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TIIE PREPARATION AND SOME PHYSICAL CONSTANTS OF CADMIUM
DIMETHYL

B y R. Dean Anderson and II. A ustin Taylor

New York University, New York 53, N. Y.
Received July o, 1950

Pure cadmium dimethyl prepared by a Grignard reaction requires careful fractionation to remove ether which is the chief 
impurity. Measurement shows the triple point to be —2.4° and 5.5 mm. and the normal boiling point to be 105.7°. The 
density is found to be 2.479 — 0.001631 T; the coefficient of cubical expansion, 1.0 X 10 ~3, and the vapor pressure, log p = 
— 3110.7/7’ — 8.0668 log T +  31.905. The heat of vaporization is given by AH, = 14,300 — 1671 and the boiling point 
constant is 4.9°.

In synthesizing cadmium dimethyl for other stud
ies it became apparent that vhat is at present the 
accepted technique of preparation could be vastly 
improved both as to quality of product and safety 
for the operator.

Gilman1 by the use of anhydrous cadmium chlo
ride improved the procedure of Krause2 who ob
tained cadmium dimethyl by the Grignard reaction 
of methylmagnesium iodide and cadmium bromide 
in anhydrous ether. The product has a boiling 
point of 105.5° at 758 mm., a freezing point of 
— 4.5°, density (17.9°/4°) of 1.9846 and index of 
refraction using the sodium d lines of 1.5488. 
Herz3 reported the boiling point as 105.7°, the 
density (0°) as 2.500 and the refractive index no as
1.786. Recently Bamford, Levi and Newitt4 made 
the alkyl by the Krause synthesis and made vapor 
pressure measurements by the static method re
porting a linear relationship between the logarithm 
of the pressure in mm. and the reciprocal of the 
absolute temperature, namely, log j> = 7.764 — 
1850/T. They also report the boiling point as 
105.7° and the freezing point, —4.2°.

Of the dangers inherent in the preparation and 
use of cadmium dimethyl, repeated mention is made 
in the literature of its explosive nature when over-

(1) H. Gilman, Rec. trav. chim., 55 518 (1936); J. Am. Chem. Soc., 
68, 518 (1946).

(2) E. Krause, Ber., 50, 1813 (1917).
(3) W . Herz, Z. anorg. Chem., 182, 173 (1929).
(4) C. II. Bamford, D. L. Levi and D. M . Newitt, J . Chem. Soc., 40, 

468 (1946).

heated. Gilman reports that it may detonate 
spontaneously if heated above 90°. Its physiologi
cal effects on the user include extreme irritation of 
the eyes on exposure to the vapor with distortion of 
vision after a few hours. Light sources appear to 
be surrounded by bright halos and the effect persists 
for a day or so.

Experimental
Synthesis.—From experience gained with preliminary 

preparations, the synthesis was carried out in a production 
unit, shown in Fig. 1, mounted in a hood having shatterproof 
glass.

Methylmagnesium iodide was first made in the conven
tional way using 512.0 g. of C.p. methyl iodide and 87.8 g. 
of magnesium turning. A 2-1. reaction flask was fitted with 
a 20-inch reflux condenser connected to the atmosphere 
through a drying train and a nitrogen reservoir. A dropping 
funnel and heavy duty stirrer were connected to the flask. 
All equipment had either standard taper or ball and socket 
type joints. An inlet tube was provided so that nitrogen 
could be led into the reaction vessel beneath the ether sur
face during the reaction. A bath of ice-water was used to 
check the reaction when it became too vigorous. About 
one liter of anhydrous ether was placed in the flask with the 
magnesium turnings. The apparatus was flushed out with 
nitrogen before and after this addition. The methyl iodide 
was introduced through a dropping funnel, in small portions 
requiring one hour for the addition. The condenser was 
maintained at —10° by the use of a 25% prestone-water 
solution pumped through a freezing unit. After the methyl 
iodide had been added the reaction mixture was kept at 
moderate reflux for a half-hour on an oil-bath with heating 
mantle. Stirring and heating were discontinued and the 
system allowed to cool in an atmosphere of nitrogen.

The ether solution of the Grignard reagent was siphoned 
into the production unit in a nitrogen atmosphere through
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Fig. 1.— Production of cadmium dimethyl.

an assembly replacing the stirrer, C , in Fig. 1. Anhydrous 
cadmium chloride, 33.10 g. in weight, previously heated at 
120° overnight and cooled in a vacuum desiccator was 
transferred to the hopper B which contained a 7/s  inch wood 
bit ground to fit into the glass bearing. All bearings and 
ground joints were lubricated with high vacuum grease. A  
reduction motor rotating the screw at about 12 r.p .m . was 
used intermittently as required. All heaters and motors 
were operated from outside the hood which -was not opened 
until the reaction, once begun, was complete. The con
densers E and F maintained at — 10° in the manner previ
ously indicated were lagged to prevent water condensation.

W ith the unit assembled as shown and the stirrer C oper
ating, the whole in a nitrogen atmosphere, reaction was 
started by adding the cadmium chloride intermittently every 
five minutes for about five and one-half hours. The heat of 
reaction was sufficient to maintain a steady reflux of the 
ether which in turn kept the entrance to the vessel clear of 
cadmium chloride. The addition completed, artificial 
heating was supplied for ten horns.

The ether solution of cadmium dimethyl after cooling was 
siphoned into a 2-1. distilling flask, the residue in the reac
tion flask being extracted twice vrith 150-ml. portions of 
ether and the whole subjected to a preliminary fractionation 
through a vacuum-jacketted column in a nitrogen atmos
phere. The first fraction coming over at 34 .7 ° was ether. 
As soon as the temperature at the top of the column started 
to go higher distillation was stopped, the apparatus allowed 
to cool and a second receiver in the form of a trap set in a 
bath of D ry Ice in acetone was substituted. Distillation 
was then continued for several hours under reduced pressure 
sufficient to maintain the temperature at the top of the 
column at 70° or less. About 350 m l. of clear liquid was 
thus collected and transferred to the kettle, R , of the frac
tionation unit shown in Fig. 2 which carried a thermometer 
well S, and nitrogen inlet tube, M , attached by a rubber 
sleeve, N . The capillary, M , was drawn down to a fine 
bore such that under reduced pressure only two or three 
minute bubbles entered the liquid per second to ensure 
smooth boiling. The column, K , comprised three concen
tric cylinders of Pyrex glass. The inner one was packed with 
Vs inch Pyrex helices and the middle one carried a heating 
coil mounted on vertical strips of asbestos cord. Ther
mometers were inserted between these two tubes to record 
the temperatures at the top and bottom. The outer tube 
served as insulation.

The take-off head was set into the top of the column. 
Vapor from the column rose through the vacuum-jacketted 
section, G , its temperature being noted by a thermometer 
in the well F , and condensed on the surfaces of D  and E . 
Set for total reflux all the condensate falls through funnel, 
C , returning to the column through the coil, H , where mild 
preheating occurs. When set for intermittent takeoff, elec
tromagnet B is activated at regular intervals to tilt funnel 
C, and divert the reflux into the receiver connected through

Fig. 2.— Automatic take-off head and fractionating column.

A . An automatic time switch with two-minute cycle or any 
fraction thereof actuated the magnet.

Fractionation at a 3 %  take-off ratio was begun at 34 .7 °  
and 760 m m . and at the end the pressure had been reduced 
to 230 m m . to maintain boiling in the kettle at 7 0 ° . The 
contents of the kettle was then transferred by simple dis
tillation into a receiver cooled in liquid nitrogen. In this 
way about 135 m l. of cadmium dimethyl was collected. A  
hydrometer check on the density gave a reading in agree
ment with the reported value. Freezing was observed at 
—4 .7 ° over a range of about half a degree. Vapor pressure 
readings were made and finally the liquid boiled at 107.4° 
and 760 m m . It  was apparent that the boiling point was 
some two degrees higher than the reported value though the 
freezing point was in agreement with previous findings.

The whole sample vras therefore fractionated again 
through the same apparatus, Fig. 2 . Artificial heating of 
the column was necessary to maintain the column at about 
a ten-degree gradient. Cooling solution a,z — 10° was used 
in the reflux head. After a two-hour reflux the automatic 
take-off head was set to collect one drop out of 750. The 
first distillate came over at 50° and 230 m m . and when 3 ml. 
had been collected distillation was proceeding smoothly at 
67.2° and 218 m m . An additional milliliter was collected 
and then the column shut down and the receiver changed. 
On resuming fractionation, total reflux was maintained for 
one hour, and the head temperature being 67 .2 ° at 218 m m . 
take-off at four drops per two-minute cycle was resumed. 
When no further drifting in temperature and pressure oc
curred this rate was increased to sixteen drops per cycle or 
about 2 %  of the total reflux.

Over a 15-hour period 80 m l. of pure alkyl was collected. 
The actual distillation time was seven hours, the rest of the 
time being necessary for shut-downs and regaining equilib
rium conditions. A t one such shut-down -he capillary was 
changed while the kettle was at 70° and although the rubber 
sleeve was pinched off as the capillary was withdrawn, some 
air apparently entered the kettle and the vapor exploded.

Freezing Point Determination.— The freezing point was 
determined in a flask of about 60-m l. capacity into which 
40 m l. of cadmium dimethyl had been distilled. A  low 
range thermometer marked in 0 .1 ° and calibrated, was in
serted through a rubber sleeve into the liquid. A  side arm 
on the flask was used for evacuation. An acetone-bath 
cooled by addition of acetone from an acetone-Dry Ice 
mixture was used as coolant in a two quart dewar. Investi
gation showed that a ten-degree temperature gradient was 
necessary to give a well defined cooling curve. The ap
paratus was rotated manually while in the bath and tem
peratures were taken at half-minute intervals. Cooling 
curves with small undercooling and marked plateaus ex
tending through several minutes showed the corrected freez
ing point to be —2 .4 ° .

A  boiling point determination of the same 40-m l. portion 
gave a value of 105.7° at 760 m m . Compared with the 
previous impure sample this showed a fall of 1 .7° in boiling 
point and a rise of 2 .3 ° in the freezing point. A  greater 
change in the freezing point is generally to be expected.

