regularity suggests that the frequency 
decrease and the positive temperature coefficient are 
closely related to the vacancy in the de orbitals or the 
partial dx-px-bond character of the metal-ligand 
bonds.

Table IV : The Temperature Coefficient of the Pure 
Quadrupole Resonance Frequencies of Potassium 
Hexahalorhenates(IV), Hexachlorotungstate(IV), and 
Related Complexes at 20°

Compound v , Mc./sec. d v / d T ,  kc./deg. Temp, range, °C.

K2PtCl6 25.82 -1 .0 0 -7 5 .0 -2 3 .5
K2IrCl6 20.73 - 0 .5 4 -6 9 .0 -2 4 .2
K20 sC16 16.84 -0 .2 2 -7 0 .0 -2 6 .0
K2ReCl6 13.89 +  0.13 -7 6 .0 -2 1 .2
K2WC16 10.22 +  0.44 10.5-35.0
K2ReBrc 112.71 + 2 .8 -3 .0 -1 8 1 .0

With increasing x-bond character, electrons in the 
Pz and pv orbitals of chlorine migrate toward the 
central metal ion, where the 2-axis is taken along the 
metal-ligand bond. The resulting electron deficiency 
leads to the decrease in the quadrupole resonance 
frequency of chlorine, in agreement with experimental 
observation.

As regards the dependence of the resonance frequency 
on temperature, a simple thermodynamical calcula
tion yields39-40

(dv/dT), =  (bv/dT)r +  (dv/dV)T(dV/dT)p (2)

The thermal expansion (jdV/dT)P is positive. In the 
case of potassium hexachloroplatinate(IV) type crys
tals, (dv/bV)T is also positive for the following reason. 
Since the field gradient q is the sum of g0 .i., originating 
from charges within the complex ion except for the 
halogen nucleus, and gn.i., the field gradient owing to 
all neighboring ions, one has

V =  V* |eQgj =  Vs \eQ\ (g„.i. +  qn.i.) (3)

for nuclei having I  =  s/ 2. Now, g0. is positive be
cause the halogen atom has partial vacancy in the pz 
orbital whereas both the px and pv orbitals are filled. 
The second term, gn.¡., which depends directly on the

(30) D . Nakamura, Bull. Chem. Soc. Japan , 36, 1662 (1963).
(31) W. Gordy and W. J. O. Thomas, J . Chem. P h ys ., 24, 439 
(1956).
(32) J. F. Lotspeich, ibid., 31, 643 (1959).
(33) L. Pauling, “The Nature of the Chemical Bond,” 3rd Ed., Cor
nell University Press, Ithaca, N. Y., 1960, p. 93.
(34) M. Haïssinsky, J . phys. radium , 7, 7 (1946).
(35) H. Bayer, Z . P h ysik , 130, 227 (1951).
(36) R. P. Hamlen and W. S. Koski, J . Chem. P h ys ., 25, 360 (1956).
(37) R. G. Barnes and R. D . Engardt, ibid., 29, 248 (1958).
(38) A. H. Reddoch, ibid., 35, 1085 (1961).
(39) T. Kushida, G. B. Benedek, and N. Bloembergen, P h ys . R ev., 
104, 1364 (1956).
(40) H. S. Gutowsky and G. A. Williams, ibid., 105, 464 (1957).
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lattice constant, has been calculated16 for a point- 
charge model. For crystals having the potassium 
hexachloroplatinate(IV) structure, it is negative and is 
one or two orders of magnitude smaller than the first 
term, the absolute value decreasing with increasing 
lattice constant. Accordingly, (òv/òV)T is positive. 
This theoretical conclusion is supported by our ex
perimental observation that at a constant tempera
ture the resonance frequency of chlorine or bromine 
in hexahaloplatinates(IV) having various cations in
creases with increasing lattice constant.16

The fact that the observed temperature coefficient 
(Òv/ÒT)P is normally negative implies that the major 
term (òv/òT)v is negative. Although this quantity 
is not accessible to direct measurements, it has an ad
vantage for theoretical discussion that it takes into 
account the thermal vibration of complex anions but 
is free from the effect of the thermal expansion of the 
lattice.36-41 With increasing thermal vibration of the 
complex ion, especially bending vibrations, the over
lap of the a orbital of the central metal ion with the 
p2 orbital of chlorine decreases leading to decreased 
covalent character of the metal-ligand bond. Ac
cordingly, the field gradient q and, hence, the quadra-

pole resonance frequency, also, decrease with increasing 
temperature.

The foregoing discussion applies to complexes in
volving no bonds having 7r-bond character. However, 
when dx-px-bonds are involved, as in paramagnetic 
complexes, the decrease of overlap owing to thermal 
vibration leads to the decrease of x-bond character. 
This means that electrons in the p̂ , and p„ orbitals of a 
halogen atom migrate toward the dx-orbitals to a 
smaller extent, and hence the field gradient increases 
with increasing temperature. The positive tempera
ture coefficient of quadrupole resonance frequencies 
results when this effect along with the second term of 
the right-hand side of eq. 2 predominates over the 
normal negative temperature coefficient. This is the 
case with hexahalorhenates(IV) and hexachlorotung
state (IV) of the cubic structure involving metal- 
ligand bonds of high x-bond character.
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(41) H. G. Dehmelt and H. Krüger, Z. Physik, 129, 401 (1951).
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Studies on the Anion Radicals of the Thianthrene Oxides1,2

b y  E .  T .  K a i s e r  a n d  D .  H .  E a r g l e ,  J r .

Department of Chemistry, University of Chicago, Chicago, Illinois 60637, and the Department of Chemistry, 
The George Washington University, Washington, D. C. {Received January 25, 1965)

The electron spin resonance spectra of the anion radicals of thianthrene 5-oxide (IV), 
irans-thianthrene 5,10-dioxide (V), cis-thianthrene 5,10-dioxide (VI), thianthrene 5- 
dioxide (VII), thianthrene 5,10-trioxide (VIII), and thianthrene 5,10-tetroxide (IX) have 
been determined. The spectral behavior of the radicals is markedly influenced by the 
orientation of their sulfur-oxygen bonds. Furthermore, as the oxidation state of the sul
fur-containing groups in the series IV -V II is increased, a trend is observed toward the 
narrowing of the total widths of the spectra. However, when at least one sulfone group is 
present, as in V II-IX , no further changes in the spectral widths of the radicals are found.

I n t r o d u c t i o n

We have been engaged in an extensive investigation 
by means of electron spin resonance (e.s.r.) techniques 
of the effects of changes in the oxidation state of sulfur 
and in the geometry of sulfur-oxygen bonds upon the 
properties of sulfur-containing aromatic anion radicals.3a

In our studies of the anion radicals formed by the re
duction of thiaxanthone (I), dibenzothiophene (II), 
and their oxides we have noted the following trend: 
the higher the oxidation state of the sulfur group, the 
narrower the total widths of the e.s.r. spectra which 
are observed. We have now prepared the anion radi
cals of all six oxides of the thianthrene ring system
(III), and their preparation permits us to examine in 
more detail this and other trends.

0H

I II III

R e s u l t s  a n d  D i s c u s s i o n

In order to avoid decomposition and/or lowered 
electron affinity at higher temperatures, the radicals 
of the thianthrene oxides IV -IX  were formed by 
potassium reduction using 1,2-dimethoxyethane as 
the solvent at temperatures near —60°. The spectra 
were usually best resolved at —70 to —80°. When the 
temperature was raised the e.s.r. signals for most of the 
radicals gradually disappeared, and this disappear
ance was accompanied by darkening of the reaction 
solutions.

We were unsuccessful in preparing a reduction prod
uct which gave a discernible e.s.r. spectrum only in the 
case of thianthrene. At —70° no noticeable color 
change occurred in short times when a solution of thian
threne in 1,2-dimethoxyethane was shaken over a 
potassium mirror nor was an e.s.r. signal observed. 
Over longer periods of time and at higher temperatures 
a yellow color developed, but no appreciable resonance 
signal could be detected. At — 30° after a few minutes 
reaction a strong thiophenol-like odor was noticed 
when the sample tube was broken open, and this sug
gests that the yellow color may be due to decompo- 1

(1) Grateful acknowledgment is made to the Donors of the Petroleum 
Research Fund for support of this research.
(2) Paper IV in the series on “ Conjugative Effects of Sulfur in 
Aromatic Anion Radicals.”  Initial phases of this work were car
ried out while both authors were in the Department of Chemistry, 
Washington University, St. Louis, Mo.
(3) (a) E. T. Kaiser and D. H. Eargle, Jr., J. Am. Chem. Soc., 85, 
1821 (1963); (b) J. Chem. Phys., 39, 1353 (1963); (c) D. H. Eargle, 
Jr., and E. T. Kaiser, Proc. Chem. Soc., 22 (1964).
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sition products formed by cleavage of the thianthrene 
ring.

Although thianthrene 5-oxide (IV) was reduced with 
some difficulty,4 5 perhaps because it has a relatively 
low electron affinity, we were still able to prepare its 
anion radical and to determine the resulting e.s.r. 
spectrum. This spectrum was 17 gauss wide and con
sisted of at least .40 evenly spaced lines. When the 
trans dioxide V was reduced, a similar e.s.r. spectrum 
with about 40 lines was observed again. When the 
modulation was increased, effectively removing the 
hyperfine detail of the spectrum, three strong lines re
mained. The primary splitting then appears to be 
due to the interaction of the odd electron with two 
equivalent protons. There is one rather notable dif
ference from the spectrum for the anion radical of IV. 
The spectrum of the anion radical of V is 15.4 gauss 
wide, and thus it is narrower than that found with re
duced IV. A  reasonable explanation for this observa
tion is that the odd-electron density in the aromatic 
rings of reduced V is lower than in those of reduced IV 
and, correspondingly, the concentration of the odd- 
electron density on the sulfur-containing groups of V 
is greater than on the related groups of IV.B

As has been reported before in a preliminary note,3b 
the anion radical of the cis dioxide VI has an e.s.r. 
spectrum which differs a great deal from that of the 
trans dioxide radical, both in the number of lines found 
as well as in the total width. The spectrum of the cis 
radical contains five major groups of lines with five 
hyperfine lines per group, and its total width is 9.5 
gauss. From this decreased spectral width as com
pared to that of the anion radical of the trans dioxide 
it can be concluded that the sulfoxide groups of the cis 
radical exhibit an enhanced ability to withdraw odd- 
electron6 density from the outer aromatic rings. Fur
thermore, the observation that the anion radicals of 
the cis and trans dioxides are discrete entities and do not 
interconvert readily indicates that the geometry of the 
sulfur-oxygen bonds in these compounds must be sub
stantially retained on reduction. This geometry is 
illustrated in Figure 1, which gives a stereochemical 
representation of the central heterocyclic rings of V  and 
VI.6

Even narrower spectra are exhibited by the anion 
radicals of the sulfones V II-IX . In all three of these 
cases five lines are observed with a splitting of 2.1 
gauss. The total spectral widths are essentially iden
tical, 8.9 gauss. Considerable differences exist, how
ever, with respect to the ease of formation,4 the color, 
and the stability of the radicals. Thus, the ease of 
reduction4 in the series thianthrene 5-dioxide, thian
threne 5,10-trioxide, and thianthrene 5,10-tetroxide

O+

tra n s a n t i ,  c is

Figure 1.

shows a progressive increase as the oxidation state of 
the sulfur-containing groups in the thianthrene nucleus 
becomes greater. The increase can probably be ascribed 
to the greater electron affinity of the heterocyclic ring 
system as the oxidation state of its sulfur atoms in
creases.

The colors of the 1,2-dimethoxyethane solutions con
taining the radicals also contrast strongly. A  solution 
of the anion radical of thianthrene 5-dioxide (VII) is 
yellow, that of the anion radical of the thianthrene
5,10-trioxide (VIII) is brown, and finally, that of the 
anion radical of thianthrene 5,10-tetroxide (IX) is 
blue. The variation in the stabilities of the anion 
radicals is just as striking. Whereas the radicals of
VII and VIII are relatively stable only at low tempera
tures for long periods of time, the anion radical of the 
tetroxide IX  is remarkably stable even at room tem
perature, lasting for several months and furnishing an 
excellent standard through its strong and simple spec
trum.

From a study of the anion radical of 2,7-dimethyl- 
thianthrene 5,10-tetroxide we have determined that 
the spin density in the aromatic rings is concentrated 
at the ^-positions with very little at the a-positions.3a 
Hence, the five major lines in the e.s.r. spectrum of the 
anion radical of thianthrene 5,10-tetroxide are ascribed 
to splitting by the four /3-protons. By analogy, the 
five lines found for the reduction products of VII and
VIII are probably due to the magnetic interaction of 
the odd electron with the four protons situated in the 
/3-positions of the aromatic rings of these compounds. 
Also, on this basis the assignment of the five major 
groups of lines in the spectrum of the anion radical of 
the cis dioxide to strong splittings by the |8-protons and 
of the five hyperfine lines per group to weaker splittings

(4) Ease of formation or ease of reduction as used in this work are 
relative terms which refer to the length of time the cold solution of 
unreduced material was in contact with the potassium mirror before 
a strong e.s.r. signal was produced. The more difficultly reduced 
materials required some agitation and as long as 20 min. reaction time 
before any evidence of reduction was detected. In contrast, the 
tetroxide IX  was fully reduced in less than 1 min.
(5) Although the explanation given is a reasonable one, other pos
sible explanations cannot be ruled out at present. Experiments 
which are designed to bear directly on this point are being planned.
(6) (a) S. Hosoya and R. G. Wood, Chem. Ind. (London), 1042 
(1957); (b) S. Hosoya, ibid., 980 (1958).
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by the «-protons seems reasonable. Detailed analysis 
of the spectra of the radicals from thianthrene 5-oxide
(IV) and from iran.s-thianthrene 5,10-dioxide (V) awaits 
the completion of deuterium labeling studies which 
are now in progress.

Table I summarizes the properties of the anion radi
cals of the thianthrene oxides. From the right-hand 
column of Table I, the trend toward a progressive 
narrowing of the total spectral widths for the reduction 
products of compounds IV -V II can be seen. In Figure 
2 a graphical depiction of the lines observed in the e.s.r. 
spectra is given.

Ta ble 1 : Summary of E.p.r. Measurements

Compd.
, Color 
reduced

Number 
of major 
lines oh» 

gauss
Hyperfine

lines

Total
width,
gauss

-S -, -S -, (III) (Yellow)
-SO -, - S -  (IV) Pale yellow 3 40 +  (total) 17
-SO -, -S -  (.trans (V) Pale yettov 3 40 +  (total) 15.4
-SO -, - S -  (cis) (VI) Pale yellow 5 (2.1) 5/group 9.5
-SO2- ,  - S -  (VII) Pale yellow 5 (2.11) 1/group 8.9
-SOr-, -S O - (V ili) Pale brown Ô (2.11) 1/group 8.9
—SOr-, —SO2— (IX) Pale blue 5 (2.11) 1/group 8.9

In summary, we have shown in this series of radicals 
prepared from the thianthrene oxides that the effect 
of sulfoxide groups depends on their stereochemical 
orientation, and that the presence of sulfone groups 
causes narrowing of the total widths of the e.s.r. 
spectra. Increases in the oxidation state of the sulfur- 
containing groups cause increases in the electron af
finity of the molecule. Also, as the oxidation state of 
these groups in the series IV -V II is increased, decreases 
are observed in the electron density at the carbon atoms 
in the outer aromatic rings which bear protons.

E x p e r i m e n t a l

Equipment. Electron spin resonance spectra were 
recorded immediately after reduction of the compounds 
by potassium in 1,2-dimethoxyethane. Two types of 
instruments were used in the measurements. One was 
a Varían 100-kc. apparatus, used with the kind permis
sion of Dr. W. B. Moniz of the U. S. Naval Research 
Laboratory, Washington, D. C., and the other was a 
spectrometer built at Washington University, St. 
Louis, which has been described previously.7

Reductions. As mentioned earlier in this paper, the 
anion radicals of the thianthrene oxides were formed 
in 1,2-dimethoxyethane at —60° by potassium reduc
tion of the parent compounds, and the e.s.r. spectra 
were measured after the reductions at —70 to —80°. 
The possibility of the occurrence of some bond cleavage

T H I A N T H R E N E  5 - O X I D E

________ . . . . i . l . i . , L ,

A N S - m A N T H R E N E  5 , l O - D I O X I D E

, i i i .  1 1 1 1 1
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Figure 2.

before the measurement of the spectra seems unlikely 
for several reasons. Reductions and measurements 
were carried out at low temperatures (—60 to —80°) 
which provide mild reaction conditions. Also, the 
spectra were measured immediately upon the first 
appearance of color in the reduction solutions. No 
spectra were produced prior to this appearance of 
color. In addition, those anion radicals which were 
obviously unstable at higher temperatures (deepening 
and changing of color, production of thiophenol-like 
odors) also lost radical activity at these temperatures, 
indicating cleavage of bonds and decomposition at the 
elevated rather than at the lower temperatures.

Materials. Thianthrene was purchased from the 
Eastman Kodak Co. and recrystallized several times 
from glacial acetic acid; m.p. 157-158° (lit.8 9m.p. 159°).

Thianthrene 5-oxide was prepared from thianthrene 
by oxidation with dilute nitric acid; m.p. 143° (lit.
m.p. 143°,8143-143.5° »).

cis and trans-thianthrene 5,10-dioxide were prepared 
by the oxidation of thianthrene with nitric acid of 
specific gravity 1.2 according to the procedure of Baw, 
Bennett, and Deams.10a After recrystallization from 
acetic acid the cis form had m.p. 283-284° (lit.10 m.p. 
284°). Recrystallization of the trans dioxide from

(7) R. L. Ward and S. I. Weissman, J. Am. Chem. Soc., 79, 2086 
(1957).
(8) K. Fries and W. Vogt, Ber., 42,1172 (1909).
(9) H. Gilman and D. R. Swayampati, J. Am. Chem. Soc., 77, 3387
(1955).
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ethanol or from acetic acid gave purified material 
melting at 248-249° (lit.10 m.p. 249°).