Density Determination.— A  Pyrex pyknometer consisting 
of a tube of volume about 9 m l. carried side arms bent up
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wards at about 7 5 °. They were sections from micro-pipets 
of 0.2-m l. capacity graduated in 0.01 ml. the graduations 
being about 1-cm. apart. The open ends carried ground 
glass covers. A  small foot was sealed to each side of the 
main body so that the pyknometer would stand on a balance 
pan for weighing. A  loading arm ground to replace one of 
the cover caps was bent downwards such that when its open 
end was placed beneath a liquid, and vacuum applied to the 
other arm of the pyknometer, -he liquid filled the vessel 
without leaving any gas trapped.

The pyknometer was calibrated by weighing w-ater suffi
cient at 20° to fill it to the graduation markings. For cad
mium dimethyl the vessel was first flushed with nitrogen, 
filled as described and capped and weighed. The pyknome
ter was then placed in a series of different temperature ther
mostats at each of which volume readings wrere made. The 
correction for volume due to the coefficient of expansion of 
Pyrex was negligible over the fourteen degree range covered.

The density of cadmium dimethyl in g. per m l., corrected 
for buoyant effect of air was found to be

rfvac. =  2.479 -  0 .00163IT

over the temperature range 1 0 -2 4 ° , using the method of 
least squares on fifteen volume readings. The volume 
measurements showed that the coefficient of cubical ex
pansion of the liquid was 1.0 X  10 -3 .

Vapor Pressure Determination.— The apparatus used for 
the vapor pressure measurements is shown in Fig. 3 . Below 
44° the static method of vapor pressure measurement was 
used; above 44° the Ram say-Young method. The appara
tus consists of a system of two flasks and three condensers 
which can be rotated to either o: two positions in plane at 
right angles to the standard taper joint, I . This permits 
a back and forth distillation of the liquid between the two 
flasks A and F . The manifold leads to an absolute mercury 
manometer, M , a nitrogen supply, J, a McLeod gage, K , a 
trap, L , cooled by liquid nitrogen and thence to a diffusion 
pump system.

Before loading, the entire apparatus was alternately 
evacuated (5 X  1 0 ~5 m m .) and flushed out with nitrogen 
to remove oxygen and water vapor. Cadmium dimethyl 
wTas distilled through H  into flask, A , in a nitrogen atmo
sphere at 150 m m . Flask, A , was then rotated to the posi
tion shown in the diagram and its heating bath put in place, 
F , the receiver, w-as cooled in liquid nitrogen. The con
densers, D , were wrater-cooled while E  was cooled as before 
to — 10°. Pressure in the system was regulated by control 
of J and temperature readings of the boiling liquid were 
made on a calibrated thermometer graduated in 0 .1 ° in
serted in paraffin oil in the well, C . Distillation was so 
smooth that a closed system -was used at each pressure and 
when equilibrium was established simultaneous pressure 
and temperature readings were made.

For temperatures below 4 4 °, the heating mantle, B , was 
not used. Instead the product was frozen overnight and 
evacuated to zero pressure on the manometer. For each 
pressure reading a constant temperature bath was placed 
around the cadmium dimethyl and the equilibrium pressure 
read. For temperatures below room temperature and down 
to the freezing point a dewar flask containing chilled acetone 
was used for thermostating.

Thirty-five pressure measurements were made 
covering the temperature range —2.4° to 106.7°. 
A plot of log p against l/T does not give a straight 
line and deviation from linearity is more marked in 
the low temperature range indicating an increase in 
heat of vaporization with decreasing temperature. 
Assuming the heat of vaporization to be a linear

Fig. 3 .— Ram say-Young vapor pressure apparatus.

function of the temperature integration of the Clap- 
eyron-Clausius equation gives a relation of the 
form: log p =  A/T +  B log T +  C. Using this 
equation and the method of least squares on the 
thirty-five measurements made, the following val
ues, good to six significant figures were found: 
A = -3116.74, B =  -8.06680, C =  31.9054. The 
log terms in the equation make all these figures in 
A , B and C important for the evaluation of the pres
sure at a given temperature. The effect of suc
cessively rounding off these values is shown at a 
few selected points in Table I. It can be seen that 
five significant figures reproduce the observed val
ues almost as well as six, but that further approxi
mations yield progressively poorer agreement be
tween observed and calculated pressures.

T able I
A  =  -3 1 1 6 .7 4  - 3 1 1 6 .7  -3 1 1 7  -3 1 2 0
B  = -  8 .06680 — 8.0668 -  8 .067 — 8 .0 7
C = 31..9054 31.905 31. 91 3 1 .9

Pobsd. Pealed. 8 Pealed. 5 Pealed. 5 Pealed. 5

- 2 . 4 5 . 5 5 . 9 0 . 4 5 . 9 0 . 4 5 . 9 0 . 4 5 . 0 0 . 5
4 5 . 7 86.0 86.2 0.2 86.1 0.1 8 7 . 1 1.1 7 9 . 4 6.6
7 1 . 5 2 4 6 . 8 2 4 7 . 8 1.8 2 4 7 . 7 1 . 7 2 5 1 . 2 5 . 2 2 5 1 . 2 5 . 2
8 6 . 4 4 1 8 . 0 4 1 7 . 5 0 . 5 4 1 6 . 9 1.1 4 1 6 . 9 1.1 3 9 8 . 1 1 9 . 9
9 8 . 6 6 1 7 . 0 6 1 3 . 9 3 . 1 6 1 3 . 8 3 . 2 6 1 6 . 6 0 . 4 6 3 1 . 0 1 4 . 0

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

For the minimum number of figures in the con
stants A, B and C to maintain agreement with the 
observed values the following equation is best

log v  =  3 11 7 .7 /T  -  8.0668 log T  +  31.905

From this equation the heat of vaporization of cad
mium dimethyl is found to be AHt, =  14,300 — 16 T 
with values at the freezing point —2.4° and boiling- 
point 105.7°, 9970 and 8240 cal./mole or 70.0 and
57.8 cal./g., respectively. A molecular boiling 
point constant of 4.9° then results.



164 J. J. B ikerm an V o l. 56

MECHANICAL DESTRUCTION OF YOUNG AND OLD FOAM FILMS1
B y  J. J. B i k e r m a n

Research Laboratories, M erck & Co., Inc., Rahway, N . J.

Received October 24, 1960

Single foam films (1.0-3.5 em. in diameter) of aqueous disodium a-tocopheryl phosphate, sodium laurate, “acid” sodium 
laurate and of beer were broken by a stream of mercury droplets. Fresh films (e.g., 5 sec. old) lasted in a mercury shower 
longer than aged films (e.g., 60 sec. old). Similarly, fresh films of a “benzalkonium chloride” solution endured more punctures 
by a glass needle than older films. This result is in agreement with Rayleigh’s theory of foams. It indicates also that me
chanical devices for foam destruction are likely to be less efficacious the fresher the foam. The persistence of untouched single 
films was shorter for larger films; in several instances it was inversely proportional to the film area; apparently, this cannot 
be accounted for by the probability theory of rupture.

FILM

MENISCUS

I. Introduction
The striking insensitivity of foam to mechanical 

damage is well known.2 Over 80 years ago Dupre3 
and later Rhumbler4 dropped solid bodies such as 
lead granules, cork balls or iron filings through sin
gle soap films or columns of soap lather without 
any damage to the films, On the other hand, me

chanical destruction of 
foam is a recognized indus
trial process. The dis
agreement between these 
two sets of observations 
might be resolved if the 
probable cause of the great 
resilience of foam lamellae 
is considered.

It may be deduced from 
the accepted theory of 
foam stability5 that sur
face films are self-healing 
because removal of a part 
of the surface layer ex
poses the bulk liquid 
which has a higher surface 
tension; because of this 
greater surface tension the 
exposed patch contracts 
and again brings the con
taminated areas in uninter
rupted contact (“ Maran- 

mechanism can be expected

%MERCURY

Fig. 1.

CH;

(NaOhOPO,

CH;

goni effect” ). This 
to operate as long as there is enough bulk liquid 
to exhibit the higher surface 
tension. When the amount of 
solution between the surface 
layers in a soap lamella be
comes too small, the Maran- 
goni effect should be depressed 
or even suppressed. Hence,
“ wet”  foams should, and “ dry”  foams should not, 
be resilient in respect to mechanical damage.

This conclusion has been tested and confirmed by 
the experiments described below.

II. Experimental Procedure
The instruments used in the major part of the experiments

CH;

were modelled after the well-known mercury cleaning device 
and are exemplified in Fig. 1. The bottom part of the U- 
tube was filled with mercury, and the rest of the longer 
branch was then almost filled with the solution to be tested. 
By slightly immersing a fine pipet into the solution and 
blowing in air with a rubber bulb, single foam films spanning 
the tube were produced. Their persistence (life time) ta 
was determined. Then a fine stream of mercury droplets 
was allowed to fall through the film into the solution (and to 
join the mercury column under the solution) until the film 
burst. The excess mercury flowed through the spout into a 
container and was used for another series of experiments.

The diameters of the tubes along the stretch where the 
films were produced, were 1.0 and 3.5 cm. in the two instru
ments employed. The smallest mercury droplets had di
ameters of either about 0.02 cm., or, in the later experi
ments, about 0.05 cm., and fell from a height of about 2 
cm. The rate of flow of mercury was about 0.5 g./sec. or, 
in the later experiments, approximately 0.3 g./sec. The 
temperature of the laboratory varied between 21.2 and 23.2 ° . 
To avoid fluctuations due to variations in the temperature, 
the foaminess of the solutions, and so on, experiments on 
films of different ages have been performed alternately, e.g., 
in the order 5 sec., 30 sec., 90 sec., 240 sec., 5 sec., etc.

If the film was h sec. old when first hit by the mercury 
shower and if this shower continued for f2 sec. before the 
film burst, then the lamella was tx 4- fi sec. old in the moment 
of rupture. The relation between fi on one hand and ti or 
(fi +  fi) on the other hand was studied.

Only aqueous solutions were used. They included: 
(a) 0.43% (w./v.) disodium a-tocopheryl phosphate mono
hydrate; (b) 3.7% (w./v.) sodium laurate, prepared by 
mixing an acetone solution of lauric acid (C.p.) with an in
sufficient volume of 5 N  NaOH, boiling the acetone off, and 
adding 5 N  NaOH until the pH, determined with an indi
cator, reached 8.2 (it became 8.6 after dilution); (c) “ acid”  
sodium laurate solution prepared by short heating 0.05 g. of 
lauric acid with a solution of 0.659 g. of sodium laurate in 
aqueous acetone, boiling the acetone off and diluting to 50 
cc. with water; this liquid was turbid immediately after

(CH3)[CH2]3CH(CH3)[CH2]3CH(CH3)[CH2]3CH(CH3)2, h 2o

preparation, deposited flakes a day or a few days later but 
could be approximately restored by heating until incipient 
foam formation; the foaminess of this liquid greatly varied 
from day to day; (d) 0.32% (w./v.) “ benzalkonium chlo
ride”  solution, “ benzalkonium chloride”  being the designa
tion used by U. S. Pharmacopeia (X IV  edition) for a mixture 
of salts [CcH3CH2N(CH3)2R]Cl, R representing a mixture 
of the alkyls from C8Hi7 to Cis H37; (e) beer.

(1) The main results and conclusions of this paper have been pre
sented at the 118th Meeting of the American Chemical Society, Chi
cago, 111., September 7, I960.

(2) J. J. Bikerman, "Surface Chemistry for Industrial Research,” 
Academic Press Inc., New York, N. Y ., 1947, p. 95.

(3) A. Dupre, "Théorie méehanique de la chaleur,” Gauthier-Vil- 
Iars, Paris, 1869, p. 352.

(4) L. Rhumbler, Ergebnisse Physiol., 14, 526 (1914).
(5) Rayleigh, Proc, Roy. Inst. Gt. Brit., 13, 85 (1890)

III. Results
Figure 2 shows the decrease of resilience (ex

pressed as time fi sec.) when the age at the start of 
mercury shower (fi sec.) or at rupture (fi +  fi) in
creases, for the disodium a-tocopheryl phosphate 
solution. The 1.0-cm. tube and the bigger mercury 
droplets were employed. Each fi value is the
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mean of 50 determinations. The persistence (t0) of 
untouched films was not properly determined but 
was approximately 7 minutes. E.g., of eight suc
cessive untouched films, six did not burst within 300 
sec. In another series, three out of six successive 
films did not burst within 420 sec.

The other results in the 1.0-cm. tube are ex
pressed below as averages of (usually) ten deter
minations.

Sodium laurate solution, to =  120 to 400 sec.; 
¿2 =  16 to 20 sec. after h — o sec., and U =  3 to 9 
sec. after h =  60 sec. Both large and small mer
cury droplets have been used.

“ Acid” sodium laurate solution, t0 =  200 to 450 
sec.; f2 not measured.

Fresh beer, t0 =  20 to 60 sec.; t2 =  2 to 3 sec. 
after h — 5 sec., and U was less than 1 sec. after h = 
20 sec. (small mercury droplets).

Beer, 5 weeks old, t0 =  90 to 140 sec.; t2 =  9 
sec. after h =  5 sec., and t2 =  3.5 sec. after h =  30 
sec. (bigger mercury droplets).

Beer, 7 weeks old, t0 =  390 sec.; t2 not measured.
The results in the 3.5-cm. tube are summarized in 

Table I. Each figure represents the average of 
(usually) ten single determinations. Small mercury 
droplets have been used for the “ acid”  sodium lau
rate solution, and bigger droplets for the other solu
tions.

T a b l e  I
P e r s is t e n c e  o f  U n t o u c h e d  F ilm s  (to ) a n d  D u r a t io n  (U ) 
o f  ti s e c . O ld F ilm s  in  a  M e r c u r y  S h o w e r , F ilm  D ia m 

e t e r  3.5 CM.
ta, '------------- fa, sec.--------------»

Solution sec. ti — 5 sec . ti =  20 sec.

Nas cc-tocopheryl phosphate 30 to 39 4 .5 ;  5 .3  2 .1 ;  2 .5
N a laurate 13 to 32 3 .7 ;  6 .1  2 .4 ;  2 .8
“ Acid”  N a laurate 35 to 90 13 to 27 5 to 12
Beer, 7 weeks old 18 to 51 N ot determined

As mercury droplets in traversing the films may 
become coated with the surface-active agent and, 
therefore, may destroy the films also by reducing 
the amount of this agent in the foam rather than by 
purely mechanical means, another procedure was 
employed to which this objection does not apply. 
Foam lamellae were produced in a test-tube (diam
eter, 1.05 cm.) and then destroyed by pricking 
with a glass fiber the end of which, by heating, was 
made to a ball 0.056 cm. in diameter. The lamel
lae were pricked every second. If the number of 
punctures required for bursting is n, then n — 1 
seems a justifiable measure of resilience. The 
“ benzalkonium chloride”  solution (“ d”  of Section
II) was used for these tests. After U =  5 sec., n — 
1 was 3.94, and after =  60 sec. n — 1 was 0.08, 
each figure being the mean of 50 determinations. 
The rapid decrease of resilience on aging is shown 
also by this method. The persistence to of the 
“ benzalkonium chloride”  films was 128-137 sec. 
(averages for 10 films).

IV. Discussion
The above results by two methods confirm the 

expected decrease of the resilience of the film during 
its aging for films of four very different chemical

T im e, sec.
F ig. 2.— U pper curve, age at rupture ( t ,  +  t2)\ lower curve, 

age a t start (ii); both in sec.; ordinate, U sec.

compositions. In fact, it appears that a foam film 
bursts “ spontaneously”  when its resilience reaches 
a very low value, near zero; then even the slightest 
damage caused, e.g., by dust particles or air move
ment is incurable.

The hypothesis advanced in the Introduction 
would have been confirmed even better, if the 
drainage (i.e., the decrease of the water content of 
the film) were determined for different times h, and 
it could be shown that the decrease of t2 with in
creasing h parallels the decrease in the water con
tent. It had been hoped to estimate the volume of 
liquid in the films from their interference colors. 
Unfortunately, the films—also of disodium a-to- 
copheryl phosphate which is chemically the most 
homogeneous of the substances tested—had no 
uniform thickness and at any one time exhibited 
patches of different colors.

The main observation reported in this paper, 
namely that fresh foams withstand more mechanical 
damage than do aged foams, should be of impor
tance for the problem of foam destruction. It may 
be expected that all the mechanical agents—from 
rotating blades to supersonic waves— would have 
no effect or only a very limited effect on a fresh 
foam, and that their efficacy will regularly increase 
with the foam age.

Comparison of the persistences (ta) of untouched 
lamellae in 1.0- and in 3.5-cm. tubes shows what 
kind of relation exists between t0 and the diameter 
of a film. The ratio of ta for the two tubes was 
about 12 for disodium a-tocophervl phosphate, 
from 9 to 13 for sodium laurate, 13 for seven-week 
old beer, and .about 5 for “ acid”  sodium laurate. 
The film area in the wider tube was about 12 times 
that in the narrower tube. Thus, it appears that, 
in some instances at least, t0 is inversely proportional 
to the film area.

In analogy to the probability theor3r of ten
sile strength, the greater persistence of a smaller 
film might be thought of as due to the smaller like
lihood of a weak spot being present within a smaller 
area. Following the reasoning applied to adhesive 
joints8 and glass threads,7 the least persistence in a 
batch of 12 small films should be equal to the aver
age persistence of large films. This conclusion was 
not supported by the few experiments performed to 
test it. Apparently, small lamellae differ from 
large ones not only because they contain less weak 
spots. Such was also the opinion of Plateau.8

(6) J. J. Bikerman, J. Soc. Chem. In d .,  60, 23 (1941).
(7) J. J. Bikerman and G. H. Passmore, Glass In d .,  29, 144 (1948).
(8) J. Plateau, A cad . roy . B e lg ., M6m., 37 (1869), p. 8 of the memoir.
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DESIGN AND PERFORMANCE OF A PHOTOELECTRIC CIRCUIT FOR 
MEASUREMENT OF STREAMING BIREFRINGENCE AND DICHROISM12

B y  D o n a l d  Z u c k e r , 3 J o s e p h  F .  F o s t e r  a n d  G l e n n  H. M i l l e r  

Iowa Agricultural Experiment Station, Ames, Iowa
Received October 27, 1960

An electronic circuit based on a photomultiplier tube has been designed for the measurement of streaming dichroism and 
birefringence. This circuit permits the measurement of the positions of both minimum and maximum light absorption in 
dilute (less than 0 .002% ) solutions of amylose-iodine complex under conditions where direct visual measurement of the 
orientation position is impossible. In the case of streaming birefringence the system shows some slight advantages over- 
visual observation under conditions of very low degrees of birefringence.

PHOTOTUBE

ANALYZER

The lengths of many macromolecules and colloids 
can be determined by measurements of the angle 
of orientation in a flowing liquid. The theory of 
orientation between concentric cylinders and deter
mination of the orientation angle by means of the 
birefringence of the oriented particles have been 
considered extensively by many authors.4

In the case of the blue amylose-iodine complex, 
and presumably in the case of many other intensely

colored colloids, dichro
ism is a more conven
ient property to use 
than is birefringence.5 
However, while there 
are a few qualitative 
reports of the measure
ment of streaming di
chroism in the litera
ture almost no quanti
tative studies of ex
tinction angle (enabling 
determination of par
ticle length) have been 
made on any system. 
The almost complete 
extinction found paral
lel to the optic axis in 
streaming birefringence 
is not usually observed 
in the case of dichro
ism. Usually the light 
intensity at the mini
mum is great enough 
that minima can be de-

QI
I
I

III
I
I

tjjfli

u^c
CYLINDERS

POLARIZER 

CYLINDRICAL LENS

FILTER
SLIT

MERCURY ARC

Fig. 1.— Schematic diagram 
of apparatus for measurement 
of streaming dichroism.

termined only with a low degree of precision if at 
all. Readings of the position of maximum inten
sity, which, as will be shown later, are highly 
desirable, are virtually impossible by direct visual 
methods.

With photoelectric methods various means are 
available for opposing most of the signal so that a 
high sensitivity can be used to measure the small

(1) Journal paper number J-1852 of the Iowa Agricultural Experi
ment Station, Ames, Iowa, Project No. 817. Supported in part by a 
grant from the Corn Industries Research Foundation.

(2) Taken from a thesis submitted by Donald Zucker in partial ful
fillment of the requirements for the degree Doctor of Philosophy, Iowa 
State College, 1950.