Thianthrene 5-dioxide was obtained from the reac
tion of thianthrene 5,10-trioxide with zinc and acetic 
acid by the method of Gilman and Swayampati.11 
Two recrystallizations from glacial acetic acid gave 
thianthrene 5-dioxide melting at 165.5-166° (lit.11
m.p. 168-169°).

Thianthrene 5,10-trioxide was prepared by the oxi
dation of thianthrene with chlorine in glacial acetic 
acid.11’12 1 Recrystallization from 90% acetic acid re
sulted in trioxide melting at 221-222° (lit.11 m.p.
221.5-222.5°).

Thianthrene 5,10-tetroxide was obtained by the oxi
dation of thianthrene with excess hydrogen peroxide 
in glacial acetic acid. The tetroxide was recrystal
lized from glacial acetic acid, m.p. 323-324° (lit.10b
m.p. 321).

(10) (a) H. Baw, G. M. Bennett, and P. Deames, J. Chem. Soc., 680
(1934) ; (b) see F. Krafit and R. E. Lyons, Ber., 29, 435 (1896), for 
an earlier reference to this method; (c) in both of these papers 
incorrect stereochemical assignments were made, and these were 
later corrected by the work o: T. W. J. Taylor [./. Chem. Soc., 625
(1935) ] and of Hosoya and Wood.6“
(11) H. Gilman and D. R. Swayampati, J. Am. Chem. Soc., 77, 5946 
(1955).
(12) K. Fries and W. Vogt, Ann., 381, 312 (1911).

Kinetics of the Nitrous Oxide Decomposition by Mass Spectrometry. A Study 

to Evaluate Gas-Sampling Methods behind Reflected Shock Waves

by Anthony P. Modica

Avco Corporation, Wilmington, Massachusetts {Received February 4> 1965)

The thermal decomposition of N20  in the temperature range 2400-3300°K. has been in
vestigated in a mass spectrometer-shock tube apparatus to evaluate two sampling tech
niques, one involving a simple pinhole and the other a slender Pyrex nozzle protruding 
into the reflected region. It has been shown that below 3000°K. both methods yield 
nearly identical experimental results, comparing favorably with those of other investiga
tors. Above this temperature, the effects of the cold end wall on the hot, shocked gas 
introduce a systematic error in the measured rate constant. The error is slightly less for 
the nozzle.

Introduction
The shock tube has become a popular laboratory 

tool to prepare a gas rapidly and homogeneously for 
high temperature kinetic studies of fast chemical 
reactions. Until recently, exploitation of the shock 
tube has been restricted to choice of analytical tech
niques mainly involving optical spectroscopy, and 
even then it has been necessary to study simple sys
tems with species of high extinction coefficients.1-3 
The advent of the time-of-flight mass spectrometer,

with its ability to follow the concentration of several 
species simultaneously in short resolution times (10 to 
50 ¡xsec.), has now made it possible to study a greater 
variety of reactions behind reflected shock waves.4’6

(1) H. B. Palmer and D. F. Homig, J. Chem. Phys., 26, 98 (1957).
(2) M. Camac and A. Vaughan, ibid., 34, 460 (1961).
(3) A. P. Modica and D. F Homig, “ Kinetics of the Thermal Dis
sociation of N2F4 in Shock Waves,” Report No. 357-275, Princeton 
University, Oct. 1963.
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A technique, similar to that reported by Bradley 
and Kistiakowsky,4 5 coupling a Bendix time-of-flight 
mass spectrometer to a shock tube, has been developed 
here to study at high temperatures relatively complex 
reactions which may be of interest to propellant com
bustion and re-entry ablation. In order to “ test” 
the apparatus, a known kinetic system, the thermal 
decomposition of nitrous oxide, has been investigated. 
The objective of this study has been to evaluate experi
mentally in terms of end-wall effects (i.e., the effects 
of the cold end wall on the temperature of the sampled 
gas) two gas-sampling techniques, one involving the 
usual pinhole and the other a slender conical nozzle 
protruding into the reflected region.

Apparatus

The operating principles of the Bendix time-of-flight 
mass spectrometer have been described elsewhere6 
and may be summarized as follows. Ions are formed 
in a bunch by a pulsed electron beam, and the ions are 
then accelerated by a series of grids into a field-free 
drift tube. Because the ion velocities depend on the 
charge to mass ratios, the bunch separates into groups 
of different ra/e while moving down the tube. The time 
between the accelerating pulse and the arrival of each of 
the mass-resolved groups at the ion-multiplier detector 
is proportional to Af1/! for ions of the same charge. 
The detector output is displayed on an oscilloscope 
which is triggered by the accelerating pulses.

In the present research, the mass spectrometer is a 
Bendix Model 14-206 time-of-flight instrument. Time- 
intensity profiles of two individual peaks are selected 
and displayed on an oscilloscope (Tektronix 581) 
by using the electronic gates of the mass spectrometer 
to modulate the peak intensities of interest. Perma
nent records are made with Polaroid film. The down
stream end of the shock tube is used to prepare the 
high temperature reaction mixture, and sampling is 
performed by allowing the test gas to pass through the 
end wall directly into the mass spectrometer. The 
shock tube and end plate are secured to the ion source 
through the “ fast reaction chamber”  available on the 
commercial instrument.

In a number of experiments, the end wall is a 0.0076 
cm. thick brass foil having either a 0.0051- or 0.0076-cm. 
diameter pinhole in its center. Also a small Pyrex 
nozzle similarly located and protruding into the 
reflected region has been used. The nozzle is fabricated 
from Pyrex capillary tubing which has been heated, 
drawn, and cut to desired specifications. Eastman 
cement (Type 910) is used to bond the nozzle to the 
end plate. A typical nozzle (Figure 1) has an entrance 
and exit diameter of 0.0076 and 0.0254 cm. and a

Figure 1. End plate with Pyrex sampling nozzle.

length of 0.475 cm. The nozzle characteristics are 
such that for an entrance to exit area ratio of 11.1, 
the exit to entrance temperature and pressure ratios 
are 8.3 and 200, respectively.7 Accordingly, the 
temperature and pressure of the shocked gas entering 
the nozzle was changed, for example, from 3000 to 
360°K. and 0.24 to 0.0012 atm. (The background 
pressure in the mass spectrometer before shock arrival 
varied between 3 X 10~6 * and 9 X 10-6 torr.) At the 
nozzle inlet the gas flow is sonic and becomes super
sonic upon expansion. For a flow velocity of 1.02 
mm./gsec. (speed of sound in a 5:100 N20 -A r mixture 
at 3000°K.), the residence time of the reaction mixture 
in the nozzle was less than 5 /¿sec. With the particle 
velocity taken as 1 mm.//¿sec. for an average nozzle 
temperature of 1680°K., the number of collisions with 
the nozzle wall was about 1011 as compared to 1010

(4) J. N. Bradley and G. B. Kistiakowsky, J. Chem. Phys., 35, 256 
(1961).
(5) R. W. Diesen and W. J. Felmlce, ibid., 39, 2115 (1963).
(6) W. C. Wiley and I. H. McLaren, Rev. Sci. Instr., 26,1150 (1955).
(7) For an analysis on nozzle performance see D. Atman, J. M. Car
ter, S. S. Penner, and M. Summerfield, “ Liquid Propellant Rockets,”
Princeton University Press, Princeton, N. J., 1960, pp. 113-115.
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collisions in the gas phase. In view of the large tem
perature drop and short residence time in the nozzle, 
chemical reactions taking place there would likely be 
frozen. The distance from the end plate to the elec
tron beam is approximately 2 mm., so that the particle 
flight time from the nozzle entrance to the ion source 
was about 7 jusec.

The shock tube is constructed from 2.54-cm. i.d. 
Pyrex glass pipe with a 4.53-m. driven section separated 
by a Mylar diaphragm from a 1.51-m. driver. Cold 
driving with helium was used to pressurize and rupture 
the diaphragm. The driven section is fitted with four 
metal inserts which support platinum-film resistance 
gauges (70-ohm) used for shock velocity measurements. 
These gauges are placed 76.2 cm. apart. The last gauge 
approximately 21.8 cm. from the end plate is used to 
synchronize the shock wave with the mass spectrometer 
analysis. The outputs of the gauges are displayed on a 
folded oscilloscope sweep and photographed.

In general, the shock tube is evacuated to 3 ft, 
and the reactant mixture containing 95% argon 
(Matheson, 99.9% purity) and 5%  nitrous oxide 
(Matheson, 98% purity) is introduced. The driver 
section is pressurized with helium until the 0.5-mil 
Mylar film bursts spontaneously. The shock wave 
generated passes the first sensing element triggering 
the speedscope. The last shock detector actuates the 
sweep of the scope which monitors the time histories 
of the interesting peaks. A  schematic of the shock 
tube apparatus is shown in Figure 2.

Calculations and Errors
The temperature, pressure, and composition behind 

the reflected shock wave are calculated from the initial 
pressure and measured shock velocity with an IBM- 
7094 computer code (Avco BAD 1360 program)8 which 
couples a thermo chemical tape to the Rankine-Hugo- 
niot relations for a moving shock wave. Since the
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Figure 2. Diagram of apparatus.

mixtures contain 5% N20  in argon, the conditions pre
vailing behind the reflected shock are not isothermal. 
The difference in temperature between no dissociation 
and complete dissociation for the reaction

N20  +  M -%■ N2 +  O +  M (1)

is 920°K. From the conservation of energy, the 
condition of temperature in the reflected region before 
dissociation and during dissociation is given by

(1 C) I R (n  -  TO +  S —  p  CpN,o dT =
J Tim a

(1 “  C)  ̂R(Ta -  Ts) +

M:N20 J Ti

MAt 2
(1 -  a)C rTa 

M n2o
a C  _  . C clE v

, f  C'pNjo d ì7 +
M  N20 J  Ti

M:
"(CpN2 +  CPo)(Ta — Tì) +

n2o M- (2)
n2o

where a is the fraction of molecules dissociated, C is 
the initial weight fraction of N20  in the system, M  
is the molecular weight, and Eo is the dissociation 
energy of N20.

During the course of the experiments some shock 
attenuation has been noticed. The shock velocity over 
the length of the tube is found to decrease linearly 
with an attenuation of 0.74%/10 cm. Extrapolation 
of the shock velocity to the end plate could be done 
with an accuracy of about 99%. Accordingly, the 
error introduced in the calculated temperature is 
<50°K.

Following the procedure in ref. 5, an internal pressure 
standard (the 20 peak of Ar2+) is used to minimize 
systematic errors encountered in the single-cycle analy
sis. The electron gun voltage has been adjusted so 
that the internal pressure standard has approximately 
the same intensity as the peaks of interest. By this 
method, fluctuations of the electron gun and nonlin
earity of the multiplier are easily corrected.

As pointed out in ref. 4 and 5, inherent to the mass 
spectrometer-shock tube technique are two new sources 
of error: the background buildup and background 
scattering inside the mass spectrometer ion source 
caused by the sudden increase in density behind the 
reflected shock and the influence of the cold end wall 
on the sampled gas from the shock tube.

In this type of experiment there is a continuous pres
sure increase in the mass spectrometer; however, with 
the electron beam close to the nozzle exit, Kydd has 
shown by an approximate calculation that this buildup 
should be relatively small compared with the effective

(8) R. D. Gillespie and J. Warga, “ A Program for Computing Ther
mochemical Equilibrium behind a Moving Shock Wave,” Avco 
RAD-TM-63-65, Sept. 23, 1963.
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pressure of the sample being analyzed by the electron 
beam.9

Another problem associated with the technique is 
whether the gas sample flowing into the mass spec
trometer is truly representative of the bulk of the gas 
behind the reflected wave. According to ref. 4 and 5, 
the effect of the end plate not only tends to cool the 
gas being sampled but also allows an opportunity for 
some of the sampled gas to come into contact with the 
surface where catalytic recombination of atoms and 
radicals can take place. Although the absolute mag
nitudes of these errors are difficult to evaluate analyti
cally, we have attempted to assess the relative tempera
ture influence of the end plate on a reacting gas by 
comparing results between a pinhole and a protruding 
nozzle sampling gas far from the end wall.

Experimental Results
The thermal decomposition of N20  is an example of a 

quasi-unimolecular decomposition whose mechanism is 
believed to be

n 2o  - 4  N2 +  0  (I)

followed by

0  +  N20  - X  N2 +  0 2 (II)

or

0  +  N20  - 4 -  2NO (IF)

and later still by
ks

NO +  N20  — ► N2 +  N 0 2 (III)

n o 2 +  n 2o  4 -  n 2 +  o s +  n o  (iv)
NO +  0  +  M - 4 -  N 02 +  M  (V)

0  +  0  +  M - 4 *  0 2 +  M (VI)

Reactions II through VI are not likely to be of impor
tance in the present experiments because of the high 
dilution and short time available.10

Johnston11 gives

h  =  4.4 X  10° exp( —57,400/RT) sec."1 (3)

at an N20  concentration of 2.5 X 10~6 mole/cc. so that 
the activation energy of reaction I provides a suitable 
test of the temperature of the gas sample.

In the present experiments, a mixture of 5%  N20  
and 95% argon was shock-heated to temperatures 
between 2400 and 3400°K. at a total concentration of 
about 10 _6 mole/cc. The initial conditions of tempera
ture behind the reflected shock were calculated from 
the Hugoniot relations assuming no dissociation and

with the experimentally determined shock velocity. 
During the course of the reaction, the temperature of 
the gas was variable. If one assumes a temperature 
dependence (ref. 2)

Ta =  To -  Ba (4)

where T() is the initial reflected shock temperature, B 
is a constant related to the mole ratio of N20  in the gas 
mixture (for 5%  N20, B =  920°K. as determined 
from eq. 2), and a is the fraction of molecules dis
sociated; the rate expression for the N20  unimolecular 
reaction when temperature is variable is given by

doi
—  =  (1 -  a )C e jq?{-57 ,4 00 /fi(r0 -  R a )}se c .-1

(5)

The quantity C is the pre-exponential factor which is to 
be determined. Upon integration one obtains

Jo (1 -  a) exp{ —57,400/R(7o -  Ba)}
(6)

The dependence of the rate integral i o n «  was eval
uated numerically with an IBM 7094 computer and is 
shown in Figure 3 for a number of shock temperatures.

The pre-exponential factor was determined by meas
uring a at known times from experimental records of 
the gated outputs of the mass spectrometer. Figure 4 
illustrates typical oscillograms depicting the decompo
sition of N20  with time. The value of the rate integral 
for a given measured a was then plotted against time 
(Figure 5). From the slope of the stright line, C was 
obtained. The fact that a straight line was observed is 
considered a test of eq. 5 and of the assumed tempera
ture dependence.

Table I lists the values of C determined over a wide 
range of initial reflected shock temperatures and for the 
two sampling techniques. The same data are plotted

(9) G. B. Kistiakowsky and P. H. Kydd, J . A m . Chem. S oc., 79, 4825 
(1957).
(10) The influence of reaction II and II' on the N2O concentration 
may be estimated from Kaufman’s rate constants [F. Kaufman, 
N. J. Gerri, and R. E. Bowman, J . Chem. P h y s ., 25, 106 (1956)] 
which give at 3000 °K.

fc. =  S X 10“  e x p ( -14,500/5?’ ) =  2.7 X 10» cc./mole sec.
W  =  1011 exp( — 15,500/5?’ ) = 7.5 X 109 cc./mole sec.

(fo +  W )  —  1.02 X 1010 cc./mole sec.
With [O] taken equal to [N2O] initially, the half-life of reactions II 
and II' is t = l/(fa +  h j )  [N2O ] = 2000 ¿¿sec. where [N2O] = 
5 X 10-8 mole/cc. This half-life is compared to a half-life of about 
50 ¿isec. for reaction I. However, since [O] is actually increasing 
from zero and [N2O ] is decreasing with time,-the half-life of reactions 
II and II' would be somewhat longer than that indicated above.
(11) H. S. Johnston, J . Chem. P h y s ., 19, 663 (1951).
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Figure 3. Dependence of rate integral on a  for 
several reflected shock temperatures.

Figure 4. Experimental records of the gated output of the 
mass spectrometer. Analysis is every 25 n s e o .  (a) First 
peak of doublet is Ar2+ ion peak, (b) Second peak 
represents N20 + ion peak.

in Figure 6. The temperature dependence of the ex
perimental rate constants and those of Bradley (ref. 
4) are presented in Figure 7. The solid line is Johns
ton’s extrapolated low temperature data. The dashed 
line represents the rate expression

k =  1016 exp(—61,000/ffiT) cm.3 mole-1 sec.-1 (7)

at a total concentration of 2.5 X  10-6 mole/cc., found 
by Jost, et al.,12 who used a spectroscopic method to 
investigate the N20  reaction at temperatures between 
2800 and 4400°K. in shock waves.

Figure 6. Variation of pre-exponential factor with 
temperature and method of gas sampling.

Discussion
It can be seen (Figure 6) that below 3000°K. both 

the simple orifice and nozzle sampling systems give 
nearly identical experimental results which compare 
favorably with Johnston’s data. With pinhole sam-

(12) W. Jost, et al., Symposium on Chemical Reactions in Shock 
Tubes, Duke University, April 20, 1964.
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Figure 7. Initial first-order rate constant for N20  
decomposition v s .  reciprocal temperature.