(3) Carbide and Carbon Chemical Corp., Oak Ridge, Tenn.
(4) Excellent review articles by J. T. Edsall can be found in Advances 

in Colloid Science, 1, 269 (1942), and in Cohn and Edsall, “ Proteins, 
Amino Acids and Peptides,” Reinhold Publishing Corp., New York, 
N. Y ., 1943, Chapter 21.

(5) R. E. Rundle and R. R. Baldwin, J. Am. Chem. Soc., 65, 554 
(1943).

unopposed signal, thus permitting accurate de
tection of small variations in the light transmitted. 
However, while the light intensity per unit area 
may be moderately high, the total flux is very low 
due to the small cross sectional area of the field, 
in the authors’ apparatus only 0.05 cm.2. This 
necessitates the use of a multiplier phototube, and 
even with such a tube the output is often quite 
small.

It is the purpose of this paper to describe a photo
electric arrangement which has proved very satis
factory for the measurement of streaming di
chroism and birefringence, and to demonstrate 
some of its potentialities.

General Description of Apparatus.— The mechanical and 
optical parts of the apparatus are outlined in Fig. 1. Light 
from a mercury arc is collimated by a cylindrical lens and 
directed through the annular space between the concentric 
cylinders. The inner of these two cylinders is rotated to 
produce the desired flow gradient. The light beam then is 
passed through a Polaroid or Nicol prism which can be ro
tated through any angle, and so to the phototube. This is 
essentially the birefringence apparatus described by Foster 
and Lepow0 except that the polarizer between light source 
and sample is removed for dichroism measurements.

The photoelectric apparatus consists of various compo
nents which will be considered in detail in the following sec
tions. A  line operated, regulated high voltage supply pro
vides 600-900 volts for the 931-A  phototube used. The 
output of this tube is amplified with little frequency dis
crimination, and is then amplified further by an a.c. ampli
fier tuned to 120 cycles, the frequency of modulation of the 
mercury arc. The output from the tuned amplifier is recti
fied, partially opposed when necessary by a stepwise variable 
voltage obtained from a battery of small dry cells, then is 
amplified again and measured by a microammeter provided 
with suitable shunts.

All components are shielded, the shielding being grounded. 
Coaxial cable is used to make all external connections.

As described, this apparatus was found suitable for our 
work. In most cases precision has been limited by the na
ture of the sample and by thermal and reflection effects 
rather than by the photoelectric apparatus. However, 
several possible improvements became apparent during con
struction and use, and will be pointed out in appropriate 
places.

Light Source.— A  General Electric type A H -4  mercury 
vapor bulb is operated from the 110 volt a .c. line with a 
suitable transformer. Any line frequency change results in 
a drop in output of the tuned amplifier. This is usually 
not serious since the instrument is used mostly for location 
of minima and maxima, not for measurement of actual light 
intensity. A  power supply with both frequency and voltage 
regulation would be desirable. In addition to eliminating 
trouble due to line variations, this would permit operation 
at a frequency other than a multiple of 60 cycles, reducing 
pickup of extraneous signals.

High Voltage Supply.— The high voltage supply for the 
phototube is shown in Fig. 2 . Taps are provided at —600, 
— 750 and —900 volts. Switch S3 and resistance R ,,

(6) J. F. Foster and I. H. Lepow, ibid., 70, 4169 (1948).
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Fig. 2.— High voltage supply: Si, lid safety switch; S2, power switch; Ri, 25 ohms, 25 w .; R 2, 10 ohms, 50 w .; R j ,25,000 
ohms, 50 w .; R 3, 1 megohm, 2 w.; Ci, 2 mfd., 2500 v .; C2, 4 mfd., 1500 v .; C 3, 9 mfd., 1200 v .; L i_ 3, 16 henries; M i,5 0 m a . 
meter, approximately 0.035 volt drop at full scale; PI, pilot light; F lp 2 ampere fuse; F2,5 m a .fu s e ; F3_ 3, 1 /32  ampere fuses.

931-A I N 5 - G T

-?oo v
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6J7

Fig. 4.— Tuned amplifier and output: 11,, 250 kôhms; R 2, 10 kôhms; R 3, 1000 ohms; R ,, 100 kôhms; R 6,6, 245 kôhms, 
wire; R 7,8, 490 kôhms, wire, ± 1 % ;  Rg, 399 kôhms, wire; Rio, 1 megohm, wire; R n, 2500 ohms, wire; R i2, 750 kôhms; Ris, 
1 megohm; R M, 889 kôhms; wire; R u, 5.6 megohms; Ris.n, 300 kôhms; R,s, 470 ohms; R 19.20, 7500 ohms; R-u, 1588 ohms; 
R22, 1747 ohms; R 23, 1763 ohms; R 24, 196 ohms; R 26, 18.0 ohms; R26, 1.80 ohms; Ci,2, 2400 mmU  matched; C 3,,, 325 « * 6 , 
matched; C s -7 , 0.01 mfd. ; Cs, 7600 wff.; Co, 0.05 mfd. ; C,o, lO m fd. ; M , 50 jua meter; P, external terminal post; B ,_ i8, 
3 volt batteries; Si, grid bias selector; S2, output factor; S3, meter cutout.

mounted on the front panel, together with resistance R 3 in
side the housing permit adjustment of the V .R . tube current 
to any desired value. Switch So is a microswitch arranged to 
open the primary circuit W'hen the lid to the housing is raised.

Phototube and Preamplifier.— The 931-A  multiplier 
phototube, preamplifier and preamplifier batteries are 
housed together in a fairly air-tight metal box. Sacks of 
magnesium perchlorate are placed inside as a drying agent, 
and a drying tube of the same material is attached to a small 
vent in the case. The on-off switch handle is covered with 
a thin rubber tube cemented to the case. These precautions 
keep the air inside dry for the life of the batteries. The 
circuit for this unit is shown in Fig. 3 . Steady signals as 
from daylight leaks are not transmitted past condenser Ci, 
and high frequencies are mostly bypassed by C2. Thus this 
unit has a slight frequency discrimination. To help produce 
steadier response, all resistors in this unit are wire. Use 
of a 1P21 tube instead of the 931-A was considered, but was 
not found necessary for our purposes.

A  piece of exposed and processed film was placed below 
the phototube, so arranged that it could be placed in or out 
of the light path by an external control. This film reduces 
the light transmitted to about 0 .12 % , and is used to pro
tect the phototube when bright light is encountered.

W ith the phototube inoperative (high voltage off) a series 
of small known 60-cycle voltages was applied to its anode, 
and the output of the preamplifier was measured with an 
a.c. vacuum tube voltmeter. The voltage gain was found 
to be about 17, being approximately linear up to an output 
of at least 9 volts rms which is considerably more than neces
sary. Testing with an audio oscillator of approximately 
constant output showed that the gain was essentially the 
same at 60 and at 120 cycles.

Tuned Amplifier and Output.— The final stages of the 
apparatus are showm in Fig. 4 . The power supply, not 
shown in the figure, consists of seven Burgess #5308 45-volt 
batteries in series in a grounded metal box, connected to the 
amplifier with a shielded cable. A  6.3-volt storage battery 
provides filament power. A  well-regulated, line operated 
power supply mounted in a separate chassis could perhaps 
be used, but when such a supply was mounted in the same 
chassis, considerable difficulty was experienced with un
steady output and pickup of stray 120-cycle signals'even 
though the tuned stage was isolated fairly well from the 
power supply. This power supply consisted of a 5Y3 used 
as a fuir wave rectifier together with a filtering and V .R . 
tube regulating circuit, and was probably the source of the 
undesired 120 cycle signal. Battery operation completely 
eliminated these difficulties. I t  would be desirable when 
using battery operation to redesign the output circuit fol
lower current requirements to lengthen battery life.

The tuned circuit was taken from the circuit of a light 
scattering apparatus proposed by Zimm7 without appre
ciable change except that a two-gang variable condenser is 
used for tuning. Once the apparatus is tuned, retuning is 
apparently _ unnecessary until the power supply battery 
voltage begins to drop with age and use.

The output from the tuned stage is rectified in a conven
tional manner, the variable resistor R , serving as a gain 
control. The negative voltage developed by the rectifier 
circuit is opposed when desired by a positive voltage ob
tained from dry cells. There are 36 cells giving up to 54 
volts in 3-volt steps. As will be shown later the output of 
the 6J7 is no longer linear with the more extreme signals,

(7) B. H. Zimm, J. Chem. Phys., 16, 1099 (1948).
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but they are nevertheless useful at times. W ith most of 
our samples, we have needed 10-40 volts at this point to 
keep within the limits of the output 
tube.

Resistors R 2 and R> permit meter 
zero adjustment, and together with 
the opposing voltages selected by Si 
enable the operator to keep the meter 
on scale at the highest sensitivity 
practical (the limit is established by 
the unsteadiness of the output), even 
with considerable signal strength.
Shunt resistors used with the output 
meter were selected to give tenfold 
steps in sensitivity. The two-gang 
switch used to select the shun" re
sistance also adds the proper series 
resistance to maintain the total meter 
circuit resistance at a constant value 
to help preserve linearity of this 
stage.

In the normal operating range the 
preamplifier was shown to be linear, 
and the output tube can be kept 
fairly well in its linear range by selec
tion of the proper grid bias as con
trolled by Si. N o attempt was made 
to preserve linearity of the tuned 
stage, but it is almost certainly the 
cause of practically all the non-linear
ity discussed in the next section.

Characteristics.— A  known voltage 
was applied to the input of the tuned amplifier and the out
put was measured. Since the voltage gain of the preampli
fier was already known, and since the phototube current re
quired to produce a given voltage was easily calculated, the 
current gain of the entire apparatus was readily found. A t 
an equivalent output8 of 45 milliamperes the gain was about 
200,000. From the response data (Fig. 5), we find that the 
gain in the linear range is about 700,000. W ith the present 
apparatus, the usual practical limit of detection of output 
current change is 10-50 microamperes. Thus phototube 
current changes of about 10 ~5 to 10 ~4 microampere can be 
detected, very much less than the dark current value given 
by the R C A  Tube Handbook for this tube.

Apparently phototube random emission is primarily re
sponsible for the instability which limits the useful sensi
tivity. Admission of a very small amount of light from a 
flashlight when no other light was present increased the

(8) Equivalent output is the actual output given by the output meter 
plus the product of the grid bias voltage as selected by switch Si and 
the output change produced by a one volt change in this voltage, minus 
the output with no light to the phototube.

output variations to about 20 ,ua. from the previous 0 .2  jua.,
showing that random a.c. phototube current is increased 
with greater signal strength, even though the signal itself 
is not random.9 It appears that improvement could be 
obtained by selection of a tube of lower noise level.