Figure 8. Variation of gas sample temperature with 
reflected shock temperature for pinhole sampling.

pling, end wall effects above this temperature become 
important and introduce a large systematic error in the 
measured rate constant. In the case of the nozzle, the 
error is only slightly reduced. Since the rate constant 
is a function of the temperature of the sampled gas, 
a comparison of the reflected shock temperature and 
that of the pinhole-sampled gas based on the measured 
rate constant can be made. The results, shown in 
Figure 8, indicate an increasing divergence between 
the reflected shock and sampled gas temperatures 
above 3000°K. Theoretical work involving an analy
sis of the flow field in the vicinity of the pinhole is 
under way in order to correlate the sampled gas tem
perature and the reflected shock temperature. However, 
it can be concluded from Figure 8 that, for chemical

Table I : Nitrous Oxide Experimental Rate Constants

Run
Sampling“
method

Shock velocity, 
mm.//isec. T r s . ° K .

Jc/exp (—57,400/R  T) , 
sec.

245 0 1.21 3300 5.4 X 108
246 0 1.21 3300 5.6 X 108
247 0 1.205 3240 6.4 X 108
248 0 1.205 3240 6.6 X 108
249 0 1.04 2420 4.0 X 10*
250 0 1.20 3200 5.8 X 10s
251 0 1.165 3000 1.2 X 109
255 0 1.175 3040 7.2 X 108
258 0 1.165 3000 1.2 X 109
260 0 1.20 3200 9.8 X 108
261 0 1.185 3100 1.3 X 10«
262 0 1.19 3160 1.0 X 109
263 0 1.195 3200 8.8 X 10s
264 0 1.20 3200 1.3 X 108
266 0 1.135 2850 4.3 X 109
267 0 1.185 3100 1.5 X 10s
269 0 1.17 3000 1.7 X 109
271 0 1.130 2800 4.2 X 109
287 0 1.195 3200 8.4 X 108
292 0 1.145 2900 4.0 X 109
308 N 1.20 3200 2.3 X 109
310 N 1.19 3160 2.2 X 109
312 N 1.20 3200 1.6 X 109
313 N 1.15 2940 4.4 X 109
314 N 1.085 2600 5.4 X 109
315 N 1.135 2850 4.5 X 109
326 N 1.08 2600 4.0 X 109

“ O = orifice, N =  nozzle.

reactions below a temperature of 3000°K., end wall 
effects will not be a serious source of error if neglected 
from mass spectrometer-shock tube studies.

Another sampling method which has been suggested 
to avoid end wall difficulties involves a series of expan
sion nozzles through which the reflected shock gas is 
passed before being analyzed by the mass spectrometer. 
Becker and co-workers13 have observed that the gen
eration of molecular beams by expanding gases through 
a Laval nozzle leads to separation of the gas mixture, 
with heavier components being concentrated in the 
core of the jet. By yielding a gas sample not typical 
of the bulk gas in the reflected region, it seems such a 
multiexpansion sampling method would only serve to 
complicate the mass spectrometer results.
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(13) F. W. Becker and K. Bier, Z .  N a t u r f o r s c h . ,  9a, 975 (1954).
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Studies of the Hydrogen Held by Solids. VIII. The Decationated Zeolites

by Jan B. Uytterhoeven, L. G. Christner, and W . Keith Hall

Mellon Institute, Pittsburgh, Pennsylvania (Received February 9, 1965)

The sodium forms of the X - and Y-type zeolites contain enough hydrogen to terminate the 
crystal faces. This was shown by comparing the number of terminal hydroxyl groups, 
calculated as a function of crystal size, with experimentally measured values. It was 
found that a 1-^ particle should require 0.15 X 1020 OH/g. to satisfy the residual valences; 
a 0.1-/H crystal would need 1.4 X  1020 OH/g. The values measured by exchange with D 2 
fell within this range. Also, the mean particle size, calculated from electron micrograph 
distributions, fell within the specified limits. When the zeolites were decationated, the 
hydrogen contents increased by as much as 50-fold, i.e., to ~ 1 0 21 g.-1. A  correspondence 
was found between the decrease in the Na+ content and the increase in the hydrogen con
tent. On decatenation, a new OH frequency appeared at 3660 cm.-1 in the infrared 
spectrum indicating that the proton introduced had reacted with the lattice to form a 
“ trigonal aluminum”  and an adjacent SiOH group. On adsorption of NH3, this band 
decreased and disappeared concomitantly with the development of the NH stretching and 
bending vibrations of NH4+. The hydrogen content and the intensity of the 3660-cm.-1 
absorption band decreased when the zeolite was heated above 500°. This was interpreted 
as being due to the loss of water from pairs of decationated sites. In this process, one alum
ina tetrahedron was re-formed while an oxygen from an AlOSi bridge was removed; the 
negative charge residing on the alumina tetrahedron is balanced by a positive charge on a 
trigonally coordinated silicon ion.

In their sodium forms, the X - and Y-type zeolites 
require no hydrogen to satisfy their internal crystal 
structure; hydroxyl groups are required, however, 
to terminate the lattice at the crystal faces at points 
where bonding would occur were the solid phase ex
tended. One or more forms of chemisorbed water may 
also be present, as could H30+, corresponding to a 
cation deficiency. Several studies1-6 have been made 
of the spectra from zeolites in various stages of hydra
tion but the authors have not always agreed on the 
assignment of infrared bands to particular species. 
Notably, Bertsch and Habgood4 found no evidence of 
structural surface hydroxyl groups in Na+, Li+, or 
K+ type-X zeolites after degassing at 500°, whereas 
Carter, Lucchesi, and Yates6 reported three (and some
times four) distinct OH stretching bands after similar 
drying. The former authors attributed bands which 
appeared (at 3695 and 3400 cm.-1) when small amounts 
of H20  were “ added back”  to isolated water mole
cules adsorbed simultaneously by ion-dipole interaction

with the exchangeable cations and by hydrogen bonding 
of one of the hydrogens to an oxygen of the zeolite 
surface. The latter have6 attributed bands at 3750 and 
3695 cm.-1 to SiOH and AlOH stretching modes, respec
tively; bands located between 3590 and 3655 cm.-1 
were assigned to hydroxyl groups associated with the 
exchangeable cations. It was concluded that the sur
faces of molecular sieves are complex and contain 
OH groups as impurities in common with surfaces of 
other less well-crystallized oxides. As somewhat dif
ferent sample preparation, as well as different spectro
scopic, techniques were used in the two investigations, 1 2 3 4 5

(1) G. J. C. Frohnsdorff and G. L. Kingston, Proc. Roy. Soc. (Lon
don), A247, 469 (1958).
(2) H. A. Szymanoski, D. N. Stamires, and G. R. Lynch, •/. Opt. Soc. 
Am., 50, 1323 (1960).
(3) S. P. Zhadanov, A. V. Kiselev, V. I. Lygin, and T. I. Titanova, 
Dokl. Akad. Nauk SSSR, 150, 584 (1963).
(4) L. Bertsch and H. W. Habgood, J. Phys. Chem., 67, 1621 (1963),
(5) J. L. Carter, P. J. Lucchesi, and D. J. C. Yates, ibid., 68, 1385 
(1964).
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it was clear that further work was needed to resolve 
these contradictory conclusions. In particular, it was 
apparent that a quantitative comparison of the 
amount of hydrogen present with the amount required 
to terminate the crystal lattice would be helpful. 
In the present work, hydrogen contents were determined 
in three different ways. The amount of hydrogen cor
responding to hydroxyl groups necessary to terminate 
the crystal lattice was theoretically calculated for the 
particle size distribution determined from several elec
tron micrographs. The total hydrogen contents were 
then measured by exchange with D 2 and by destructive 
thermogravimetric determinations carried out under vac
uum to 1000°. Aliquots of the samples studied by 
Bertsch and Habgood4 and by Carter, Lucchesi, and 
Yates6 were included in this work.

Earlier workers have noted that structural hydroxyl 
groups may be present in zeolites due to a hydrolysis 
of some of the base-exchanged cations during prepara
tion; usually, there is a deficiency of several per cent in 
the amount of sodium required to just balance the 
A102_ tetrahedra. So far, however, no detailed study 
has been made of the decationation process which 
occurs when part of the Na+ is replaced by metathesis 
with NH4+, followed by heating to remove NH3. 
Moreover, the existing infrared data deal almost ex
clusively with X-type zeolites; only scattered mention 
of results for Y-type zeolites has appeared. In the 
present work, a study of the decationation process was 
made utilizing both infrared spectroscopy and hydrogen 
content measurements; X - and Y-type zeolites were 
compared.

Recently, it was suggested6 that the protons freed 
when zeolites are decationated react with Si-O-Al 
bonds to form a trigonal aluminum ion and an adjacent 
SiOH group. This suggestion was partially confirmed 
and the chemistry of decationation was considerably 
clarified in the present work. The several kinds of acid 
sites which may be formed are clearly defined.

Experimental

Materials. The X - and Y-type zeolites (Lot No. 
137396 and 1280-6, respectively) were supplied by the 
Linde Co. in the sodium form. The Ca2+ and NH4+ 
samples were prepared from the N a+ forms by conven
tional cation-exchange procedures using Baker analyti
cal grade Ca(N03)2 and NlfiAc. The preparations 
were washed free from excess salt by ten centrifugal 
washings with distilled water followed by two slow 
sedimentations out of a large excess of distilled water. 
The degree of ion exchange was determined by flame 
photometric sodium analyses. The silicon and alumi
num analyses were furnished by the Linde Co. The

analytical data are summarized in Table I. Drs. 
Habgood4 and Yates6 kindly supplied samples of the 
Na+ X  used in their respective investigations.

The D 2 was from the Liquid Carbonics Division of 
General Dynamics Co.; it had a nominal purity of 
99.7%, the principal impurity being HD. It was 
passed through a Pd thimble before use. Linde NH3 
was used. It was purified by a freeze-pump-thaw 
technique and was double distilled from Dry Ice baths.

Hydrogen Content Measurements. The experimental 
details of the rising temperature D2-exchange method 
are explained in earlier papers.7’8 Initial determina
tions were made using this technique, terminating at 
1040°. As it was found that equilibrium was attained 
at 500°, the remaining determinations were carried out 
at this temperature. Care was taken in the initial 
pretreatment to avoid hydrothermal reaction; 1-2-g. 
samples were evacuated (at ~ 1 0 -6 torr) for 2 hr. at 
room temperature before heating; the temperature 
was then raised at a rate of about 5°/min. to the pre
treatment temperature specified in Table I as evacuation 
was continued. The samples were then treated with 
flowing dry 0 2 for 4 hr. to remove any remaining or
ganic impurities and evacuated overnight at the same 
temperature before contact with D 2.

Thermogravimetric determinations were carried out 
in a vacuum thermobalance using a heating program of
1.7°/min., terminating at 1000°. Since the infrared 
data indicated that molecular H20  and other impuri
ties were removed by evacuation below 450°, the 
hydroxyl contents could be calculated from the loss in 
weight between 500 and 1000°.

Infrared Studies. Thin wafers, transparent to in
frared radiation, were prepared by pressing the zeolites 
between polished stainless steel plates to about 5 tons/ 
in.2. The “ thickness”  varied between 1.5 and 4 m g./ 
cm.2. The platelets were mounted on a platinum sup
port fixed to a quartz slider which enabled them to be 
moved from between the salt windows to the opposite 
end of the quartz tube where they could be heated and 
to be replaced reproducibly for spectroscopic exami
nation. The cell was adopted from Yates and Luc
chesi9; it could be used in conjunction with a conven
tional high-vacuum system and the sample could be 
heated and treated with gases at any desired tempera
ture.

(6) J. G. Larson, H. R. Gerberich, and W. K. Hall, J. Am. Chem. Soc., 
87, 1880 (1965).
(7) W. K. Hall, H. P. Leftin, F. J. Cbeselske, and D. E. O’Reilly, 
J. Catalysis, 2, 506 (1963).
(8) W. K. Hall, F. J. Cheselske, and W. E. Wallace, J. Phys. Chem., 
63, 505 (1959); 65, 128 (1961).
(9) D. J. C, Yates and P. J. Lucchesi, ibid., 35, 243 (1961).
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Table 1 : Analytical Data for Zeolites

■Hydroxyl contenir
Zeolite type AIO 2 content, N a+ content, Decationated sites per gram Pre- Deuterium Thermo-

and base-exchange ions/g. ions/g. ✓----------- x  10-20------------ . treatment exchange, gravimetric, % de-
cation X 1 0 -“ X 10-2» Max.® Min.& temp., °C. OH/g. X 1 0 -“ OH/g. X 10 -“ hydroxylation

X  (Na+) 34.1 31.7 2.4 0 430 0,56
X  (Na+) 34.1 450 0.47
X  (Na+) 34.1 31.4 2.7 0 450 0.68
X  (Ca*+). 34.1 6.0 530 1.84
X  (Ca2+) 34.1 6.0 475 1.47
X (N H 4+ I) 34.1 18.4 15.7 13.4 505 6.00 58.9
X  (NH4+ II) 34.1 15.0 19.1 16.8 500 9.65 46.3
X  (NH4+ II) 34.1 15.0 19.1 16.8 460 10.24
X (N H 4+III) 34.1 11.0 23.1 20.7 500 3.50 84.0
X  (NH4+ IV) 34.1 5.8 28.3 25.9 520 2.2 91.9
X  (NÜ4+IV) 34.1 5.8 28.3 25.9 490 5.5

Y  (Na+) 26.3 25.7 0.6 0 500 0.29
Y  (Ca2+) 26.3 5.3 470 0.61
Y  (NH4+) 26.3 5.2 21.0 20.4 440 30.4 25.7
Y  (NH4+) 26.3 5.2 21.0 20.4 490 11.2 19.5 45.9
Y  (NH4+) 26.3 5.2 21.0 20.4 520 12.4 18.3 40.1
Y  (NH4+) 26.3 5.2 21.0 20.4 590 2.9 6.7 86.0
Y  (NH4+) 26.3 5.2 21.0 20.4 690 2.7 3.3 87.0
Y (NH4+) 26.3 5.2 21.0 20.4 770 0.39 2.5 98.1
X  (N a+) i (4% )d 500 0.59
X  (Na+)* .  .  . (o %y 500 C.18

a The maximum number of decationated sites is determined by the difference in the sodium and aluminum content. 6 The minimum 
number of decationated sites is the difference in the sodium content of a sample from the value as measured for the sodium sample. 
0 Per cent dehydroxylation was calculated from the difference between the mean number of decationated sites and the hydroxyl content 
as measured by deuterium exchange. d  Reference 5. 6 Reference 4.

Spectra were taken at room temperature using a 
Beckman IR-7 grating spectrometer; NaCl windows 
were used on the cell. The spectral region between 
1200 and 4000 cm.-1 was examined. The spectro
graph was set at a gain of 3.5% in order to obtain a 
reasonably low noise. The slit was adjusted to effect 
a transmission of 80% in single beam at 3800 cm.-1 
for the OH and NH stretching region and was similarly 
reset at 1350 cm.-1 for recording spectra in the bending 
region. The actual slit openings ranged between the 
standard openings (0.37 mm. at 1350 cm.-1) and 1.5 
times the standard opening in the deformation region. 
Under these operating conditions the resolution was 
close to 1 cm.-1 in the deformation region and 10 cm. 
in the stretching region. At high frequencies, the 
energy loss by scattering was much higher and slit 
openings of 1-1.5 mm. were required. These values 
are comparable with, but in general somewhat lower 
than, those reported by Carter, Lucchesi, and Yates.6

The platelets were heated under vacuum to succes
sively higher temperatures and the spectra were taken. 
After heating to 500°, no difference could be detected 
between untreated waters and those heated in 0 2.

Therefore, the latter step was omitted in most of this 
work. When NH3 was adsorbed, small amounts of 
this gas were admitted from a calibrated volume; the 
pressure was controlled by condensing excess NH3 
in a thermostat at the temperature of Dry Ice. A 
single dose contained about 15 /¿moles. Water adsorp
tions were carried our in the same manner with the 
vapor pressure fixed at 0°.

Results

The pertinent analytical data for the zeolites are 
contained in Table I along with the results from the D2- 
exchange experiments. In the Na+ and Ca2+ forms, 
the hydrogen contents (second from last column) 
were much lower than in the decationated zeolites. 
Likewise, the amounts of hydrogen present were much 
less than one atom for each base-exchanged cation 
or for each A102~ tetrahedron. The hydrogen as
sociated with the Ca2+ form was always several times lar
ger than with the Na+ form. A similar observation was 
reported by Pickert, Rabo, Dempsey, and Schomaker.10 
The higher values can be explained if, in one way or 
another, water molecules are associated with the ex
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changeable cations, e.g., as suggested by Bertsch and 
Habgood.4

In order to assess these data, it was necessary to 
estimate the amount of hydrogen required to terminate 
the giant molecules at the crystal faces. A model to 
do this is derived in the Appendix. A particle size 
count was made from electron micrographs of the Na+ 
X  zeolite. In agreement with the information sup
plied by Linde, most of the particles were in the range
0.1-2 n; the size number average was 0.3 n. The 
integrated hydrogen content per gram of zeohte was 
calculated from the distribution with the aid of the 
theory. The result (0.46 X 1020 OH/g.) agreed, per
haps fortuitously, with the 0.57 X 1020 OH/g. found 
experimentally. In a similar vein, it was calculated 
that particles 0.1 and 1 n along their edges should 
require 1.9 X  1020 and 0.15 X 1020 OH/g. respectively, 
to terminate the lattice. It is clear that most of the 
hydrogen present in the Na zeolite can be accounted for 
in this way. The data found for the sample of Bertsch 
and Habgood tend to substantiate this view. These 
workers removed the smaller particles by a sedimenta
tion procedure. The sample supplied us had an average 
size of about 1 As expected, the hydroxyl content 
of this sample was lower than that of the unrefined 
sieve. The sample supplied by Yates appeared to be 
quite similar to ours. This difference in particle size 
may be one of the factors responsible for the dis
crepancy between the results of Bertsch and Habgood4 
and of Carter, Lucchesi, and Yates.6

When the zeolites were decationated by heating the 
NH4+ forms, the residual hydrogen contents were 
several orders of magnitude higher than in the parent 
Na+ forms. No NH4+ remained in samples heated 
to 500°, however, as was demonstrated by infrared and 
by Kjeldahl determinations. Thus, the increased hy
drogen is evidently due to the protons liberated when 
NH3 was driven from the catalyst. There is, in fact, 
reasonable agreement between the hydrogen contents 
found for the sieves decationated under optimum condi
tions and the number of decationated sites. This 
can be seen by comparing columns 4 and 5 of Table I 
with columns 7 and 8. The hydrogen contents are 
now of the same order of magnitude as the concentra
tion of base-exchange cations. Since the exchange with 
D2 took place in the same temperature range for the 
decationated zeolites as was previously found for 
silica-alumina,7 it may be supposed that the protons 
left to neutralize the negative charge on the alumina 
tetrahedra reacted with oxygen of the lattice to form 
hydroxyl groups.

The amount of hydrogen held by decationated Y-zeo- 
lites was clearly a function of the temperature of pre

treatment. It will be shown later that the OH content 
was a maximum after heating at 290° and that heating 
to higher temperatures resulted in secondary dehy- 
droxylation.

The data for the X-zeolite indicated that the stability 
against dehydroxylation was dependent upon the extent 
of decationation. It is known that the decationated 
zeolites are less heat resistant than the sodium-saturated 
forms, the decationated X-type being less stable than 
the Y. The per cent dehydroxylation (last column of 
Table I) can be considered as an inverse measure of the 
stability of the sieves. Dehydroxylation of the Y - 
type zeolite became critical between 520 and 590°; 
this was confirmed by the thermogravimetric curves.

If the protons liberated by decomposition of the 
ammonium ion attacked the lattice as supposed, the 
hydroxyl groups formed should produce an infrared 
band. Moreover, the data of Table I indicated that 
this band should be fairly strong, and its frequency 
should correspond to that due to the sodium deficiency 
in the previously studied Na+ form.2'4’6 Spectra were 
taken to confirm this prediction. Anhydrous NH3 
was added to test whether NH4+ would re-form, i.e., 
whether the hydrogen could act as a Br0nsted acid.

The frequencies of the infrared bands found in this 
work and their assignment are listed in Table II. The 
regions of interest lie between 2800 and 3800 cm.“ 1, 
corresponding to the OH and NH stretching frequencies, 
and between 1300 and 1700 cm.-1, where the correspond
ing bending vibrations appear. For reference, Lewis- 
bound NH3 may best be distinguished from NH4+ by 
their Vi bending vibrations; a band near 1630 cm.-1 
is characteristic of chemisorbed NH3 while NH4+ 
is characterized by bands between 1400 and 1500 
cm.“ 1. Spectra of H30+  in crystals11’12 have a very 
broad band in the region between 2900 and 3300 cm.“ 1, 
the frequency varying with the environment. A band 
between 1690 and 1750 cm.-1 seems to be characteris
tic of these ions for both solids11 and in solution.12 
In agreement with earlier workers, we have found no 
trace of such a band even when H20  was “ added 
back”  to the zeolite. The characteristic water bending 
vibration at about 1650 cm.-1 was observed under some 
circumstances, but could usually be removed by evacua
tion at room temperature. Similar results have been 
reported for a silica-alumina catalyst.13

(10) P. E. Pickert, J. A. Rabo, E. Dempsey, and V. Schomaker, 
Proceedings of the 3rd International Congress on Catalysis, Amster
dam, 1964, Preprint No. I. 43.
(11) C. C. Ferisco and D. F. Hornig, J. Chem. Phys., 23, 1464 
(1955).
(12) M. Falk and P. A. Giguere, Can. J. Chem., 35, 1195 (1957).
(13) M. R. Basila, J. Phys. Chem., 66, 2223 (1962); M. R. Basila, 
T. R. Kantner, and K. H. Rhee, ibid., 68, 3197 (1964).
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Table II : The Infrared Absorption Bands Observed with 
Decationated Zeolites and Their Assignments

Frequency,
cm.-1 Assignment Zeolite

3660-3680 OH stretching X and Y
3605 OH stretching X (N H 4+IandII)
3570 OH stretching Y  and X  (NH4 + 

III and IV)
3423 v z  stretching NH4 + X  and Y
3385 v z  stretching NH3 solid ? X and Y
3320 v i  stretching NH3 X and Y
3275-3200 v z  stretching NH4+ X and Y
3000-2950 v z  stretching NH4+ Xand Y
1682 NH4 + deformation (probably v 2 ) Y  and X  (NH4 + 

III and IV)
1650 H20  deformation
1630 v z  NH3 deformation
1505-1485 v i  deformation NH4 + X and Y
1435-1475 v i  deformation NH4+ X and Y

Y-type zeolite was heated, bands in the OH stretching 
region developed (Figure 1) while bands in the NH 
stretching (Figure 2) and bending (Figure 3) regions 
decreased and finally disappeared. The principal OH 
vibration was always found near 3660 cm.-1 ; this had 
a tendency to shift to higher wave numbers (maximum 
of 3680 cm.-1) at lower outgassing temperatures. 
This band corresponded well to the shoulder found at 
lowest frequency on the Na+ zeolite by Yates, et al.5 
Samples which had been decationated to high extents 
of the total exchange capacity were characterized by a 
second intense band near 3570 cm.-1 (Figure 1). 
In the X-type zeolites, the second band was less im
portant and, with samples which had been decationated 
to less than 10%, was shifted to 3605 cm.-1. De- 
hydroxylation affected the lower frequency somewhat 
more than the higher frequency OH band. The 3570-

When the Na+ zeolites were dehydrated above 450°, 
in agreement with Bertsch and Habgood,4 the in
frared spectra showed no bands over the entire range. 
Nevertheless, hydrogen was present, as shown by our 
assay. This hydrogen sould be present in two forms, 
he., SiOH with a band near 3750 cm.-1 and AlOH 
with an absorption expected near one of the vibrations 
of alumina.14 Yates, et al.,5 observed three bands in 
the OH stretching region at 3750, 3695, and 3655 
cm.-1 which they assigned to SiOH, AlOH, and OH 
associated with the Na+ ion, respectively. We do not 
question the existence of these bands nor the assign
ment of the two of higher frequency. As will be shown 
later, however, their band at 3655 cm.-1 probably 
corresponded to a few decationated sites. Evidently, 
they were able to obtain these spectra because of 
superior spectroscopic techniques, particularly external 
focusing, which enabled them to increase the trans
mission so that thicker samples could be used. There 
is, therefore, really no discrepancy between these 
works.4'6 Rather, the apparent divergence was caused 
by differences in hydration level, resolution, and limit 
of detection at the lower hydration levels. Since the 
workers were not taking spectra of the same entities, 
both may be correct in their interpretations.

Because of the much higher hydrogen contents of 
decationated zeolites (Table I), the OH vibrations 
from these samples were easily detected. The posi
tions of the bands are included in Table II, where the 
assignments of all bands evidenced in the present work 
are summarized.

The decationation process was clarified by the data 
contained in Figures 1—3. When the NH4+ form of a

Figure 1. Development of OH stretching bands as a Y-type 
NH4+ zeolite is decationated by evacuation 
at increasing temperatures.

Figure 2. Elimination of NH stretching bands as a Y-type 
zeolite is decationated; all three are NH4 +, n  bands.

(14) J. B. Peri, Actes. Congr. Intern. Catalyse, 2e, Paris, 1960, 1, 
1333 (1961).
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Figure 3. Elimination of NH bending modes as a 
Y-type zeolite is decationated.

cm.-1 band had completely disappeared in the X-type 
sieves at 490°, whereas in the Y-type, it was still 
present, although weak, after evacuation at 555°. 
This may be considered as another indication of the 
greater stability of the Y-, as compared with the X - 
type, sieve.

Table III lists the OH frequencies observed for 
samples from which increasing amounts of Na+ had 
been removed. The per cent dehydroxylation at 520° 
was evaluated from the infrared data by comparing the 
absorbance at 3660 cm.-1 to its maximum value de
termined for the same sample at 290°. The values are 
consistent with the dehydroxylation figures listed in 
Table I and confirm earlier considerations concerning 
the relative stabilities of the X - and Y-type zeolites.

Table III : Effect of Degree of Decatenation on OH 
Stretching Frequencies

Zeolite
% decaten

ation OH stretching frequency
Relative

intensity“

X  (NHU I) 46.4 3660 3605
X  (NH4+ II) 55.6 3660 36406 3605 30.7
X  (NH4+ III) 67.4 3660 3570 17.5
X  (NH.+ IV) 83 3660 3570 5.2
Y  (NH4+) 80 3660 3570 43.0

“ This is the intensity of the 3660-cm.-1 band after outgassing 
at 520°, expressed in percentage of the maximum intensity ob
served at 290°. s Shoulder.

The spectra from unheated NH4+ sieves contained 
bands at 3423, 3200, and 2990 cm.-1 in the stretching 
region (Figure 2) and at 1435, 1485 or 1505, and 1680 
cm.-1 in the bending region (Figure 3). As shown 
elsewhere,16 all of these bands may be attributed to

NH4+ ions. Although the band at 1680 cm.-1 is 
close to the H30 +  bending frequency, it cannot be 
attributed to this species because it could be restored 
by chemisorption of NH3 (dashed line, Figure 3). 
No important difference between X - and Y-type zeolites 
was found. Evacuation at 290° was sufficient to 
eliminate the NH4+ bands. The OH bands reached 
their maximum intensity at this same temperature and 
tended to diminish at higher temperatures. At 500° 
and above, a very weak band appeared near 3750 
cm.-1 which was attributable to isolated SiOH. This 
may possibly be due to a small amount of decomposi
tion. Figures 2 and 3 also show that the NH4+ ion 
was regenerated when the sample was contacted with 
gaseous NH3, i.e., that the decatenation was re
versible.

The results from a more detailed study of the changes 
which occur on readsorption of NH3 or NH3 +  H20  
on decationated Y-type zeolites are contained in Figures 
4 and 5. In the stretching region, the intensity of the 
OH bands decreased proportionally with the amount of 
NH3 adsorbed; they finally disappeared completely. 
Simultaneously, bands corresponding to NH4+ ap
peared in both the stretching and the bending regions. 
In the stretching region, the sharp band at 3423 cpi.~1 
appeared first; this was followed by the broader bands 
at 2990 and 3200 cm.-1. In the bending region, the 
1435- and 1485-cm.-1 bands were clearly resolved and 
the band at 1680 cm.-1 also appeared. Curves 1-4 
of Figures 4 and 5 correspond to spectra taken after 0, 
1, 2, and 3 doses of 15 gmoles of NH3 were added at

Figure 4. Spectral changes on readsorption of NH3 or NH3 +  
H20  on a decationated Y-type zeolite after evacuation 
at 415°: stretching region.

(15) J. B. Uytterhoeven and W. K. Hall, to be published.
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Figure 5. Spectral changed on readsorption of NH3 or 
NH3 +  H20  on a decationated Y-type zeolite after 
evacuation at 415°: bending region.

room temperature to a film weighing 8 mg. which was 
about 80% decationated. Since each dose was equiva
lent to 12 X 1020 NH3/g ., the spectral results are seen 
to be in excellent agreement with the residual hydrogen 
associated with the decationated sites (the plate had 
been pretreated at 415°). The bands corresponding to 
Lewis-bonded NH3 were not observed with samples 
pretreated at temperatures lower than 300° but were 
evident with samples heated at temperatures where 
extensive dehydroxylation occurred. Thus, the shoul
der at 3320 cm.“ 1 on curves 4 and 5 of Figure 4 is 
indicative of this species. The addition of H2O 
on top of chemisorbed NH3 (curve 5) resulted in only 
minor changes. The NH4+ bands in the 2900-3300- 
and the 1450-1500-cm.“ 1 regions strengthened some
what and the twin band at 1640 and 1680 cm.-1 was 
merged by the superposition of the bending vibration 
from adsorbed H20  at about 1660 cm. ~1. The principal 
difference was the appearance of a new band at 3385 
cm.-1 which coincides with the v3 frequency of solid 
ammonia.

Figures 4 and 5 relate to the Y  (NH4+) zeolite, but 
the same behavior was followed with the X  zeolites 
provided that the pretreatment had not caused sub
stantial dehydroxylation. The principal difference 
was that the 1485-cm.“ 1 band was shifted to 1505 cm.“ 1 
in the case of the X  sieves. The mechanism of NH3 
adsorption was changed when samples were dehy- 
droxylated to an important extent. Figure 6 contains 
data for X  (NH4+ III) pretreated at 530°. In order 
to observe the same type of behavior for the Y  sieve, 
the sample had to be heated at 600°. When the 
platelet was contacted with 15 yumoles of NH3 (curves 
2 and B), the NH4+ bands at 3275 and 1475 cm.“ 1

F re q u e n c y , cm “ *

Figure 6. Spectral changes on readsorption of NH3 or 
NH3 +  H2O on a decationated X-type zeolite after 
evacuation at 530°.

appeared along with the bands for Lewis-bound NH3 
(at 3320 and 1630 cm.-1) . The 1680-cm._1 band, found 
for the Y-type sieves, was not evident but the v3 fre
quency of solid ammonia (3385 cm.-1) appeared 
strongly. Addition of 3 pmoles of H20  (curves 3 and 
C) resulted in an increase in the NH4+ bands at 3275 
and 1475 cm.“ 1 coupled with a concomitant decrease 
in the 1630-cm.“ 1 band of Lewis-bound NH3. Basila, 
et al.,u observed a similar transformation with silica- 
alumina when H20  was added. Similarly, Fripiat and 
co-workers16 reported the formation of NH4+ when 
NH3 was adsorbed on silica-alumina outgassed at low 
temperature. These observations differ markedly from 
those reported for alumina,17 where the OH groups re
mained essentially unaffected by the chemisorption of 
NH3. With this material, chemisorption appeared to 
involve the formation of additional OH and NH2 groups.

Basila13 noted a weak band at 1394 cm.-1, which ap
peared on dehydration of acidic silica-alumina. He 
tentatively assigned this to an AlO vibration, or over
tone, and supposed that it was related to the catalyti- 
cally active sites. No such band was found in the 
present work with the decationated zeolites, even 
though these materials are active cracking catalysts.

Discussion
The formation of structural OH groups on heating 

ammonium-exchanged zeolites is not surprising. WLen 
NH3 is released, the protons left to neutralize the nega
tive charge on the alumina tetrahedra can only be

(16) J. J. Fripiat, A. Leonard, S. Suzuki, and J. B. Uytterhoeven, 
J. Phys. Chem., in press.
(17) J. B. Peri, ibid., 69, 231 (1965).
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screened by reaction with lattice oxygen. The appear
ance of the OH stretching vibrations at 3570 and 3660 
cm.-1 indicates that the proton has attached itself to a 
particular oxygen rather than remaining freely mobile. 
This chemistry may be represented by eq. 1 and 2.

NH4+ H+
O O O  0 0 0

V /  \  /  V /  \  /
A1 /S i  — > NH3 +  A1 /S i  (1)

/ \ 0  \  / \  O \
0 0 0 0 0 0

0
H+
0 0 0 OH 0

V /  \  /  \  \  /
Al /S i Al /S i  (2)

/ \  0  \  / \  0  \
0 0 0 0 0 o

The right-hand member of eq. 1 represents a clas
sical Br0nsted acid. The absence of a broad in
frared band in the 2900-cm.-1 region suggests that this 
species is not present in substantial quantity at room 
temperature. Nevertheless, protons can be supplied 
through the equilibrium of eq. 2, on the approach of a 
strong base such as NH3. With a weaker base, the 
magnitude of the equilibrium constant may be critical 
and this will be a function of temperature. If the left- 
hand member of eq. 2 is an excited state of the right- 
hand member, i.e., the reaction is exothermic in the 
direction written, then the concentration of Br0nsted 
acid will increase with temperature. This factor 
should be considered in the treatment of the kinetics 
of hydrocarbon reactions.

When a structural hydroxyl group forms at a de- 
cationated site, the formal bond between aluminum 
and oxygen is broken. The question now arises as to 
whether this “ trigonal”  ahiminum can act as a Lewis 
acid. Examination of a model of the oxygen lattice 
revealed that the geometry would change slightly, if at 
all, when protons react with the lattice. Hence, 
ahiminum ions would not become accessible to the gas 
unless they passed through the planes of the remaining 
three oxygens of the original tetrahedra and reacted 
on the other side. There are three distinct locations 
for oxygen in the zeolite lattice, viz., on square faces, on 
hexagonal rings, and on bridges between cuboctahedra. 
When a hydroxyl group forms at one of the latter two, 
inversion of the aluminum ion would make it accessible 
only inside a cuboctahedron, from which all but very 
small molecules are excluded. At the third location, 
however, inversion would make an aluminum ion 
available to the gas inside of the large cavities. This

could act as a Lewis acid, but because the process of 
eq. 2 neutralizes the electrical charge on the lattice, this 
would not be a very strong site. Nevertheless, for this 
very reason such sites could be catalytically important.