B y admitting varying known amounts of light from the 
mercury arc to the phototube and measuring the equivalent 
output, the curve of Fig. 5 was obtained. The output is 
practically linear for the first 10 milliamperes. A t 40 ma. 
sensitivity to change has dropped to about Vs the value at 
low signal strengths.

Applications.— Figure 6 shows the complete curves of out
put vs. analyzer position obtained in the streaming dichroism 
of a 0 .0 0 2 %  tapioca amylose-iodine complex for both senses 
of rotation at a relatively low rotor speed (450 r.p.m . corre
sponding to a value of Gtj/T  of 5 .6 ). Under such condi
tions the dichroism is scarcely visible to the eye and the ex
tinction position cannot be measured by direct visual ob
servation. It is obviously possible to measure both the 
positions of minima and maxima light intensity with a con
siderable degree of precision with the photomultiplier cir
cuit.
_ It can be shown geometrically that the extinction posi

tion should correspond to one-half the difference in an
gular position between either adjacent minima or maxima 
obtained in the two senses of rotation. It will be noted 
from Fig. 6 that the two values do not check exactly, that is 
the intensity curves are not symmetrical. This is in general 
true, especially at low degrees of dichroism. It is presumed 
that this anomaly is due to errors arising from reflection of

Analyzer setting.
Fig. 7.— Output versus analyzer position, streaming bire

fringence of a denatured ovalbumin solution: ----------- , A
s e n s e ;------------, B sense.

(9) Bennett and Free, Electronics, 19, 116 (1946), state that with 
this type of tube the noise level is proportional to its d.c. output.

0 GO 120 180 240 300 0 60
Analyzer setting.

Fig. G.— Output versus analyzer position, streaming dichroism of amylose-iodine 
complex at 450 r.p.m. and at rest.
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light from the cylinder walls.10 The practice has been fol
lowed of averaging values obtained from maxima and from 
minima in the hope that this in part corrects for the re
flection errors. Comparative studies using polarizer alone, 
analyzer alone and both polarizer and analyzer in parallel 
position show no appreciable differences. In practice it 
is necessary to read only the position of maximum and 
minimum output without obtaining the complete output 
curves.

In Fig. 7 are given similar results obtained in the stream
ing birefringence of a 0 .4 %  solution of acid denatured oval
bumin in 8 5 %  glycerol, under conditions where the minima

(10) Note A dded in Proof.— Dr. Martin Goldstein, Department of 
Chemistry, Harvard, in a private communication has kindly pointed 
out that he, too, has noted this difficulty and has traced it to birefrin
gence in the mounting glass used in the polarizers. He has been able 
to reduce the effect by use of strain-free Leitz cover slips.

could be measured visually only with some difficulty. 
Careful comparison of several systems by both methods 
indicates that at low degrees of birefringence the precision 
of a given measurement by the electronic method is little 
if any more precise than a single measurement obtained 
visually. It is possible, however, to obtain many more data 
under such conditions electronically without undue eye 
fatigue so that some advantage is gained. A t high degrees 
of birefringence the visual method is to be preferred.

Again in Fig. 7 one sees that adjacent minima are not 
exacfly 90 degrees apart though alternate minima are 180 
degrees apart. This effect is presumed analogous to that 
mentioned above with regard to the maxima and minima in 
dichroism. This effect has been regularly observed in 
birefringence measurements made visually at low degrees of 
birefringence. It is thought desirable to make measurements 
at least at two adjacent positions and preferably at all four 
and t o average the results.

LENGTH OF THE AMYLOSE-IODINE COMPLEX AS DETERMINED BY
STREAMING DICHROISM1

B y  Joseph  F. F oster and  D onald  Z tjcker2 
Iowa Agricultural Experiment Station, Ames, Iowa

Received November 16, .1960

The streaming dichroism of amylose-iodine complex has been studied quantitatively in solutions containing only 0.001 to 
0 .002%  amylose. In aqueous solution aggregation is serious. When the complex is prepared in 1 5%  pyridine aggregation 
is evidently avoided, the length of the resulting complex being shorter than expected on the basis of reported molecular 
weight data. The systems all appear to be very polydisperse with regard to length; however, the same assumed molecular 
weight distribution fits data on both orientation angle and degree of dichroism. Results on a series of five subfractionated 
amylose samples show a positive but surprisingly small correlation between length of the complex and intrinsic viscosity 
of the parent amylose.

Streaming dichroism in aqueous solutions of the 
blue amylose-iodine complex has been demon
strated qualitatively by Rundle and Baldwin.3 
The fact that the direction of maximum light ab
sorption was found to be parallel to the direction 
of orientation was used as substantiating evidence 
for the helical (molecular) concept of the structure 
of the complex.4 Meyer, on the other hand, on the 
basis of the fact that the intensity of the blue color 
is proportional to a high power of the amylose con
centration, concludes that the complex is micellar.8

By making quantitative measurements of the 
position of preferred absorption as a function of 
velocity gradient it is possible, in principle, to 
calculate the length of the orienting unit by applica
tion of the orientation theory which has proved so 
useful in studies of streaming birefringence. The 
present paper reports results of such studies on the 
amylose-iodine complex. It appears that in 
aqueous solution the complex is in general quite 
highly aggregated, even in solutions containing 
less than 0.002% amylose. Conditions are found,

(1) Journal Paper Number J-1853 of the Iowa Agricultural Experi
ment Station, Ames, Iowa. Project 817. Supported in part by a 
grant from the Corn Industries Research Foundation. Taken from a 
thesis submitted by Donald Zucker to the Graduate Faculty of Iowa 
State College in partial fulfillment of the requirements for the Ph.D. 
degree, July, 1950. Presented before the Colloid Division of the A.C.S. 
at the Chicago Meeting, Sept., 1950.

(2) Carbide and Carbon Chemical Corp., Oak Ridge, Tenn.
(3) R. E. Rundle and R. R. Baldwin, J . A m . C h em . S o c ., 65, 554

(1943) .
(4) R. E. Rundle, J. F. Foster and R. R. Baldwin, ibid., 66 2116

(1944) .
(5) K. H. Meyer, “ Natural and Synthetic High Polymers,” Inter

science Publishers Inc., New York, N. Y ., 1942, p. 410.

however, under which strong dichroism can be 
obtained with apparently little or no aggregation 
lending further support to the helical hypothesis.

Experimental
Instrument.— The orientation apparatus was the same as 

has been used previously.6 The gap width is 0.99 m m ., 
radius of cylinders approximately 3.2 cm. Under condi
tions approximating true solution of the complex little if 
any dichroism could be detected visually and under no con
ditions could the orientation position be measured with any 
precision by this means. Consequently all measurements 
were made photoelectrically using a photomultiplier tube 
and amplifying the circuit as described elsewhere.7

Measurement of Orientation Angle.— Measurements 
were made using an analyzing Polaroid without a polarizer. 
Positions of both maximum and minimum transmitted in
tensity were determined. Orientation angles were calcu
lated by taking differences between positions of minima (or 
maxima) obtained in the two senses of rotation. Averages 
of results obtained from maxima and minima were used in 
all cases for reasons discussed elsewhere, see ref. 7 .8

Measurement of Magnitude of Dichroism.— This was 
measured by introducing both polarizer and analyzer in the 
crossed position and at 45° to the direction of maximum ab
sorption. The analyzer was then rotated until minimum 
intensity was attained using the photoelectric circuit. As

(6) J. Fs Foster and I. H. Lepow, J .  A m . C h em . S o c ., 70, 4169 (1948).
(7) D . Zucker, J. F. Foster and G. Miller, T his Journal, 56, 166

(1952).
(8) As was pointed out to the author by the referee, the positions of 

maximum and minimum intensity would be shifted if appreciable bire
fringence were present and if the principal axes of birefringence and of 
dichroism did not coincide. It seems safe to conclude that birefringence 
is negligible in these dilute solutions since concentrations of the order 
100 times as great are needed to obtain measurable birefringence in 
amylose solutions under comparable conditions but without iodine. 
Moreover it seems probable that optic axes for birefringence and ab
sorption would coincide in this system.
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shown by Zocher9 the difference between the absorption 
coefficients of th# solution in the two directions, ki — k2, is 
related to the angle of rotation of the analyzer 5 by the rela
tion

, . 2 In tan (45 +  S)
k i  —  k 2  =  ---------------- ^ ----------------

where d is the optical path length.
Preparation of Solutions.— Various solvent systems and 

conditions were used as will be discussed under Results. 
It was in all cases necessary to enhance the viscosity of the 
medium and this was done by adding glycerol. I t  was 
found that the concentration of amylose had to be main
tained within the limits about 0.001 to 0 .0 0 3 %  in the final 
solution. Below this range the dichroism obtained was too 
low to measure, above it the transmitted intensity was too 
low to permit measurements. Best results were obtained 
in the range 0.0015 to 0 .0 0 2 % . The sample, usually about 
1.0 m g., was weighed on a microbalance (or alternatively 
larger samples weighed and aliquots taken), dissolved in 5.0  
ml. of the initial solvent, complexed by adding 0 .3  m l. of 
0.09 N  aqueous iodine, in 0.15 N  K I  and finally 50.1 g. of 
9 5 %  glycerol, previously treated with iodine, added.10 
This yields solution containing approximately 8 5 %  glycerol 
and having a viscosity of 109.9 cp. at 2 5 ° . Solutions were 
then degassed by placing under vacuum (water aspirator) 
for a few minutes before running into the machine.

Materials Used.— A  series of subfractionated amylose 
samples was kindly provided by D r. T . J. Schoch. The 
preparation and some properties of these have been dis
cussed by Lansky, Kooi and Schoch.11 A  sample origi
nally furnished by D r. Schoch and further purified by D r. 
W . Z . Hassid to remove residual amylopectin was furnished 
through the kindness of D r. Hassid and is referred to as 
purified amylose. The sample of amylopectin was prepared 
in this Laboratory by the usual Pentasol procedure.12

Calculations.— Rotary diffusion constants were calculated 
from extinction angles observed at a given gradient by means 
of the numerical solutions to the Peterlin and Stuart equa
tion calculated by Scheraga, Edsall and Gadd.13 Lengths 
were calculated from the rotary diffusion constants by means 
of the well-known Perrin equation assuming a prolate ellip
soidal model of axial ratio 5 0 :1  -14

Results
Potassium Hydroxide Solution as Initial Sol

vent.— The first studies were carried out by dis
solving the samples in 1 N KOH and then neutral
izing with HC1, either before or after dilution. 
When there was a delay of even 15 sec. between 
addition of the iodine and pouring into glycerol 
evidence of aggregation could be seen in the form 
of visible clumps. Since it required at least 
2 or 3 seconds to mix the solution with the glycerol 
it seems evident that serious aggregation must have 
occurred. Aggregation continued, though at a 
greatly reduced rate, after addition to the glycerol. 
This was shown by a continued dropping of the 
orientation angle with time. In 3 or 4 hours the 
dichroism vanished even though the solution ap
peared unchanged to the eye. (It is interesting to 
note that a similarly colored but non-dichroic 
solution was obtained when the solution was allowed

(9) H. Zocher, K o llo id  Z „  3 7 , 336 (1925).
(10) This treatment was effected by adding 0.1 ml. of iodine solution 

to 50 g. of glycerol and storing overnight. Without this treatment the 
solutions lost their color within a few hours.

(11) S. Lansky, M. Kooi and T. J. Schoch, J .  A m . C hem . Soc. ,  71, 
4066 (1949).

(12) T. J. Schoch, A dv. in  Carbohydrate Chem ., 1, 247 (1945).
(13) H. A. Scheraga, J. T. Edsall and J. O. Gadd, Jr., J .  Chem . 

P h y s ., 19, 1101 (1951).
(14) This axial ratio was assumed on the basis that the helices have 

a diameter of approximately 13 A. and length in the range 500-1000 A. 
The resultant lengths are, however, very insensitive to the assumed 
value of axial ratio. For example use of an axial ratio of 25 or 100 
instead of 50 would affect the calculated lengths by less than 10%.

to aggregate 15 seconds prior to being added to the 
glycerol.)

These solutions yielded calculated lengths in the 
range 1500 to 2200 A., the lengths of the various 
preparations increasing in order of increasing in
trinsic viscosity. There was a pronounced de
pendence of length on velocity gradient indicating 
polydispersity. The results probably have little 
significance in view of the probability of aggrega
tion taking place.

Water as Initial Solvent.— It seemed probable 
that the relatively high salt concentration in the 
above solutions was at least partially responsible 
for the aggregation. Solutions were prepared by 
autoclaving in water and aqueous iodine containing 
no KI added. The solution of the amylose samples 
was very incomplete and the blue color faded 
almost immediately upon adding to glycerol. 
Addition of KI at this point did not restore the 
color.

Aqueous Pyridine as Initial Solvent.— Mullen
and Pacsu15 have used aqueous pyridine as a 
gelatinizing medium for starch. This system has 
the advantage that the solvent, pyridine, can be 
removed by boiling without neutralization. The 
amylose samples did not dissolve fully in 40% 
(by volume) pyridine at room temperature but 
dissolved readily when warmed to 80 to 90°. 
Removal of the pyridine by evaporation with 
addition of water (to maintain constant volume) 
yielded solutions which were not visibly aggregated 
even 2.5 minutes after addition of iodine. Lengths 
obtained on such solutions were not greatly different 
from those obtained when 1 N KOH was used. 
By adding the glycerol within a few seconds 
following addition of iodine fairly good results 
might be expected by this technique; however, 
such studies were not pursued since a much better 
technique was discovered at this point.

It was found that the blue complex could be 
formed in systems containing pyridine in concentra
tions up to 15 to 20%. A sample was dissolved in 
37% pyridine and diluted with water to give a 
solution 10% in pyridine. Iodine was added and 
the solution run into glycerol after 5 seconds. 
The lengths obtained were far shorter than pre
viously found and there was no evidence for 
changes taking place during the run. Two more 
samples were prepared, the elapsed time between 
addition of iodine and glycerol being 2.5 and 8.0 
minutes. The length increased somewhat, the 
value at anointermediate gradient increasing from 
about 680 A. for the sample diluted in 5 sec. tg 
about 850 A. for the sample which stood 8 minutes. 
Next 15% pyridine was tried, a series of five samples 
being allowed to stand various times ranging from a 
few seconds to 8.5 minutes between addition of 
iodine and dilution with glycerol. These samples 
agreed very well, indicating that aggregation had 
been practically eliminated. Lengths calculated 
were again very much shorter than those obtained 
on samples dissolved in KOH.

Results on Purified Amylose.— The most de
tailed investigation was carried out with the puri
fied amylose sample supplied by Hassid. The

(15) J. W . Mullen and E Pacsu, Ind. Eng. Chem., 34, 1209 (1942).
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effects of variation in the technique of preparation 
of solutions was explored. All of the samples 
were either dissolved in hot 37% pyridine and 
diluted to 15%, or dissolved directly in 15% pyri
dine. Most were heated until dissolved, then 
cooled quickly and complexed with iodine; several 
were cooled slowly, and one was cooled quickly, 
then allowed to stand 11 minutes before complexing. 
In several cases the iodine was added to the hot 
solution and then cooled quickly. Excellent agree
ment was found between results obtained by these 
different techniques giving confidence that the 
lengths determined have molecular significance. 
Typical results in the form of a plot of extinction 
angle as a function of gradient are shown in Fig. 1. 
This curve corresponds to lengths of about 1000 A. 
at G/Toi 2.0 ranging downward toabout 600 A. at 20. 
The system is evidently far from homogeneous. 
Also included in this figure is a theoretical curve 
for an assumed mixture, to be discussed later.

Pig. 1.— Extinction angle as a function of gradient for the 
iodine complex of the purified amylose of Hassid.

Other Amylose Fractions.— Table I shows cal
culated length values at two gradients for five of

T a b l e  I

R.ELATION BETWEEN LENGTH OF IODINE COMPLEX DETER
MINED b y  St r e a m in g  D ic h r o ism  a n d  I n t r in s ic  V is c o s it y  
o f  A m y l o s e . S u b f r a c t io n a t e d  A m y l o s e  P r e p a r a t io n s  

o f  S choch
Length (A.) at

Preparation Gri/T = 3.8 Gv/T  = 19

C-146 A ( l lc ) 0 .8 0 800 515
C -148 /150A (13b ) 1 .12 860 560
P -5 /6A (8b ) 1 .37 830 580
P -5 /6A (7b ) 1 .78 900 650
T -7 /9A (15b ) 2 .9 8 1000 740

the amylose subfractions supplied by Schoch and 
further results on one of these are given in Fig. 2. 
All of these runs were carried out in the same 
manner, that is by dissolving the amylose in hot 
15% pyridine, cooling quickly, adding the iodine 
and pouring immediately into glycerol. It is 
seen in Table I that there is a qualitative depend
ence of length on intrinsic viscosity but the de
pendence is slight, very much less than would be 
anticipated.

Effect of Amylopectin.— Since it seems unsafe to 
assume that one ever has amylose completely freed 
of branched material it was desirable to test the

Fig. 2.— Extinction angle of the iodine complex of potato 
amylose subfraction P -5 /6 -A (8b ) as a function of gradient.

effect of adding amylopectin to the purified 
amylose. It was found that a mixture containing 
95% amylopectin and only 5% amylose (the amyl
ose concentration being similar to that used in the 
other runs) gave results indistinguishable from 
those on the amylose alone provided the iodine was 
added to the cooled solution. When the iodine was 
added to the hot solution there was poor color 
development and little dichroism. This tendency 
was also exhibited by the Schoch amylose samples 
which had not been exhaustively freed of atnylo- 
pectin. No reasonable explanation for this be
havior has been found.

Magnitude of the Dichroism.— In Fig. 3 are 
plotted calculated values of “ reduced dichroism”  
(in arbitrary units) plotted as a function of gradi
ent for the sample P-516A (7b). These values 
were calculated by dividing the observed dichroism 
at a given gradient by the orientation factor /  
corresponding to the extinction angle measured at 
the corresponding gradient. In all cases where the 
calculations have been made it has been found that 
the same length distribution function which fits 
the orientation curves fits also the plots of dichroism 
vs. gradient. The fact that the orientation angles 
and dichroism results are mutually consistent 
lends some confidence that the phenomenon being

6i-------1-------1 I I

Gv/T.
Fig. 3.— Reduced dichroism (arbitrary units) of the iodine 

complex of potato amylose subfraction P -5 /6 -A (7b ) as a 
function of gradient.
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studied is one of simple orientation, uncomplicated 
by changes iD the shape of the orienting units.

Results on Whole Starch and Amylose Pre
pared Therefrom.— The fact that amylopectin 
was without effect on the observed dichroism re
sults made it of interest to study whole starches 
without fractionation. The possibility of deter
mining the degree of polymerization of the amylose 
in a starch sample without fractionation is in
triguing. A sample of whole potato starch gave 
lengths ranging from 1070 at a Gy/T of 3.8 down to 
760 at 19. The major amylose fraction which was 
prepared from this starch in the usual manner by 
pentasol precipitation gave values only slightly 
shorter, ranging from 1010 to 720. A second amyl
ose fraction which separated with pentasol on pro
longed standing was appreciably shorter as might 
be expected, the range being 910 to 650.

Discussion
In the crystalline state the amylose-iodine com

plex is reported to have a periodicity, along the 
chain, of 7.9 A., corresponding to one turn of the 
helix or six glucose units.16 In other words the 
length of the complex should be roughly 1.3 A. 
per glucose unit if it behaves as a rigid rod. The 
purified amylose preparation supplied by Hassid is 
reported by him to have a number average D.P. 
of 900 as determined osmotically. The observed 
lengths thus appear at first glance to be fairly 
reasonable although somewhat low.

However, since the systems appear to be very 
inhomogeneous and since the lengths determined 
by streaming dichroism would be very much 
weighted by the longer molecules it would be 
expected that the average lengths so determined 
would be much greater than calculated from the 
number average D.P. Attempts to fit the results 
by assuming different polydisperse systems in
dicate that even the Flory or Kuhn type random 
distribution functions do not provide sufficient 
polydispersity. Good fit is obtained (Fig. 1) 
with the empirically assumed mixture having the 
distribution

y  =  ze- Vx/l3

where y is the weight of material having a length 
x (in angstroms).