The force constant of the OH bond of the deca- 
tionated zeolite is smaller than that observed for silica 
gel and for silica-alumina. For both of these materials, 
the frequency for isolated OH groups appeared at about 
3750 cm.-1.13 The lower frequency found for the zeo
lites (3660 cm.-1) suggests that there is considerable 
interaction between the hydroxyl oxygen and the adja
cent aluminum ion. This is consistent with the ready 
reversibility exhibited by the system. When the 
decationated zeolite is contacted with NH3, the NH4+ 
ion is reconstituted and the original tetrahedra re-form. 
The occurrence of a second OH band appearing at still 
lower frequency indicates that all of the OH groups do 
not have the same environment. As noted above, 
several distinct oxygen ion sites are present, but the 
available data do not permit a definite assignment. 
Although the infrared frequency is a notably poor 
indication of acid strength, it is of some interest that 
the OH frequencies from the carboxylic acids fall near 
those of this work, e.g., 3574 ±  3 for CH3COOH18’19 and 
3587 cm.-1 for CF3COOH20-22 in the gas phase.

The deamination reaction is not completely reversible 
when the sample has been partially dehydroxylated. 
In this case, a new kind of site is formed. The process 
may be pictured by

0  OH 0
\  \ /

2 A1 /S i — > H20  +
/ \  0 \

0  0  0

0 0 0 0 0
V /  \  /  \  /

A1 /S i +  A1 /S i+  (3)
/ \ 0  \  / \ 0 \

0 0  0  0  0  0

The data of Table I establish that most of the hydrogen 
introduced when the zeolite is decationated can be re
moved by evacuation above 500°; this was confirmed 
by the decreasing intensity of the OH stretching bands 
(Figure 1 and Table III). Evidently, H20  is lost 18 19 20 21 22

(18) S. Bratoz, D. Hadzi, and N. Sheppard, S p e c t r o c h i m .  A c t a ,  8, 
252 (1956).
(19) J. K. Wilmshurst, J .  C h e m .  P h y s . ,  25, 1171 (1956).
(20) N. Fuson, M. L. Josien, E. A. Jones, and J. R. Lawson, i b i d . ,  

20, 1627 (1952).
(21) R. E. Kagarise, i b i d . ,  27, 519 (1957).
(22) N. Fuson and M. L. Josien, J .  O p t .  S o c .  A m . ,  43, 1102 (1953).
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from pairs of decationated sites, reclosing one tetra
hedron while an oxygen atom is lost from the other. 
In this way, accessible trigonal aluminum is formed 
adjacent to trigonal silicon ions, the latter bearing a 
net positive charge which balances the negative charge 
of the reclosed alumina tetrahedra, elsewhere in the 
structure. Average Si coordination numbers less than
4.0 have been reported23 for alumina-rich silica-alumina 
catalysts after evacuation at elevated temperatures. 
This picture is also supported by the finding of Turke- 
vich and co-workers24 25 that one molecule of quinoline 
was capable of poisoning about two decationated sites. 
Dehydroxylation leads to the formation of extremely 
strong electrophilic sites (hereinafter called defect 
sites) which should be capable of abstracting hydride 
ions from triphenylmethane,26 removing electrons from 
polynuclear aromatic hydrocarbons,24'26’27 or strongly 
chemisorbing quinoline. Rabo, et al., 28 and Stamires 
and Turkevich26 visualized defect sites identical with 
these. They also supposed that the protons liberated 
when NHS was evolved would react with lattice oxygen. 
No spectra were presented, but it was stated28 that a 
new band appeared at 2.8 ¡x (3570 cm.-1) in decation
ated sieves. Stamires and Turkevich26 suggested that 
prior to dehydroxylation the “ protons form strong 
hydrogen bonds with the crystal lattice.”  We at
tribute the 3660-cm.-1 frequency to a nonhydrogen- 
bonded OH group, because a study of the model makes 
hydrogen bonding seem unlikely.

The ammonium ion cannot form on the defect sites 
because no hydrogen is available; NH3 must now be 
chemisorbed in a molecular form. Restated, the 
Brpnsted acid of eq. 1 and 2 has been converted to the 
Lewis acid of eq. 3. It was demonstrated (Figure 6) 
that addition of H20  to the Lewis-bound NH3 caused 
the N IL+ ion to re-form, i.e.

H
H H

\ /O O O O N 0
\ - / \ /  \  "  +/

H20  +  Al /S i  +  Al /S i
/ \ 0 \  / \ 0  \

0 0 0 0 0 0

0
n h 4+
0 0 0 OH 0

\ - / \ /  \  \ /
AI /S i  -f- Al /S i  (4)

/ \ 0  \  / \  0  \
O O O O O  0

Presumably, when triphenylamine is substituted for

NH3, the interaction with the defect sites is strong 
enough to cause ionization of the substrate to its radical 
ion.

In conclusion, it may be supposed that the active 
acid sites of silica-alumina catalysts are formed by 
analogous processes. The simultaneous presence of 
Lewis and Brpnsted sites on the same surface may be 
readily understood in these terms. There are, however, 
a very much larger number of OH groups required to 
terminate the silica-alumina surface than to terminate 
the giant molecule crystals of the zeolites. For this 
reason, the SiOH groups not adjacent to aluminum pre
dominate and generate the 3750-cm.-1 band. Brpnsted 
sites, when present, make up only a very small portion 
of the surface hydroxyl groups as has been pointed 
out previously.6’7 Finally, this difference suggests that 
the silica-alumina surface resembles the broken crystal 
faces of the zeolites. Here conventional Lewis acid 
sites (three coordinated aluminum ions) may exist 
because the proton freed when NH3 is evolved can 
react with the Al-OH to form H20.
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Appendix

Zeolites, being crystalline aluminum silicates which 
have no structural hydroxyl groups, should contain 
no hydrogen except at the crystal faces where they are 
required to terminate the giant molecule crystals. 
Thus, the hydrogen held by these materials should vary 
inversely with crystal size. The problem is to estab
lish a quantitative relationship between these variables.

(23) A. Leonard, S. Suzuki, J. J. Fripiat, and C. DeKimpe, J. Phys. 
Chem., 68, 2608 (1964).
(24) J. Turkevich, F. Nozaki, and D. N. Stamires, 3rd International 
Congress on Catalysis, Amsterdam, 1964, Preprint No. I. 33.
(25) H. P. Leftin and W. K. Hall, Actes Congr. Intern. Catalyse, 2e, 
Paris, I960, 1, 1353 (1961).
(26) D. N. Stamires and J. Turkevich, J. Am. Chem. Soc., 86, 749 
(1964).
(27) W. K. Hall, J. Catalysis, 1, 53 (1962).
(28) J. A. Rabo, P. E. Pickert, E>. N. Stamires, and J. E. Boyle, 
Actes Congr. Intern. Catalyse, %e, Paris, 1960, 2, 2055 (1961).
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The equation derived may depend somewhat on the 
model used.

The structure of the X - and Y-type zeolites is a 
cubic (diamond) lattice of cuboctahedra. Each cuboc- 
tahedron has eight hexagonal faces and six square faces 
and is itself composed of elemental tetrahedra of 
Si02 and A102". Each cuboctahedron is joined to 
four others in tetrahedral symmetry.

A  single cuboctahedron has 24 corners, each having a 
residual valence bond to be saturated by a hydroxyl 
group. The cuboctahedra are joined through the hex
agonal faces, each of which has six OH groups. Thus, 
when two cuboctahedra are linked together, 12 less 
hydroxyls are required. For N tetrahedra combined 
with J junctures, the number of hydroxyl groups re
quired to terminate the particle, F(OH), will be given
by

F(OH) =  24V -  12,7 (I)

and the number of hydroxyl groups per cuboctahedron
is

/(OH ) =  12(2 -  J/N) (II)

Figure 7 depicts the model used to evaluate N  and J 
for a crystal of linear dimension x. It was supposed 
that the crystal would grow in three dimensions at 
about equal rates and that rings would close wherever 
possible. The problem was simplified by considering 
the crystal to be constructed of h sheets of puckered, 
closed rings, there being h of these in each direction. 
Figure 7a shows a single sheet for h =  3, whereas 
Figure 7b indicates the points at which this single sheet 
would be joined to the one above it. Each comer of a 
hexagon represents the position of a cuboctahedron 
and each side the juncture between two cuboctahedra. 
By letting h take on integral values and by constructing 
models similar to those shown in the figure, an orderly 
sequence was established, the general term of which 
was given by

N =  2 h\h +  2) (III)

a b

Figure 7. Model used to calculate terminal hydrogen content: 
comers are cuboctahedra and lines are junctures.

number of junctures in the h separated sheets, i.e.

hjB =  3hs +  4iV -  h (IV)

The product, hjB, is not equal to J because it does not 
include the number of junctions between the sheets, 
ji, which must be added. The three-dimensional zeo
lite structure is generated by displacing corresponding 
points in one layer one-half hexagon length in one 
direction from the layer below it; i.e., a line drawn 
through aa' (Figure 7a) coincides with bb ' of the layer 
below; a third layer will coincide with the first. From 
these considerations, it can be shown with the help of 
Figure 7b that there are h terms equal to h +  1 be
tween the sheets. Since there are h — 1 spacings 
between h sheets

ji = h(h +  1 )(h — l) = hs — h (V)

Equations IV and V can be combined to give the total 
number of junctions per particle, i.e.

J = hje +  ^  =  W  +  4/F -  2h (VI)

Combining eq. II, III, and VI yields

2h2 +  2h -  1'
/(OH) =  12(2 -  J/N) =  12 2 -

W +  2 h
(VII)

From the crystal structure data published by Bauer,29 
it was estimated that

a; =  1.67 X 1C) -7h cm. (VIII)

where x is the linear dimension of a regular paral
lelepiped and describes the particle size.

In a similar way, a sequence was established for the (29) W. H. Bauer, Am. Mineralogist, 49, 697 (1964).
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On the Interaction of Triphenylamine with 

Iodine and with Silica-Alumina Catalysts

by Francis R. Dollish and W. Keith Hall

Mellon Institute, Pittsburgh, Pennsylvania 
(Received December 12, 1964)

Stamires and Turkevich,1 in their investigation of the 
paramagnetic resonance of the triphenylamine-iodine 
complex in solution, found that the e.p.r. absorption 
had a hyperfine structure consisting of five lines with a 
splitting constant of 6.0 gauss. This hyperfine struc
ture was attributed to the formation of a bimolecular 
triphenylamine radical ion [(C6H5)3N :-N (C 6H5)3]+. 
However, the work of Hasegawa2 on the optical spectra 
of aromatic tertiary amines on acid clay and some of 
our unpublished data on the optical and e.p.r. spectra 
of triphenylamine on silica-alumina catalysts suggested 
that the radical ion responsible for this spectrum was 
the semiquinone of tetraphenylbenzidine. Lewis and 
Lipkin3 pointed out, many years ago, that the para- 
hydrogens of the triphenylamine cation radical are 
exceedingly reactive.

Hasegawa found that the optical spectra of tri
phenylamine on acid clay consisted of three bands 
located at 480, 580, and 678 m/r; Hall4 reported similar 
bands at 485 and 660 m/t for this substrate on silica- 
alumina. From comparison with the spectra of tri-p- 
tolylamine and tetraphenylbenzidine on acid clay, the 
bands at 580 and 678 m/r were assigned2 to the tri
phenylamine radical ion and that at 480 npt to the 
radical ion of tetraphenylbenzidine. It is the purpose 
of this note to show that similar chemistry occurs with 
iodine and with silica-alumina.

Experimental
Procedures for the preparation of catalyst samples for 

e.p.r. and optical study were given earlier.4 American 
Cyanamid Co. Aerocat (AAA) cracking catalyst (22.1% 
A120 3, surface area 450 m.2/g .) was used. Prepara
tions of triphenylamine and N,N,N',N'-tetraphenyl- 
benzidine complexes with iodine were made according 
to the procedures of Stamires and Turkevich.1 The 
tetraphenylbenzidine was kindly furnished by Mr. 
Charles Plantz of the Mine Safety Appliances Co. The 
triphenylamine was 99.99% pure when analyzed by 
gas-liquid chromatography. All samples were evacu
ated before use.

Optical spectra were recorded on a Cary Model 14

spectrophotometer using thin platelets (100 mg.) of 
catalyst, immersed in 10 ml. of 1.4 X 10 ~AM  triphenyl
amine in isooctane.

For e.p.r. work, 1.5 g. of the catalyst (burned in 0 2 for 
24 hr. at 540° and then evacuated for 24 hr. at the same 
temperature) was contacted with 10 ml. of 0.12 M  tri
phenylamine in benzene. After transfer of the reagent 
onto the catalyst surface, the benzene was removed us
ing an ice bath, then a liquid nitrogen bath, before 
sealing from the sample under vacuum.

E.p.r. measurements were carried out with a Varian 
X-band spectrometer (Model V4500) with the micro- 
wave bridge in the low power configuration and the 
magnetic field modulated at 100 kc./sec.

Results and Discussion
Figure 1A illustrates the course of reaction of tri

phenylamine adsorbed from an isooctane solution onto 
an optical platelet of silica-alumina. Immediately 
upon contact, a band developed at 660 m^ due to the 
triphenylamine radical ion. After several hours, 
however, the band observed by Hasegawa for the semi
quinone of tetraphenylbenzidine appeared at 485 myu; 
after 24 hr. this became the predominant species pres
ent.

An investigation of the paramagnetic resonance of 
triphenylamine on this silica-alumina catalyst at a 
nominal coverage of 4.8 X  1020 molecules/g. (1 X  1014 
molecules/cm.2) showed that immediately upon contact 
the concentration of free radicals on the dark blue cata
lyst was 7.2 X  1017 spins/g. The catalyst rapidly turned 
fight orange in color (~15 min.), and after 24 hr. the 
spin concentration decreased to 3.9 X 1017 spins/g. It

Figure 1. Triphenylamine adsorbed on silica-alumina catalyst.

(1) D. N. Stamires and J. Turkevich, J. Am. Chem. Soc., 85, 2557 
(1963).
(2) H. Hasegawa, J. Phys. Chem., 66, 834 (1962).
(3) G. N. Lewis and D. Lipkin, J. Am. Chem. Soc., 64, 2801 (1942).
(4) W. K. Hall, J. Catalysis, 1, 53 (1962).
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Table I : Paramagnetic Complexes with Iodine“

Reagent Spins/g. Hyperfine pattern5 6

A. In solid state (mole ratio of amine/iodine = 0.01)
Triphenylamine 2 4 .7 X 1 0 16 Three lines with splitting of 13.06 gauss
NjNiN'jN'-Tetraphenylbenzidine 4.3 X 1016 One Lorentzian line of width at half-height of 13.94 gauss

B. In chloroform solution (0.05 M  amine +  0.05 M  B)“
Triphenylamine 1 . 8 X 1 0 16 Five lines with splitting of 4.736 gauss
N,N,N',N'-Tetraphenylbenzidiiie 2.6 X 10“  Five lines with splitting of 4.736 gauss

“ All spin concentrations were measured at ambient temperature at the end of a 24-hr. reaction time. 6 Determined in a dual cavity 
with hydroquinone in alkaline ethanol (oH = 2.368 ±  0.001 gauss) as reference. c Solutions degassed by repeated freezing and pumping 
immediately after mixing. The spin concentrations in CHC13 were converted from spins/cc. to spins/g. using the density of CHC13 at 
20° (1.489 g./cc.) as the conversion factor.

is therefore evident that the radicals formed initially un
dergo further transformations. The hyperfine pattern 
observed with this (24-hr.) sample (Figure IB) consists 
of the superposition of two signals; one arises from the 
triplet splitting (14-15 gauss) due to the nitrogen-14 
nucleus in the triphenylamine radical ion. The other, 
an unresolved gaussian signal with a width at half
height of about 13 gauss, is due to the unresolved 
quintet of lines expected for the equal interaction of an 
electron with the two equivalent nitrogens in the tetra- 
phenylbenzidine radical ion. Thus, the optical and 
e.p.r. study of triphenylamine on silica-alumina cat
alyst confirms the reactivity of the triphenylamine 
radical ion and the presence of two paramagnetic 
species on the catalyst surface.

The results of the e.p.r. study of the complexes of 
triphenylamine and tetraphenylbenzidine with iodine, 
both in the solid state and in chloroform solution, are 
summarized in Table I. In the solid state, triphenyl
amine yielded six times as many radical ions as tetra
phenylbenzidine, under identical conditions. The hy
perfine pattern of the triphenylamine complex con
sisted of only the triplet splitting due to one nitrogen 
nucleus. Hence, the conversion of the triphenylamine 
radical ion to tetraphenylbenzidine in the solid complex 
at room temperature is small compared with the total 
number of radicals initially formed. However, the 
presence of a few per cent of the tetraphenylbenzidine 
may account for the deviation from the Curie law above 
200°K. observed by Stamires and Turkevich for the 
triphenylamine-iodine complex in the solid state. We 
were unable to reproduce the reported1 superhyperfine 
structure of eleven lines superimposed upon each of the 
nitrogen triplet lines with either triphenylamine- or 
tetraphenylbenzidine-iodine complexes.

In chloroform solution, the complexes of these 
amines with iodine (Table IB) gave concentrations of 
radical ions of the same order of magnitude and the

A .  0 .1  M  I 2 + 0 . 0 2 M  (C6H 5 )3 N  IN  C H C I ,  V S .  