The number average D.P. calculated from this 
distribution would be of the order 100, very much 
less than that reported by Hassid. Considerable

(16) R. E. Rundle and D. French, J. Am. Chem. Soc., 65, 1707 
(1943).

improvement in agreement could be made by 
assuming that the shorter component molecules, 
which do not contribute appreciably to the di
chroism anyway, are removed in fractionation. 
On the other hand there is no obvious reason why 
there should be a continuous distribution of this 
type and it seems more probable there are two or 
more fractions differing considerably in length, one 
or all fractions consisting of some type of more or 
less random mixture.

Several explanations o: the short lengths have 
been considered. One possibility is that there is 
some high molecular weight material which does not 
combine with iodine, possibly amylopectin-type 
material. Again, the major component might be 
somewhat branched so that while it combines with 
iodine the resultant complex is shorter than would 
be calculated on the basis of a linear structure. 
Hassid has found his sample to have an average 
of almost exactly one non-reducing terminus per 
molecule which, if true, clearly eliminates both of 
these possibilities.

The difficulty of obtaining molecular solutions 
of amylose might also be invoked. If solution is in 
all cases incomplete, the osmotic molecular weights 
would be high, while the present results might be 
low (if it is assumed that the shorter molecules dis
solve more readily).

It is possible that the complex is not completely 
filled, there being left over free glucose units at each 
end. The tendency of amylose to saturate itself 
with iodine4 militates against this hypothesis. 
Another closely related possibility is that the 
complex consists of “ hinged”  segments. In this 
case the short lengths would be explained and the 
fact that only small differences are found between 
samples differing considerably in intrinsic viscosity 
would be more readily understandable. On the 
other hand it might be expected that such a struc
ture would undergo a stretching effect at higher 
gradients, an effect which is apparently absent 
as indicated by the good correlation between 
orientation and magnitude of dichroism. A seg
ment structure would be expected to lead to sharp
ening of the length distribution and would thus not 
account for the apparent heterogeneity.
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STREAMING BIREFRINGENCE BEHAVIOR OF SOME SUBFRACTIONATED
AMYLOSE PREPARATIONS1
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Results of streaming birefringence measurements, over a wide gradient range, are presented for 13 subfractionated amylose 
preparations covering a range of almost fourfold in intrinsic viscosity. Evidence is presented to indicate that 12 of these, 
which were prepared by fractional crystallization with octyl alcohol, are contaminated with appreciable amounts of amylo- 
pectin. The mean lengths measured at various gradients agree, in general, within 6 to 2 0 %  with the lengths of the iodine 
complexes of the corresponding preparations previously measured by streaming dichroism. It is concluded that the con
figuration in the solvents used, namely glycerol-containing ethylenediamine and aqueous K O Il, is most probably the helical 
one rather than a random coil. The product of the rotary diffusion constant times the intrinsic viscosity, in the case of the 
various fractions, is constant within experimental error. The degree of birefringence measured under fixed conditions of con
centration, gradient, viscosity and temperature is directly proportional to the intrinsic viscosity of the preparation. The  
linear increase of birefringence over an extended range of gradient cannot be explained on the basis of the theory developed 
for rigid molecules and indicates stretching of the molecules to be significant at higher gradients.

Streaming birefringence has been demonstrated 
in solutions of amylose in ethylenediamine- 
glycerol solutions by Foster and Lepow.3 The 
interpretation of those results was complicated by 
uncertainty as to the degree of heterogeneity of the 
preparations. The present contribution presents 
similar results on thirteen subfractionated amylose 
preparations of known intrinsic viscosity. Evi
dence is given to indicate that the amylose molecule 
in glycerol-containing aqueous KOH or ethylene
diamine has substantially the same (helical) con
figuration as in the iodine complex. The previous 
indication that the streaming gradient effects 
some stretching of the amylose molecule is further 
substantiated.

Experimental
Amylose Fractions.— The amylose fractions used were pre

pared by D r. T . J. Schoch of the C om  Products Refining 
Company by fractional precipitation with octyl alcohol. 
The method of fractionation and some properties of the 
fractions have been reported by Schoch and co-workers.4 
The code numbers used in the present paper are those of 
Schoch so that further details on any given fraction can be 
obtained from his paper.

It cannot be claimed that these fractions are homogeneous. 
However, since the fractional precipitation depends on 
complex formation between the amylose and the alcohol, and 
since there is good reason to believe that there is an increas
ing stability of the amylose complexes with increased mo
lecular weight, it seems probable that these fractions are at 
least comparable in homogeneity to the usual fractionated 
polymers which are prepared by a non-specific phase sepa
ration.

One of Schoch’s potato fractions, namely, P -7 /9A (17e), 
was further purified by D r . W . Z . Hassid of the University 
of California and shown by him to be free of amylopectin.5

M ethods.— Weighed samples of amylose were dissolved 
in ethylenediamine (Eastman Kodak C o ., 9 5 -1 0 0 % ).  
Best results were attained by placing the ethylenediamine 
in a -weighing bottle and the amylose in the lid so that mix
ing and stoppering of the bottle could be accomplished 
simultaneously. Agitation could thus be started before 
excessive clumping had taken place. After solution was 
substantially complete glycerol was added to a concentration 
of 7 0 %  (by weight), the solution filtered or centrifuged

(1) Journal paper number J-1918 of the Iowa Agricultural Experi
ment Station, Ames, Iowa. Project 817. Supported in part by 
a grant from the Corn Industries Research Foundation. Taken from 
a thesis submitted by Donald Zucker to the Graduate Faculty in 
partial fulfillment of the requirements for the Ph.D., July, 1950.

(2) Carbide and Carbon Chemical Corp., Oak Ridge, Tenn.
(3) J. F. Foster and I. H. Lepow, J. Am. Chem. Soc., 70, 4169

(1948).
(4) S. Lansky, M . Kooi and T. J. Schoch, ibid., 71, 4066 (1949).
(5) A. L. Potter and W. Z. Hassid, ibid., 73, 593 (1951).

(20,000 g ) to remove any undissolved lumps, and then 
placed under vacuum (water aspirator) for 15-30  minutes 
to remove dissolved gas.

The orientation measurements were made in the same 
concentric apparatus used previously.3'6 Measurements 
were made, with crossed polaroids, of the four minima in 
each sense of rotation at a given rotational speed, and the 
extinction angle x7 obtained by averaging the results. M eas- 
ments were made over a wide gradient range, usually five- 
to tenfold at a given temperature. In addition measure
ments were made over a broad temperature range, usually 
at 0 .5 -2 .0 ° , 25° and 3 8 °. This provided a range in solvent 
viscosity of about 0.48 to 7 .8  poises so that the total range 
in Gri/Ts covered was usually about twenty-fold. There 
was overlap of G-q/T values at the various temperatures and 
the results were quite consistent when either x  or A (the 
magnitude of the birefringence in terms of the rotation 
measured on the Senarmont compensator) were plotted as 
functions of Grj/T. Other details of measurement were 
similar to those used previously.3

The values of the rotary diffusion constant 6 and of the 
orientation distribution function F  corresponding to a given 
value of x  were determined by means of the tables com
puted by Scheraga, Edsall and Gadd.9 Molecular lengths 
were calculated from values of the rotary diffusion constant 
by means of the well known Perrin equation assuming a rigid 
prolate ellipsoidal structure of axial ratio 5 0 :1 .10

Results and Discussion
Concentration Studies.—-The effect of amylose 

concentration on the orientation angle was deter
mined in the case of two of the amylose fractions. 
Potato amylose P-5/6A(7b) was studied at con
centrations of 3.0, 1.5, 0.8 and 0.2%. There was 
a progressive decrease in apparent length with de
creasing concentration, but the difference between
1.5 and 0.8% solutions was only about 10% over 
most of the gradient range, and the difference 
between 0.8 and 0.2% much less. The corn 
sample C-148/150A(13b) was run at 0.8, 0.4 and
0.2% concentration with practically identical 
results at all concentrations. Most of the measure
ments reported were carried out at approximately
1.0% amylose concentration since it was felt that 
the slight errors in calculated length resulting from 
interaction would be less than errors which might

(6) J. F. Foster and D. Zucker, T his Journal, 56, 170 (1952),
(7) The angle between the optic axis and the tangent to the cylin

ders.
(8) The velocity gradient in sec.-1 times viscosity in poises divided 

by the absolute temperature.
(9) H. A. Scheraga, J. T. Edsall and J. O. Gadd, Jr., J. Chem. Phys., 

19, 1101 (1951).
(10) The calculated length is very insensitive to the assumed value 

of axial ratio.
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T a b l e  1

E x t in c t io n  A n g l e s  a n d  D e r iv e d  D a t a  fo r  A m y l o s e  S u b f r a c t io n s  a t  T h r e e  G r a d ie n t s

Fraction
Intrinsic

viscosity0 D.P.y5 X
G-n/T = 5 

7,0/T (v6/T)Vi X
Gt,/T = 10 

7,0/T (vO/T)vì X
Gt,/T = 20 

rfi/T W / P «

C -146-A (llc ) 0 .8 0 480 2 6 .5 0 .9 8 0 .7 8 2 6 .0 1 .9 1 .5 2 5 .0 3 .4 2 .7
C -146-A (lb) 0 .9 4 570 2 5 .2 .86 .81 2 3 .8 1 .5 1 .4 2 1 .9 2 .5 2 .3
C -148/150-A (13b) 1 .12 680 20 .1 .53 .59 2 0 .5 1.11 1 .2 2 0 .1 2 .1 2 .4
P -5 /6-A (12d ) 1 .34 810 21.1 .59 .79 18.7 0 .91 1 .2 17.5 1 .6 2.1
P -5 /6-A (12c) 1 .37 830 2 2 .5 .68 .93 19.9 1 .04 1 .4 18 .0 1.7 2 .3
P -5 /6 -A (8b ) 1 .37 830 2 0 .8 .57 .78 18.6 0 .8 9 1 .2 1 7 .5 1 .6 2 .2
C -148/150-A(13a) 1 .65 990 19 .2 .45 .74 18.1 .85 1 .4 1 7 .0 1 .5 2 .5
P -5 /6 -A (7b ) 1 .78 1070 2 0 .9 .58 1 .05 18 .0 .84 1 .5
P -5 /6 -A (2a) 1 .78 1070 17 .4 .39 0 .6 9 15 .8 .65 1 .2 15 .5 1 .24 2 .2
P -5 /6 -A (4b ) 1 .86 1120 1 6 .7 .36 .67 15.0 .58 1 .1
T -7 /9 -A (15c) 2 .31 1390 13.3 .22 .51 1 3 .3 .45 1 .0 13 .9 0 .9 9 2 .3
T -7 /9 -A (15b ) 2 .9 4 1770 12.3 .19 .56 13.1 .44 1 .3
“ Measured in 1 N  IvOH (ref. 4), units, cc ./g . 6 Degree of polymerization calculated from intrinsic viscosity using the 

relation =  1.66 X  10_s (D .P .) from Potter and Hassid.5

arise due to reflection errors in more dilute solu
tions.