H Y D R O Q U IN O N E  {a H= 2 .3 6 8  G A U S S )  -
B .  0 .1 M  I 2 + 0 . 0 2 M ( C 6H 5)2N C 6H 4C 6H , N ( C 6H 5)2 

IN  C H C I 3

Figure 2. Paramagnetic complexes of triphenylamine and 
tetraphenylbenzidine with iodine in chloroform.

same hyperfine pattern (Figure 2). Because of the 
high concentrations of reagents needed to give an un
saturated signal with a good signal to noise ratio, this 
hyperfine pattern evidences concentration broadening 
but is otherwise similar to that given in Stamires and 
Turkevich’s Figure 5. The quintet hyperfine pattern 
is characteristic of radical ions with an unpaired elec
tron equally coupled to two nitrogen atoms and has a 
hyperfine splitting of 4.736 gauss, as determined by com
parison with hydroquinone in a dual cavity (Figure 2A). 
Stamires and Turkevich report a value of 6.0 gauss for 
this hyperfine splitting. Similar splittings have been 
observed for the radical ions of p-phenylenediamine 
(&N = 5.29 gauss)5 and N ,N, N ', Ntetramethyl-p- 
phenylenediamine (on =  6.99).6 If the paramagnetic 
species responsible for the hyperfine structure were the 
bimolecular triphenylamine radical ion proposed by 
Stamires and Turkevich1 with coupling through the 
nitrogen nuclei, then the quintet structure would be

(5) M. T. MelcMor and A. H. Maki, J. Chem. Phys., 34, 471 (1961).
(6) J. R. Bolton, A. Carrington, and J. dos Santos-Veiga, Mol. 
Phys., 5, 615 (1962).
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expected to have a coupling constant close to 10 gauss, 
as is found in l,l-diphenyl-2-picrylhydrazyl.

The use of triphenylamine as a typical electron 
donor for various donor-acceptor reactions is often 
complicated by the fact that the triphenylamine radical 
ions initially formed undergo subsequent reaction to 
form tetraphenylbenzidine radical ions. Two hydro
gen atoms are removed in the coupling reaction; with 
silica-alumina, it is probable that PI20  is formed and 
with I2, HI, i.e., 2(C6H5)3N +  Cat-0 (or I2) (C6HB)2-
NC6H4-C 6H4N(C6H5)2 +  H20  (or 2HI). This is rem
iniscent of Rooney and Pink’s observation7 that the 
perylene radical ion formed spontaneously when silica- 
alumina was contacted with 1,1 '-binaphthyl at 200° . It 
was found that a 15-min. aeration of the triphenylamine- 
iodine solution before evacuation increased the con
centration of paramagnetic species by a factor of 2. 
This effect of oxygen emphasizes the similarity in be
havior of triphenylamine on silica-alumina catalysts 
and in iodine solutions.

Acknowledgment. This work was sponsored by the 
Gulf Research and Development Company as part of 
the research program of the Multiple Fellowship on 
Petroleum.

(7) J. J. Rooney and R. C. Pink, Trans. Faraday Soc., 58, 1632
(1962).

Radical Intermediates in the Mercury (3P)

Photosensitized Decomposition of

Cyclopropane1 a

by Richard A. Holroydlb and George W. Klein

Radiation Research Laboratories, Mellon Institute, Pittsburgh, 
Pennsylvania (.Received January 9, 1965)

Although several studies2-4 have been made of the 
mercury (3 4 5P) photosensitized decomposition of cyclo
propane, it has not been conclusively established what 
radical intermediates are formed hi the quenching 
process. In addition, there appears to be some dis
agreement as to the mechanism of polymer formation. 
A review describing some of the unique aspects of this 
sensitization has recently been published.6 In an 
investigation of the nature of the polymer it was shown 
that olefins such as 1,5-hexadiene formed by dimeriza
tion of C3H6 radicals (either cyclopropyl or allyl) 
play a major role in the condensation reactions.2 
The addition reaction of trimethylene diradicals to

unsaturates appears to be an important step in polymer 
formation. Gunning, et ah,3a observed that allyl 
chloride and n-propyl chloride are formed if carbon 
tetrachloride is present, indicating allyl and n-propyl 
radical intermediates. They propose, however, on the 
basis of the long induction periods observed in pure 
cyclopropane, that initially cyclopropyl radicals are 
formed in the quenching reaction. The work of Set- 
ser, et ah,4 * shows that a major quenching process is 
cis-trans isomerization which increases in importance 
with pressure. Since exchange does not occur, this 
reaction apparently proceeds via an excited state.

In an attempt to establish the identity of the inter
mediate radicals in the photosensitization, a prelimi
nary investigation has been made utilizing the UC2H6 
radical sampling technique.6 * * * In this technique 14 1 2C2HB 
radicals (generated in situ from hydrogen atom ad
dition to 14C2H4) react with the radical intermediates 
and form (reaction A) labeled hydrocarbons which 
characterize the initial radical species.

Ri +  14C2H6 —> R i14C2H6 (A)
— ►  14C2H6 +  R i(-H ) (B)
—*■  14C2H4 +  R ;H (BO

This method is especially advantageous for use in cyclo
propane since the 14C2H4 which is added serves a secon
dary purpose in minimizing complications arising from 
hydrogen atom addition to the other olefins formed in 
the sensitization.

Experimental
The details of the experimental method have been 

described elsewhere.6 Matheson cyclopropane was 
purified by gas chromatography using a 4.5-m. column 
packed with silicone grease on Celite. This procedure 
was necessary to eliminate propylene as a principal 
impurity in the cyclopropane. Propylene seems to have 
been effectively removed since isopentane-14C which 
would be formed from the isopropyl radicals produced 
by the addition of hydrogen atoms to the propylene was

(1) (a) Supported in part by the Atomic Energy Commission; (b) 
Atomics International, Canoga Park, Calif.
(2) K. J. Ivin, J. Chem. Soc., 2241 (1956).
(3) (a) H. W. Ford, P. J. Kozak, and H. E. Gunning, Abstracts of the 
137th National Meeting of the American Chemical Society, Cleve
land, Ohio, April 1960; (b) H. W. Ford, Ph.D. Thesis, Illinois In
stitute of Technology, 1953.
(4) D. W. Setser, R. S. Rabinoviteh, and E. G. Spittler, J. Chem. 
Phys., 35, 1840 (1961).
(5) R. J. Cvetanovic, “ Progress in Reaction Kinetics,’’ Vol. 2, G. 
Porter, Ed., Pergamon Press, Inc., New York, N. Y ., 1964, pp. 83, 
84.
(6) R. A. Holroyd and G. W. Klein, J. Phys. Chem., 67, 2273 (1963).
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Table I : Cyclopropane“

-Bate, nmole/sec.-
Time,
min.

(“ C2H4), 
/¿moles/l.

(c-CaHe)
(>4CjH<) 14C2He MCiHlG6 l - 14CeHio

Ethyl-14C-
cyclo-CsHe

3-Methyl-
hexane-14C X e

iallyl
■ÎHCjHj «nc,Hs

3 12.4 504 0.189 0.435 0.020 0.020 0.020 1.08 0.22
10 1 1 .0 610 0.045 0.145 0.310 0.019 0.040 0.042 0.99 0.17
10 5.6 1100 0.049 0.109 0.246 0.035 0.045 0.048 1.07 0.15
3 4.2 1450 0.140 0.322 0.025 0.038 0.047 1.10 0.18

° Reaction conditions: temperature 25°; quartz cell volume 220 cc.; low pressure mercury arc used, 1849 A. excluded with a Corning 
7910 filter. b Calculated on the assumption that the specific activity of the butane is twice that of the other products. ‘  On the 
basis of the retention time on the silicone column used, product X  is most likely 5-methylheptene-l.

not detected. Mass spectral analysis revealed no 
major impurity to be present.

To determine the light intensity at 2537 A., cyclo
propane, for which $h =  0.8,7 was used as an actinom- 
eter. The absorbed light intensity was approximately 
4 X 10-9 einstein/sec.

Results
In the mercury-photosensitized decomposition of 

cyclopropane with 14C2H4 present (at ~ 1 0 ~3 mole frac
tion), six carbon-14 labeled products are observed 
(Table I). The most important products are 1- 
pentene and m-butane, indicating that the predominant 
radical intermediates present are allyl and 14C2H5. 
Butane-14C and ethane-14C are formed by combination 
and disproportionation of 14C2H5 radicals. The ob
servation of these products demonstrates that hydrogen 
atoms are present to generate the 14C2H6 radicals via 
reaction 1. The fact that the ratio 14C2H6 : 14C4Hi0

H +  14C2H4 — > 14C2H6 (1)

exceeds 0.12 is interpreted to mean that reaction 2

H +  14C2H6 14C2H6 (2)

is occurring to a small extent.
The yield of 14C2H5 radicals as given in the final 

column of Table I is defined as the total yield of labeled 
hydrocarbons (see ref. 6). From the observed values 
of <£i4c2Ht a lower limit of 4>h =  0.22 may be derived. 
The yield of allyl is also close to 0.22 under our condi
tions (assuming complete quenching by the cyclopro
pane) since the ratio of ^aiiyi/^nc,®8 is nearly unity. 
Three other labeled products were observed, all formed 
at a much reduced rate. These were ethylcyclopro- 
pane, 3-methylhexane, and a product (X) believed to be 
5-methyl-l-heptene on the basis of its retention time. 
The average value of the ratio of yields of ethylcyclo- 
propane-14C/l-pentene-14C is 0.08, i.e., approximately 
7% of the C3 radicals observed are cyclopropyl. It is 
assumed here that disproportionation (reactions B

and B ') for cyclopropyl radicals is negligible. The actual 
yield of cyclopropyl radicals will be larger than reported 
to the extent that disproportionation occurs. The 
fact that the yield of hydrogen atoms is approximately 
equal to the yield of allyl radicals (Table I, column 10) 
shows that no significant yield of C3H5 radicals was un
detected.

Discussion

The results presented here show that allyl radicals 
are the predominant radical species present. This 
could mean that allyl radicals and a hydrogen atom 
are formed in the dissociative quenching reaction. 
However, this view is inconsistent with the observa
tion by Ford8b of long induction periods in the sensi
tization during which no observable reaction occurred.

An alternate explanation is that cyclopropane, in 
quenching excited mercury (3P) atoms, loses a hydrogen 
atom and a cyclopropyl radical is formed.9 * * * With the 
ethyl-14C radical sampling method cyclopropyl radicals 
should then combine with 14C2H6 radicals. However, 
if the cyclopropyl radical may also isomerize thermally 
to allyl (reaction 3), the relative yields of these two

c-C3H6 — >  allyl (3)

radicals would necessarily be dependent on the 14C2H6 
radical concentration (and consequently on the light 
intensity) because of competition of reaction 3 with the 
combination of cyclopropyl and 14C2H6 radicals. The 
light intensity employed in this study was low (~ 4  X

(7) R. L. Stock and H. E. Gunning, Can. J. Chem., 38, 2295 (1960).
(8) This ratio of yields is derived from the relationship

<t>aiiyi _  l-pentene-14C 
<#>14o,Ht 2(1.12) butane-14C

that is, the ratio of radical yields is given by the ratio of corresponding 
yields of labeled hydrocarbons adjusted for disproportionation (see 
ref. 6). (B/A for ethyl plus allyl radicals is assumed to be zero.)
(9) Most other saturated hydrocarbons (including cycloalkanes) lose
a hydrogen atom in quenching Hg (SP) atoms and carbon-carbon bond
scission does not occur. See, e.g., ref. 6 and 7 and D. W. Beck, D. V.
Kniebes, and H. E. Gunning, J. C h e m .  P h y s . ,  22, 672 (1954).
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10-9 einstein/sec.). If it is assumed that the cyclo
propyl radicals observed in this study are formed, at 
least in part, by the quenching reaction and that reaction 
3 occurs, then it follows that at greater absorbed light 
intensities a larger proportion of the cyclopropyl radi
cals should be scavenged. Further studies along these 
lines will be necessary to prove if this is indeed the 
mechanism of allyl radical formation.

The results with added 14C2H4 also provide insight 
into the mechanism of formation of high molecular 
weight products.10 It is suggested that the observed 
labeled 3-methylhexane and 5-methyl-l-heptene (Table
I) are formed by secondary reactions in which hydrogen 
atoms add to the major olefmic products of the sensi
tization (l-pentene-14C and 1,5-hexadiene) forming 
radicals11 1 which combine with 14C2H6 radicals. These 
results suggest that the polymerization could occur by a 
series of reactions in which intermediate radicals, 
formed by hydrogen atom addition to olefin, combine 
with allyl radicals regenerating olefin which subsequently 
is attacked by a hydrogen atom, and the process is 
repeated.

Acknowledgment. The authors wish to thank Dr. 
Hadley Ford for lending us his Ph.D. thesis and for 
his criticisms and suggestions during the preparation 
of this note.

(10) No analysis for polymer was made in this work; visual examina
tion of the cell afterward revealed no deposit.
(11) The radical formed by H-atom addition to 1,5-hexadiene could 
conceivably rearrange by adding intramolecularly to itself forming a 
3-methylcyclopentyl radical. This reaction may be the origin of the 
cyclopentane rings observed in the polymer.2

Electron Spin Resonance of 
Aliphatic Semiquinones

by E. Thomas Strom,

Socony Mobil Field Research Laboratory, Dallas, Texas, and 
Pioneering Research Division, U. S. Army Natick Laboratories,
Natick, Massachusetts,1

Glen A. Russell, and Robert D. Stephens

Department of Chemistry, Iowa State University, Ames, Iowa 
(Received January 28, 1965)

Characteristic colors have been observed when com
pounds of the formula ArCHOHCOAr react with 
base and oxygen.2 Michaelis and Fetcher3 suggested 
that these species were semiquinones of type I.

0~ 0
1 1 r (CH2) * ^

A r— C = C — A r  1
R - C = C — R  

1 ^ - C = C ^

•O
1

•0

1-o-o

I n I I I

The paramagnetic nature of these intermediates has 
since been demonstrated.4

One would not expect the corresponding aliphatic 
semiquinones (II and III) to be readily observed for 
two reasons: the absence of aromatic rings in which 
the electron can be delocalized, and the possibility of 
condensation reactions occurring in the basic media 
in which the radicals are usually generated. For 
example, it was found that the reduction of biacetyl 
with zinc in basic solution resulted in the formation of 
the corresponding p-benzosemiquinone.6 7

Recent work has shown that the radical anions of 
cyclic a-diketones (III),6 pivalil,6-8 isobutyril,8 and 
butyril,8 can be formed. Thus, delocalization in the 
•0—C = C — O-  system in II and III is sufficient to 
impart stability to the radical, and cyclization to the 
benzoquinone is not necessarily an unsurmountable 
problem.

We have found that ketones of the type (CH3- 
(CH2)„)2C = 0  readily oxidize in dimethyl sulfoxide 
(80%)-f-butyl alcohol (20% ) containing potassium f- 
butoxide to give yellow-green solutions containing 
semiquinones of type II. Smaller amounts of other 
radicals are also formed. For semiquinones with 
n =  2- 10, the spectra consist of a main quintet, a11 =
4.68 ±  0.05 gauss, due to interaction with the four 
/3-protons. Each peak of the quintet is split further 
from interaction with the four 7-protons, a3 4 5- =  0.22 
gauss. A  typical example is shown in Figure 1. In 
general, the 7-splitting was a quintet splitting except 
for n =  2 where the first, third, and fifth peaks of the 
main quintet were split into triplets and the second 
and fourth peaks into quartets or possibly sextets of 
which the wing peaks are not observed.

(1) At second address, on military leave of absence.
(2) E. Fischer, Ann., 211, 214 (1882); A. Hantzsch and W. H. 
Glower, Ber., 40, 1520 (1907).
(3) L. Michaelis and E. S. Fetcher, Jr., J. Am. Chem. Soc., 59, 
1246 (1937).
(4) B. Venkataraman and G. K. Fraenkel, Hid., 77, 2707 (1955); 
J. L. Ihrig and R. G. Caldwell, ibid., 78, 2097 (1956); G. A. Russell, 
E. G. Janzen and E. T. Strom, ibid., 84, 4155 (1962).
(5) M. Adams, M. S. Blois, Jr., and R. H. Sands, J. Chem. Phys., 
28, 774 (1958).
(6) G. A. Russell and E. T. Strom, J. Am. Chem. Soc., 86, 744 
(1964).
(7) G. R. Luckhurst and L. E. Orgel, Mol. Phys., 7, 297 (1963).
(8) H. C. Heller, J. Am. Chem. Soc., 86, 5346 (1964).
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Figure 1. (a) First derivative e.s.r. spectra of
ra-trideeane-6,7-dione radical anion; (b) second multiplet of 
(a) with expanded scale.

Methyl ketones (CH3COCH2R) do not form radical 
anions under these conditions. A  superior method for 
formation of radical anions of the type II even when R  
or R ' is methyl involves the reaction of the a-bromo- 
ketone with a basic dimethyl sulfoxide solution. By 
a modification of this procedure, the semiquinones 
can be formed directly from ketones. Bromination 
of the ketones (e.g., 2-butanone) in ¿-butyl alcohol 
containing potassium ¿-butoxide followed by dilution 
with dimethyl sulfoxide containing potassium ¿- 
butoxide forms II spontaneously. A  seven-line spec
trum, den,11 =  6.06 gauss, is observed for II, R = R ' = 
CH3, while for II, R  =  CH3, R / =  C2H5, the spectrum 
yields och3h =  5.96 and och2h =  4.97 gauss.

The spin densities at the carbonyl carbon atoms in 
the radical anions derived from ketones with n =  2- 10, 
as evaluated from the equation a/ 1 =  29.25pc,6'9 are
0.16. This is rather close to the spin density previously 
calculated [p =  0.12] for the carbonyl carbon atoms in 
cyclopentadecane-l,2-dione radical anion, wherein 
the conformation is frozen relative to spectrometer 
frequency.6’10 That there is not free rotation in the 
acyclic semiquinones is shown by the nonequivalence 
of acH3H and aCH2H noted above. Since Q c c h 3h  =  
Qcch2R/H m 58.5 cos2 6, where 9 is the time average 
dihedral angle between the carbonyl carbon pz orbital 
and the /3-carbon-hydrogen bond, it is possible to 
calculate relative values of 9 for the /3-carbon-hydrogen 
bonds via the equation aH =  Q cos2 0pc .6 Using

«chsh =  6.0 and och2h =  4.7 gauss yields cos 0_ch2- h/  
cos 0>ch—a =  1.13. Since 0_ch2- h would be expected 
to be >45°, cos 0_ch- h is > 51°; i.e., B / in R 'C H 2 = 
R  [formula II] has a preferred trans position relative 
to the carbon-oxygen bond. Using the value of 51° 
for d, the spin densities of the carbonyl carbon atoms in 
II with R  =  ethyl to ?i-undecyl are calculated to be 
Pc =  0.205.

Experimental
E.s.r. spectra were obtained with Varian Y-4502 and 

V-4500 spectrometers with 23- and 15-cm. magnets, 
respectively, and with 100-kc.p.s. field modulation. 
Dimethyl sulfoxide (Crown Zellerbach Corp.) was 
distilled from calcium hydride before use. Potas
sium ¿-butoxide was purchased from Alfa Inorganics, 
Inc., and from Mine Safety Appliance Corp. Com
mercially pure ketones were used without further 
treatment.

Solutions of the ketone or a-bromoketone (~0.10 M) 
in dimethyl sulfoxide (80%)-f-butyl alcohol (20% ) 
and in pure dimethyl sulfoxide were deoxygenated in 
the U-type mixing cell described previously11 and mixed 
with a solution of potassium ¿-butoxide in the ap
propriate solvent. In the case of oxygenation ex
periments, the cell was then opened to air for 10-20 
sec., and the oxidate was shaken down into a flat 
fused silica e.s.r. cell (“ aqueous sample cell” ) .12 9 10 11 12

(9) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 39, 2147 
(1963).
(10) Even though in some systems Qc- cbï® may be less than 29.25 
[C. deWaard and J. C. M. Henning, Phys. Letters, 4, 31 (1963);
C. A. McDowell and K. F. G. Paulus, Mol. Phys., 1, 541 (1963); 
B. L. Barton and G. K. Fraenkel, J. Chem. Phys., 41, 1455 (1964); 
E. T. Strom, G. A. Russell, and R. Konaka, ibid., in press], the 
indicated similarity would remain unchanged.
(11) G. A. Russell, E. G. Janzen, and E. T. Strom, J. Am. Chem. 
Soc., 86, 1807 (1964).
(12) This work was supported in part by a grant from the National 
Science Foundation.

The Electrostatic Forces within the Carbon 

Monoxide Molecule1

by Peter Politzer2

Department of Chemistry, Western Reserve University,
Cleveland, Ohio (.Received January 28, 1966)

This study was undertaken with the purpose of ob
taining more precise knowledge of the roles played by 
the various molecular orbitals of carbon monoxide. It 
was hoped that this would lead to a better understand-
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ing of the specific effects of the electrons in the indi
vidual orbitals upon the properties of the molecule, 
particularly the strength of the C -0  bond.

It was decided that the problem could best be ap
proached by making use of the Hellmann-Feynman 
theorem1 2 3 to calculate the forces exerted by the elec
trons in the individual molecular orbitals upon the 
carbon and the oxygen nuclei. Such calculations have 
been made by Bader and Jones for a number of other 
molecules,4 and their articles give a discussion of this 
application of the theorem.5-7

According to the Hellmann-Feynman theorem, the 
force along the molecular axis which is exerted by the 
electrons in a doubly occupied orbital <£; of a diatomic 
molecule upon its nucleus “ a”  of charge Z a is given by

Fi_a =  2Zae2/  ^ W i * d r  (1)
ra2 7

All calculations in this paper are in terms of coordi
nates with centers at the carbon and oxygen nuclei 
and positive z axes pointing toward each other. The 
angles d e  and 0o  are measured away from the respective 
z axes, and ra is the radial distance from nucleus a.

The “ best-atom” set of LCAO-SCF orbitals which 
has been determined for carbon monoxide by Ransil8 
was used in this work. The attraction of the electrons 
in each of these molecular orbitals for each nucleus in 
the molecule, as found by eq. 1, is given in Table I. 
(The individual integrals obtained when 4>; is squared 
were determined by means of published formulas.6’9) 
Owing to the manner in which the coordinate axes 
have been defined, a negative force indicates that the 
particular orbital is pulling that nucleus away from the 
other one.

Table I : Forces Exerted by the LCAO-SCF Molecular 
Orbitals of Carbon Monoxide upon the Carbon and 
Oxygen Nuclei

Molecular orbital
Force on oxygen 

nucleus, a.u.
Force on carbon 

nucleus, a.u.

l<r 0.3125 2.641
2cr 3.522 0.1231
3 <T 4.554 3.284
4 <r -4 .242 1.477
h e r 1.088 -1 .899
X tVx 1.058 1.722

1.058 1.722
Totals: 7.351 9.070

Now, according to the Hellmann-Feynman theorem, 
the net electronic attraction upon each of the two 
nuclei should be in the direction of the other and should

be exactly balanced by the repulsion between them since 
at equilibrium the resultant force upon each nucleus 
should be zero. The internuclear repulsion in this 
case is 10.560 a.u.10 So there are clearly large dis
crepancies between the net attractions, given in Table 
I as 7.351 and 9.070 a.u., and the repulsion, 10.560 a.u. 
One must conclude that the electron density predicted 
by the LCAO-SCF molecular orbitals is not a com
pletely satisfactory representation of the actual dis
tribution in the molecule. Bader and Jones reached 
similar conclusions for the HF, Li2, Be2, C2, N2. and F2 
molecules.4’6 It should be pointed out, however, that 
these discrepancies, in themselves, do not necessarily 
constitute a serious indictment of the LCAO-SCF 
molecular orbitals since the force calculations are ex
tremely sensitive to the exact form of the orbitals. 
Thus, slight inaccuracy in the predicted polarization 
would produce a large effect upon the forces.

In any case, the results which have been obtained 
provide a quantitative explanation of one of the inter
esting features of carbon monoxide. It is known ex
perimentally that the loss of an electron, to form CO+, 
leads to a decreased bond length and an increased vibra
tion frequency, implying that the C -0  bond is actually 
strengthened in this ionization process. The reason for 
this behavior is shown very clearly and directly by a 
consideration of the forces which are involved. From 
Ransil’s work it is known that the most energetic 
electrons, one of which is lost in ionization, are in the 
5o- molecular orbital and. furthermore, that this pair of 
electrons is concentrated near the carbon nucleus, 
symmetrically around the molecular axis but on the 
side away from the oxygen. In view of their position, 
it follows that these electrons must exert a large at
tractive force on the carbon nucleus and a much smaller 
one on the more distant oxygen. The effect then, 
since these electrons are predominantly on the outer 
side of the carbon nucleus, is to pull this nucleus away 
from the oxygen—to weaken the bond. These state
ments are fully supported by the data in Table I. The 
5o--electrons are seen to exert an attraction of —1.899

(1) This paper is taken from the Ph.D. dissertation of the author, 
Western Reserve University, 1964.
(2) Chemistry Department, Indiana University, Bloomington, Ind.
(3) R. P. Feynman, Phys. Rev., 56, 340 (1939).
(4) R. F. W. Bader, Can. J. Chem., 41, 2303 (1963).
(5) R. F. W. Bader and G. A. Jones, ibid., 39, 1253 (1961).
(6) R. F. W. Bader and G. A. Jones, ibid., 41, 586, 2251 (1963).
(7) R. F. W. Bader and G. A. Jones, J. Chem. Phys., 38, 2791 (1963).
(8) B. J. Ransil, Rev. Mod. Phys., 32, 245 (1960).
(9) S. Ehrenson and P. E. PMUipson, ibid., 34, 1224 (1961).
(10) This repulsive force is given by (6 X 8)/(2.1320)2, where 2.1320 
a.u. is the internuclear distance.
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a.u. upon the carbon and one of 1.088 a.u. upon the 
oxygen. Thus, there is a net force of —1.899 +  1.088 
=  —0.811 a.u. tending to separate the carbon from the 
oxygen. When one of these 5o--electrons is lost, as by 
ionization, the attractions upon both nuclei are de
creased by some fraction, and the excess pull upon the 
carbon is therefore also reduced. So the loss of one of 
the 5<r-electrons diminishes the weakening effect that 
these electrons have upon the C -0  bond and leaves be
hind a more strongly bound species.

The preceding discussion and the data in Table I 
should correct an important misconception: the be
lief that the carbon and oxygen lone-pair electrons in 
carbon monoxide are essentially nonbonding and have 
little direct influence on the strength of the C -0  bond. 
In reality, the effect of both electron pairs is to weaken 
the bond very definitely.

In general, the loss of an electron must be expected to 
cause a significant rearrangement of the other electrons 
in a molecule, so that the original orbitals will not be 
valid for the ion. However, in the particular case of the 
5o--electrons of carbon monoxide, it seemed worthwhile, in 
view of their rather isolated position, to consider the 
possibility that as a first approximation they could 
be treated as being essentially independent of the 
remaining electrons in the molecule and that the only 
fundamental effect of ionization was to reduce by one- 
half their excess pull upon the carbon. This is equiva
lent then to saying that in forming the CO+ ion, there 
is a force of 0.811/2 a.u. tending to push the carbon 
toward the oxygen and that the bond length therefore 
decreases until this force is balanced by the increased 
nuclear repulsion at the new, shorter distance. This is

expressed mathematically by 0.811/2 =  6 X  8 /d2 — 
6 X 8/(2.1320)2 where d is the internuclear distance in 
CO+. The result obtained is d =  2.09 a.u. Since the 
experimentally observed bond length of CO+ is 2.11
a.u.,11 the agreement between the calculated and the 
measured values is certainly very good (1.95% dif
ference). On the other hand, the error is of the same 
magnitude as the entire difference between CO and 
CO+, 2.13 — 2.11 a.u. In order to decide, therefore, 
whether or not the accuracy obtained is significant, the 
above procedure was repeated with some test orbitals 
occupying approximately the same spatial position in 
the molecule as the 5a, but differing in some details. It 
was found that the value of d can vary over quite a wide 
range—in one case it came out to be as low as 1.95 a.u. 
So the closeness of agreement which was obtained using 
the 5o--orbital does seem to be meaningful and suggests 
that as a first approximation the 5o--electrons of carbon 
monoxide may perhaps be treated as being essentially 
independent of the remaining electrons of the molecule.
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Discussion of an Apparent Violation of the 

Gibbs—Duhem Equation

Sir: Recently, Elliott, et al.,1 have concluded from re
sults of an isopiestic study that Raoult’s law is not 
approached as a limiting law in dilute solutions of gal
lium in cadmium at 775°K. The argument has been 
advanced that the solvent, cadmium, need not obey 
Raoult’s law even though the solute, gallium, follows 
Henry’s law at mole fractions of the order of 0.01. Such 
a state of affairs would represent a violation of the 
Gibbs-Duhem equation and, indirectly, of the laws of 
thermodynamics; hence it is inevitable that the results 
of Elliott, et al., will be thoroughly scrutinized to deter
mine whether the apparent anomaly has dealt a death 
blow to the laws of dilute solution.

It is well known that gallium forms double molecules 
in the solid phase2 3'8 and some of the properties of liquid 
gallium have been explained by assuming that the 
metal atoms self-associate.4 * * * Therefore, it is not impos
sible that the dimerization equilibrium 2Ga = Ga2 is 
important even in dilute solutions of gallium in cad
mium. To test this hypothesis, we have attempted to 
fit the activity data of Elliott, et al., by assuming vari
ous values for the dimerization constant, K 2. Figure 1

Figure 1. Dependence of cadmium activity 
on mole fraction at 775°K.

shows experimental values of cadmium activity, dcd, 
plotted against cadmium mole fraction, xa, as well as 
the calculated curves corresponding to selected values 
of Ki (in reciprocal mole fraction units). Values of K2

in the range of 20 to 25 fit the activity data nearly to 
within the authors’ stated limits of error.

Although it would be desirable to extend the study of 
Elliott, et al., to determine whether the dimerization 
hypothesis provides a suitable basis for explaining 
Ga-Cd activity data over a wide range of conditions, 
it appears that the data presently available do not pro
vide evidence that Raoult’s law is disobeyed as a limit
ing law. In treating colligative property data for 
dilute solutions, it is far more reasonable to attribute 
apparent deviations from Raoult’s law to solute associ
ation or dissociation than to presume failure of the laws 
of thermodynamics.

Acknowledgment. The authors thank the U. S. De
partment of the Interior, Office of Saline Water, for 
support of this research by Grant No. 14-01-0001-321.

(1) G. R. B. Elliott, J. F. Lemons, and H. S. Swofford, Jr., J. Phys. 
Chem., 69, 933 (1965).
(2) A. F. Wells, “ Structural Inorganic Chemistry,” 3rd Ed., Claren
don Press, Oxford, England, 1962, p. 974.
(3) “ International Tables for X-Ray Crystallography,” Vol. Ill, The 
Kynoch Press, Birmingham, England, p. 279.
(4) B. R. T. Frost, Progr. Metal Phys., 5, 96 (1954).

T he University of Oklahoma Shebhil D. Christian
N oeman, Oklahoma N orman F ogel

R eceived A pril 2, 1965

Reply to Discussion of an Apparent Violation

Sir: We appreciate the letter from Professors Chris
tian and Fogel. We believe that the questions which 
were raised in our paper need further work and discus
sion.

As Christian and Fogel point out, we have questioned 
whether certain thermodynamic relationships may be 
applied to real systems with the exact correlation of 
theory and reality which has been assumed. In the 
case of gallium-in-cadmium solutions, we asked whether 
the cadmium atoms next to a gallium atom in dilute 
solutions can be totally uninfluenced by the presence of 
the gallium atom when the gallium behavior is much 
affected by its cadmium neighbors. This conclusion is 
implied when one couples Raoult’s law for the solvent 
with Henry’s law for the solute as is required by the

of the Gibbs-Duhem Equation
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Duhem relationship. In answer, we find that our data 
and Predel’s1 fall on a curve of the form to be expected 
if the interaction between gallium and cadmium is 
mutual, each being somewhat repelled by the other (as 
compared with the interactions of the atoms in the pure 
liquids).

Christian and Fogel suggest that it would be more 
reasonable to explain our data as the result of gallium 
dimerization. In this treatment it is assumed that Ga 
and Ga2 molecules behave identically (colligative prop
erties) as far as the cadmium solvent is concerned. We 
agree that, in the absence of experimental solution 
studies, it would be reasonable to anticipate possible gal
lium dimerization in solution. In our judgment, the 
solution data contradict this conclusion, however. 
Kleppa2 uses first and second powers of the formal atom 
fraction (IVoa =  nGa, to ta l/(w qa total +  « c d )  where n refers 
to all the gallium or cadmium atoms added) to describe 
his heat of solution data to 15-20% gallium. Our data 
also are fitted using the formal atom fraction in first and 
second powers. The model suggested by Christian and 
Fogel requires that one turn to a different form, i.e., 
species fractions (3lGa2 = +  nGa. +  nCd), etc.,
where n refers to the molecules of a particular species) in 
seeking a relationship to describe the data.

We believe that our data cannot be described ade
quately with the dimerization treatment. Using our 
equation

Bed =  1 — 0.8561Wa 0.943W g*2

and considering the first nine points which are little 
influenced by differences in our results and Predel’s, 
we find a root-mean-square deviation of 0.00013 for the 
measured activities. The uncertainties which Christian 
and Fogel refer to are the individual datum uncer
tainties which are roughly twice as large. At the highest 
cadmium concentrations where our equation should be 
most accurate, the line of data and Christian and Fogel’s 
line are separated by about five times our r.m.s. devi
ation. With the exception of our outermost point, 
which we discussed as questionable in our paper, 
Christian and Fogel’s equation using K =  23 lies every
where above the data at the larger gallium concentra
tions and everywhere below the data at the smaller 
concentrations, and the difference appears to us to be 
significant.

In fairness to Christian and Fogel’s argument it 
should be pointed out that a different temperature bias 
(see Uncertainties in our paper) could lower the whole 
group of points while leaving their shape unchanged.

Perhaps such a shift could lead to a better fit on the 
dimerization assumption. However, the shape of the 
experimental curve is not one that could ever be fitted 
well on this assumption.

There is an erroneous statement in our paper which 
we found too late to correct and would like to correct at 
this time. Contrary to our statement, oxidation of the 
gallium before a run was started would alter the slope 
observed for the data. To rule out this possibility we 
must turn, first, to the close agreement among three 
groups of data, our two runs and Predel’s; and, second, 
to our scrupulous removal of oxygen from the container 
and cadmium and to the excellent metallic sheen of our 
original and final alloys: an oxidation and removal of 
14.4% (k =  0.856) of the gallium to a new phase in each 
case would have created obvious oxide particles or 
scum, both of which were absent.

While we like to think that our isopiestic balance 
data give the clearest published evidence supporting our 
limiting equation, one should not conclude that our 
data stand alone. As mentioned, the universal limiting 
Raoult’s law is hard to understand chemically. A 
literature survey,3 not complete but we believe repre
sentative, which we carried out showed little experi
mental support for Raoult’s law in dilute solutions if the 
deviations from Raoult’s law were large in the mid
regions. Such systems usually seemed to obey our 
equation, however. For ideal solutions our equation 
becomes Raoult’s law, of coruse.

We agree with Christian and Fogel that more gal
lium-cadmium data would be desirable. We considered 
undertaking another run, but concluded that measure
ments of other systems and with other techniques (e.g., 
e.m.f.) might be more informative. For example, linear 
negative deviations from Raoult’s law, if found, would 
exclude the association treatment and the atomic 
nature of the solute would exclude dissociation. In
complete vapor pressure measurements on N i-Cd and 
Cu-Cd solutions4 suggest that these systems do indeed 
have negative deviations.

(1) B. Predel, Z. Metallic., 49, 226 (1958).
(2) O. J. Kleppa, Acta Met., 6, 233 (1958).
(3) G. R. B. Elliott, J. F. Lemons, and H. S. Swofford, Jr., “ An 
Alternative Treatment of Solvent Activity in the Raoult’s Law 
Region. The Gallium-Cadmium System,” Los Alamos Scientific 
Laboratory Report LA-2997 (1964).
(4) D. R. Conant, G. R. B. Elliott, and J. F. Lemons, unpublished 
data.
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Electrical Conductance of Concentrated 
Aqueous Solutions and Molten Salts:
Correlation through Free Volume 
Transport Model

Sir: Following a successful correlation of electrical 
conductance data for nitrate melts,1 both glass-form
ing and otherwise, by means of the equation

A = A T ~1/2 exp(~h/(T -  T0)) (1)

(derived from the free volume transport model of 
Cohen and Turnbull,2 T0 being the temperature below 
which the liquid contains no free volume, A and k are 
constants), we have investigated the possibility of ex
tending this type of interpretation of transport phe
nomena to concentrated aqueous solutions. Such an 
extension is strongly suggested by reports that, e.g., 
hot M g(N 03)2-H 20  solutions, when sufficiently concen
trated, yield glassy solids on cooling.3’4

We have measured the electrical conductance of 
M g(N 0s)2-H20  solutions as a function of temperature 
and water content in the range M g:H 20  =  1:6 to 
1:2.9, and of molten Ca(N 03)2-4H20  as a function of 
temperature, and find eq. 1 is satisfied within ex
perimental error with the same limitations found in the 
case of the water-free Ca(N 03)2-K N 0 3 melts.1

The To values (theoretical glass transition tempera
tures) obtained are, not surprisingly, dependent on the 
charge concentration, ranging from 201 °K. for Ca- 
(N 03)2-4H20  to 244°K. for M g(N 03)2-2.9H20 ; cf. 
306-330 °K. for K N 0s-C a(N 03)2 glasses. The im
portant finding, however, is that one can predict T0 
for the 1:4 liquids,6 to within experimental error ( ±  5 ° ), 
from the T0 vs. cation charge-to-radius-ratio plot ob
tained experimentally for the water-free Ca(N03)2-  
K N 03 melts by making the reasonable assumption that 
the predominant cations in the liquid at this composi
tion are quasi-spherical M (H20 )42+ (M 2+ =  M g2+, 
Ca2+) species with effective radii (2rH2o +  rM!+). 
Furthermore, the constant k of eq. 1 for the aqueous 
nitrates is the same within experimental error as for 
the Ca (N 03) 2-K N 0 3 melts. Finally, plots of EK vs. 
T (e.y., Figure 6 (ii) of ref. 1) for the water-free eutectic 
melts Li, Na, K, N 0 36 and Na, K, N 02, N 0 3 form a 
natural extension to higher temperatures for EK vs. 
T plots of the aqueous melts of about the same T0 
value, thus linking the temperature dependence of 
conductance of the aqueous and nonaqueous glass
forming liquids and emphasizing the lack of distinc
tion between them.

Thus, despite some ambiguity arising from the treat
ment of M (H 20 )42+ species as spherical ions, these

observations strongly imply that both the electrical 
conductance behavior and the glass-forming ability of 
these solutions may best be interpreted by regarding 
the aqueous melts as molten salts of large (i.e., weak 
field) cations.

This appears to be a fruitful concept, as it leads one 
to predict tetrahedral NiCl42~ complexes in, e.g., hot 
(100-150°) highly concentrated MgCl2 solutions by 
analogy with NiCl42- in molten CsCl.7 The existence 
of these complexes, previously unobserved in aqueous 
systems, is readily demonstrated by test tube experi
ments and has now been verified by spectroscopic 
methods.8’9

The free volume approach offers an interpretation of 
both the temperature dependence of liquid transport 
properties and the phenomenon of glass formation, and, 
as glass-forming ability is apparently quite common 
among concentrated aqueous solutions, this approach 
may provide a useful new view of concentrated elec
trolyte solutions in general.

(1) C. A. Angell, J. Phys. Chem., 64, 218, 1917 (1964).
(2) M. H. Cohen and D. Turnbull, J. Chem. Phys., 31, 1164 (1959).
(3) J. W. Mellor, “ Comprehensive Treatise on Inorganic and 
Theoretical Chemistry,”  Vol. IV, Longmans, Green and Co., London, 
1940, p. 380.
(4) We now find that many solutions of highly soluble salts have 
concentration ranges which are glass-forming on sufficient cooling 
(e.g., quenching into liquid nitrogen) although it seems that only con
centrated MgfNTLL -TIaO solutions have high enough glass transition 
temperatures to yield brittle glasses at room temperature.
(5) The 1:4 compositions are the simplest to treat since the higher 
water content solutions were not glass-forming and thus To could not 
be determined experimentally, and for lower water contents the choice 
of species and their effective radii raises difficulties.
(6) L. A. King, C. C. Bissell. and F. R. Duke, J. Electrochem. Soc., 
I l l ,  720, (1964).
(7) D. M. Gruen and R. L. McBeth, J. Phys. Chem., 63, 393 (1959).
(8) C. A. Angell and D. M. Gruen, to be published.
(9) NiCh2- complexes are not found in concentrated CaCL solutions, 
however, because the Ni2+ competes successfully with the Ca2+ for 
the hydration sheath.
(10) Currently on leave at Argonne National Laboratory, 
Argonne, 111.
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Concerning the Reaction N 0 2 +  N O * — >

n2o + o2
Sir: Kistiakowski and co-workers1’2 have postulated 
this reaction as a result of their studies of the flash 
photolysis of nitrogen dioxide and the reaction of 
nitrogen atoms with nitrogen dioxide.
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We have studied the photolysis of nitrogen dioxide 
in a flow system using polychromatic radiation of pre
dominantly 3655-Â. wave length. The apparatus and 
technique used will be described in a succeeding 
article.3 The kinetics of the photolysis (see Figure 1 
and Table I) has led to the postulated mechanism

N 02 +  h v  — > NO +  0  

N 0 2 +  h v ’  — ► N 02* 

N 02* — ► N 02 +  h v '  

N 0 2 +  0  — »■ NO +  0 2 

Hg +  h v  — >  Hg*

Hg* +  NO — >  NO* +  Hg 

NO* +  N 02 — >  N20  +  0 2

(1)

(2)
(3)

(4)

(5)

(6) 

(7)

Reactions 1, 2, 3, and 4 have been studied by numer
ous investigators.4’6 In order to ascertain if reaction 5 
occurs, we photolyzed a mixture of nitrous oxide and 
neopentane (2,2-dimethylpropane) under the same 
experimental conditions as with nitrogen dioxide. 
The products of the photolysis of this mixture are 
nitrogen dioxide, neopentyl alcohol, and the reaction 
products of neopentyl alcohol and nitrogen dioxide. 
Since nitrous oxide itself is not decomposed under these 
conditions, this experiment demonstrates the presence 
of sufficient mercury vapor in the reaction vessel during 
the course of a run to initiate the photosensitized de
composition of nitrous oxide.

Reaction 6 has been shown6 to be a resonant reac
tion; i.e., there is essentially no potential energy 
barrier encountered in going from reactants to products. 
The excited nitric oxide is in the 4t state.7 A  transition

Figure 1. P lots o f m oles o f gas p rod u ced  per 
m inute vs. con ta ct tim e: O, n itrous ox id e ;
A , n itric ox id e ; and □ , oxygen.

Table I
Moles of N2O Moles of NO Moles of O2

Run
Contact time 

X 105 min.

produced/
min.
X 10»

produced/
min.

X 10'

produced/
min.
X 10'

1 124.0 93.4 29.2 154.0
2 63.3 32.4 36.4 83.5
3 11.6 59.2 29.5
4 29.0 3.20 54.3 32.0
5 9.38 19.3 13.8 35.7
6 25.8 1.02 52.1 27.6
7 8.62 0.76 11.3 6.81
8 39.0 41.6 0.12 62.5
9 49.5 93.0 4.16 150.0

10 140.0 20.8 146.0 123.0
11 26.8 20.8 4.50 33.7
12 31.6 26.1 2.57 40.2
13 76.5 94.9 0.46 14.3

to this excited state would result in an excited molecule 
with a long lifetime, since the radiative transition 
probability of returning to the ground state is ex
ceptionally low.6 Consider reaction 7 in detail

O 0 *

/ /
0 = N *  +  N — > 0 = N —N

\ \
O 0  _

0
0 = N = N  +  ||

0

This reaction can occur only when the nitrous oxide 
molecule approaches the nitrogen dioxide molecule in 
a nitrogen to nitrogen orientation. The nitrogen to 
nitrogen bond and the oxygen to oxygen bond must be 
formed and two nitrogen to oxygen bonds broken.

O I *

/
to assume that 0 = N —N lives long enough to

\
L  o J

(1) G. Kistiakowski and P. Kydd, J . A m . Chem. Soc., 79 , 4825 
(1957).
(2) G. Kistiakowski and G. Volpi, J. Chem. P h ys ., 27 , 1141 (1957).
(3) F. Rice and F. Wunderlich, J . P h ys. Chem., in press.
(4) F. Ford and N. Endow, J . Chem. P h y s ., 27, 1156 (1957).
(5) S. Sato and R. Cvetanovic, Can. J . Chem ., 36, 279 (1958).
(6) R. Fallon, J. Vanderslice, and E. Mann, J . P h y s . Chem., 63, 2082 
(1959).
(7) R. P. Frosch and G. W. Robinson, J . Chem. P h y s ., 41, 367 
(1964).
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permit the two oxygen atoms to separate as 0 2. The 
thermodynamics of the decomposition of N20 3 in the 
gas phase indicates the reaction is exothermic by about 
1 kcal./mole.

The activated complex (N20 3) * shown in this mecha
nism is identical with an excited state of dinhrogen 
trioxide. Dinitrogen trioxide is formed when an 
equimolar mixture of nitrogen dioxide and nitric oxide 
is condensed. Dinitrogen trioxide has never been 
observed in the gas phase.

From the standpoint of the principle of least motion,8 
this mechanism would be expected to be more im
portant in the solid phase than in the gas phase. The 
principle of least motion may be summarized as follows: 
a low activation energy for an elementary reaction is 
favored when the motion of the nuclei of the reactant 
molecules or atoms is minimized. One would thus 
expect this reaction to be enhanced in the solid phase 
where the formation of dinitrogen trioxide is ensured.

Under experimental conditions which favor reaction 
in the solid phase, the same products are obtained as 
in the case of the gas phase photolysis of nitrogen 
dioxide. The similarity of products is an indication 
that there may exist reactions in the solid phase 
analogous to the reactions occurring in the gas phase

N20 4(s) +  hv — ^  2NO(s) +  0 2(g) (I)

N 0 2(s) +  hv — > NO +  0  (II)

N 02(s) +  0  — ► NO +  0 2 (III)

N 02(s) +  NO(g) — > N20 3(s) (IV)

N20 3(s) +  hv — > N20(g) +  0 2(g) (V)

Reaction II is less probable than I since the frozen 
condensate consists mainly of the dimeric species of 
nitrogen dioxide. Reaction IV is known to occur 
whenever a gaseous mixture of nitrogen dioxide and 
nitric oxide is condensed. Reaction V is analogous to 
reactions 6 and 7 of the postulated gas phase mecha
nism. Reaction V is more important than reaction 7 
of the gas phase mechanism since dinitrogen trioxide 
is stable in the solid phase. The over-all consecutive 
reaction in the gas phase is

3N02 T  2hv — >• NO -}- 202 -f- N20

The analogous consecutive reaction in the solid 
phase may be written

X2( ); -j- 3N 02 -)- 2>hv — 3NO -)- 302 -f- N20

The reaction postulated by Kistiakowski involving 
excited nitric oxide molecules and nitrogen dioxide in

the gas phase has as an analogous reaction in the solid 
phase photochemical decomposition of dinitrogen 
trioxide.
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Infrared Spectra of Molecules Adsorbed on 
Metal Powders Obtained from Electrically 
Exploded Wires

Sir: It has been shown that the electrical explosion 
of metal wires in an atmosphere (p ~760 mm.) of a 
rare gas produces a metal aerosol which, under the 
proper conditions, consists of spherical particles having 
a mean diameter of ~200 A .1’2 We find that ~20- 
cm. lengths of ca. 0.2-mm. diameter wires may be ex
ploded safely in an argon atmosphere using energies 
up to 1400 joules in a Pyrex chamber having a 4-1. 
volume. The condenser bank employs 28.4 pi. at 
voltages up to 10 kv. in a circuit having an inductance 
of 0.3 /¿henry.3

The explosion chamber terminates in an 8 cm. o.d. X 
20 cm. closed tube which has been fitted with two dia
metrically opposed sodium chloride windows. The 
aerosol is permitted to sediment (*~2 hr.) onto a salt 
block which may be moved by magnetic means into 
the path of an infrared beam which passes through the 
windows. Spectra were obtained with a Perkin- 
Elmer Model 521 infrared spectrophotometer.

We have confirmed the particle sizes cited by Kari- 
oris, Fish, and Royster2 with electron photomicro

(1) F. G. Karioris and B. R. Fish, J. Colloid Sei., 17, 155 (1962).
(2) F. G. Karioris, B. R. Fish, and G. W. Royster in “ Exploding 
Wires,” Vol. 2, W. G. Chace and H. K. Moore, Ed., Plenum Press, 
New York, N. Y., 1962, p. 299.
(3) C. P. Nash and C. W. Olsen in ref. 2, p. 5.
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graphs of a palladium dispersion and an X-ray line
broadening study of a copper dispersion. When 
about 5 mg. of aerosol is deposited uniformly on a 6-cm.2 
salt block, the background transmission in the infrared 
is ~10% .

After the explosion has occurred, the adsorbing gas 
is introduced, the system is allowed to equilibrate, and 
the chamber is then evacuated. Systems we have in
vestigated in our initial survey include carbon monoxide 
on palladium, molybdenum, and copper; and acetylene 
on copper, nickel, and palladium.

The spectra we observe for carbon monoxide on 
palladium are in excellent agreement with those dis
cussed by Eischens and Pliskin,4 with the single excep
tion that we fail to observe the weak peak at 2065 
cm.-1 which these authors find for their silica-supported 
samples near monolayer coverage. The entire spec
trum of carbon monoxide adsorbed on palladium is 
shifted below the low frequency wing of gaseous CO, 
so that we were here able to obtain the spectrum of CO 
adsorbed on aerosols as well as on sedimented powders.

Our spectrum for carbon monoxide on molybdenum, 
for which a precedent does not exist in the literature, 
shows a broad, unsymmetrical absorption quite similar 
to that found in the CO-Pd system, except that the 
sharp drop in transmission on the high wave number 
side begins at about 2070 cm.-1 on molybdenum vs. 
1980 cm.-1 on Pd.

We fail to find any peak which may be attributed to 
CO adsorbed on copper. This result is in disagreement 
with the results of Eischens, Pliskin, and Francis,6 and 
Gardner and Petrucei,6 all of whom studied silica- 
supported copper.

The surfaces of our copper samples are far from in
active, however, as evidenced by their behavior toward 
acetylene. We observe here, in total disagreement 
with Little, Sheppard, and Yates7 (for supported cop
per), a spectrum having three absorption maxima at 
2959, 2924, and 2865 cm.-1, with no others between 
3400 and 2700 cm.-1. The striking feature of our result 
is that both the positions and relative intensities of 
these peaks are in excellent agreement with the results 
of Little, et al.,1 for the adsorbed product obtained 
when ethylene adsorbed on Yycor-supported palladium 
was treated with hydrogen. This same spectrum was 
also obtained by Eischens and Pliskin4 by hydrogenat
ing ethylene adsorbed on silica-supported nickel.

If Eischens and Pliskin’s4 identification of the bound 
product is correct, we are effecting, spontaneously, a 
high degree of conversion of adsorbed acetylene to 
w-butyl radicals and carbides. It is clear that sub
stantial amounts of carbide must be present, since a 
follow-up exposure of our sample to hydrogen produced 
an increase in the intensity of the spectrum by a factor 
of about 5, without much alteration in the band shapes.

When explosively dispersed nickel is treated with 
acetylene, we obtain a spectrum which agrees with 
that reported by Eischens and Pliskin4 for this system 
and which they attribute to adsorbed ethyl radicals. 
In our system, as in theirs, hydrogenation leads to an 
apparent increase in the CH2:CH3 ratio. Exposure 
of a palladium dispersion to acetylene gives rise to 
adsorbed species which show very weak bands at 2865, 
2925, and 2965 cm.-1. We then agree with the recent 
report of Dunken, Schmidt, and Hobert,8 rather than 
the earlier results of Little, Sheppard, and Yates,7 
who found only olefinic species until hydrogen gas was 
added.

From the foregoing, it is clear that the use of ex
ploding wires provides a new and simple means to 
produce dispersions of any conducting material, whose 
adsorptive properties may be studied in a manner 
which should be quite free from extraneous contribu
tions from a supporting medium. That these effects 
exist may be inferred from the fact that our studies on 
copper surfaces yield in both cases results which differ 
markedly from previous investigations.
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