Effect of Amylopectin.— Most of the samples 
developed a slight haze during the measurements 
and the 3.0% solution of the potato amylose men
tioned above developed a distinct precipitate. 
Since similar difficulties had been encountered in 
attempts to study amylopectin it was thought that 
the samples might be contaminated by small 
amounts of this branched polysaccharide.

It was also observed that in most cases the ex
tinction angles were initially low at very low 
gradients, rose to a maximum and then decreased 
in the normal fashion with further increase in 
gradient. This behavior is indicative of the 
presence of a small amount of a very readily orien- 
table component, again possibly amylopectin.

To check on this possibility runs were made on 
the specially purified amylose sample of Hassid. 
This sample did not show appreciable clouding and 
showed a normal extinction angle curve (Fig. 1) 
without the initial rise (with the possible exception 
of the point at lowest gradient). Measurements 
were also made on this material with increasing 
proportions of added amylopectin. These solu
tions showed development of a precipitate and, 
as shown in Fig. 1, clearly showed the development 
of the abnormal type of extinction angle curve. 
It should be pointed out that the percentage of 
amylopectin given in this figure corresponds to the 
amount actually added. The actual percentage 
present is appreciably less due to the loss of the 
insoluble precipitate since the runs were carried out 
consecutively on the same amylose sample by 
centrifuging out the precipitate and adding further 
amylopectin solution.

It. is apparent that the effect of amylopectin is 
not appreciable at gradients above about twice 
the value at which the peak occurs in the curve. 
The lengths reported in this paper correspond to 
such values and it seems probable that they are 
little affected by the presence of amylopectin.

Correlation between Rotary Diffusion Constant 
and Intrinsic Viscosity.— The intrinsic Viscosities 
of the amylose subfractions have been determined 
by Schoch in 1 A  aqueous KOH. Table I sum
marizes data on the extinction angle and the 
rotary diffusion constant (multiplied by the solvent

viscosity in poise and divided by absolute tempera
ture) for each sample as determined at three 
different gradients.

Fig. 1.— Experimental x vs. Gv/T curves for the purified 
amylose preparation of Hassid and the effect of addition of 
varying proportions of amylopectin.

An interesting theory developed recently by 
Riseman and Kirkwood11 predicts that the product 
of the rotary diffusion constant and the intrinsic 
viscosity should be inversely proportional to the 
molecular weight of a polymer. This relationship 
should be the same, except for a numerical factor, 
whether the molecules are rigid or flexible. This 
product has been calculated and is shown also in 
Table I for the various fractions at the three gradi
ents. At the lower two gradients there may be a 
slight drop in the product with increasing intrinsic 
viscosity (molecular weight) but the effect is 
scarcely outside the limits of the experimental error.

(11) J. Riseman and J. G. Kirkwood, J . C h em . P h y s . ,  18 , 512 (1950).
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At the highest gradient, however, the product is 
remarkably constant. This surprising result is not 
necessarily in conflict with the Riseman-Kirkwood 
theory, since this theory could be expected to apply 
only at very low gradients. Due to the extreme 
weighting by the longer components in streaming 
birefringence extrapolation of the data to low or 
zero gradients would appear of doubtful signifi
cance. This would be particularly true in the 
present case where contamination by amylopectin 
is suspected, but would be true in any case where 
the samples were even slightly polydispersc. 
It is thus very difficult to compare experiment and 
theory in the case of streaming birefringence.

Correlation with Length of Amylose-Iodine 
Complexes.—The length of the iodine complexes 
of several of these amylose preparations has been 
measured by streaming dichroism.6 Table II 
summarizes the lengths measured under the two

T a b l e  I I

C o m p a r iso n  of  L e n g th s  of  A m y lo se  F ra c tio n s  as M e a s 
u r e d  b y  St r e a m in g  B ir e f r in g e n c e  w it h  L e n g t h s  of  th e  
I o d in e  C o m p l e x e s  M e a s u r e d  b y  St r e a m in g  D ich ro ism

G-n/T _  ~ Length (A) at 
G-n/T =  10 Gv/T =  20

Amyl I ’l Com Amyl- Is1 Com Amyl I2 Com
Fraction ose plex ose plex ose plex

Hassid 780-820 750 720-750 690 660 590
C-146-A(llc) 820 740 660 630 540 500
C-148/150-A(13)b 1000 • 800 790 660 640 560
P-5/6-A(8b) 980 780 850 670 700 580
P-5/6-A(7b) 970 860 860 740
T-7/fl-A(15b) 1420 950 1070 850

sets of conditions for six of the fractions at three 
gradients. The similarity is rather striking. In all 
cases the lengths of the uncomplexed amylose is 
slightly longer but in most cases not over 20% 
and in several cases less than 10%. The agree
ment is particularly good in the case of the Hassid 
preparation, a result which is to be expected since 
the amylopectin contaminant in the other prepara
tions would tend to weight the results, in the case 
of the uncomplexed amylose, toward longer lengths. 
The poorest agreement is obtained with the tapioca 
fraction at low gradient, a result which may very 
probably be due to amylopectin. Also it should be

Fig. 2 .— Relationship between birefringence and intrinsic 
viscositjr of the fractions.

pointed out that while the present results were 
obtained at nearly 1.0% concentration the di
chroism measurements were made at 0.002% or 
lower concentration. The difference in length may 
be accounted for by interaction effects in the present 
studies.

This somewhat surprising result would indicate 
amylose in either ethylenediamine-glycerol or 
aqueous KOH-glycerol (see below) solvents to 
have essentially the same configuration as in the 
iodine complex, in other words the helical configura
tion. It would seem most surprising if the ran
domly coiled configuration would have so nearly the 
same length as the helical one. In this connection 
it is interesting that Dombrow and Beckmann12 
have concluded, on the basis of ultracentrifugal 
and viscosity studies, that amylose triacetate in 
methyl acetate also exists in the helical configura
tion. It appears possible that this may be the 
normal configuration of this polymer in solution, a 
fact which would explain the unusually high 
rigidity indicated by intrinsic viscosity studies.13

Correlation between Magnitude of Birefrin
gence and Intrinsic Viscosity.— In Fig. 2 there is 
plotted, as a function of intrinsic viscosity of the 
fraction, the value of A (measured at two gradi
ents) divided by the corresponding values of G, 17 
and C. The birefringence under a given set of 
conditions is seen to be a linear function of the in
trinsic viscosity. In view of the linear relation, 
found by Potter and Hassid,5 betweeen intrinsic 
viscosities in aqueous KOH and degree of poly
merization this implies also a linear relation be
tween birefringence and molecular weight.

In the case of randomly coiled polymers Kuhn 
and Kuhn14 have predicted a linear relationship 
between the “ double refraction number”  (A/GrjC 
in the limit as both G and C approach zero) and 
the degree of polymerization. (It is not practical 
in the present case to take the limiting slope at very 
low gradient due to the influence of the amylopectin 
contaminant.) In the case of a rigid polymer pro
portionality to a higher power of molecular weight 
would be expected, probably the third power.14 
These results thus appear to be at variance with the 
above conclusion that amylose does not exist in a 
random configuration.

Gradient Dependence of the Rotary Diffusion 
Constant and Birefringence.— Table I shows an 
increase in apparent rotary diffusion constant (cor
responding to a decrease in length) with increasing 
gradient in all cases. This is to be expected in 
inhomogeneous preparations. Actually the frac
tions do not appear to be quite as polydisperse 
by this criterion as by application of streaming 
dichroism to their iodine complexes.6 In the case 
of the Hassid sample application of the Flory type 
distribution function gave an overcorrection. How
ever, interpretation is complicated by the possibil
ity of molecular stretching, discussed below.

A typical plot of the magnitude of the bire-
(12) B. A. Dombrow and C. O. Beckmann, T h is J o u r n a l , 51, 107 

(1947).
(13) J. F. Foster and R. M. Hixon, J. Am. Chem. Soc., 66, 557 

(1944).
(14) W. Kuhn and II. Kuhn, Helv. chim. acta, 26, 1394 (1943); 

J. Coll. Sci., 3, 11 (1948).
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fringence (in terms of A/C, the rotation of the 
Senarment compensator divided by the concen
tration C) as a function of velocity gradient is 
shown in Fig. 3. The nature of the curve is quite 
different from that expected in the case of simple 
orientation of rigid molecules as was previously 
pointed out.3 The birefringence is theoretically 
equal to the product of two functions, of which 
one depends only on the optical properties of the 
solute molecules and solvent and the other only on 
the degree of orientation. The latter function, 
F, can be calculated from ihe orientation angle.9 
Thus it should be possible to calculate a “ reduced 
birefringence”  by dividing the measured birefrin
gence by the value of the orientation function at 
the corresponding gradient. In the case of amylose 
it was shown3 that this calculation yields values 
which increase almost linearly with gradient, a 
result which was interpreted as probably due to 
molecular stretching. It is now apparent that 
this does not necessarily follow, in a heterogeneous 
system, due to the fact that the orientation angle 
and the birefringence are weighted differently by 
the different components.15

Fig. 3.— Dependence of the magnitude of birefringence on 
velocity gradient for corn amylose fraction C -146-A (llc ).

It is not possible to estimate, with any confidence, 
the heterogeneity in the amylose samples from the 
orientation angle results because of the possibility 
of stretching. To attempt to resolve these two 
factors, the following approach has been used. 
Streaming dichroism results on the iodine complexes 
of some of these amylose samples have been re
ported.6 In that case both orientation angle and 
magnitude of dichroism could be explained ade
quately on the basis of rigid particles and it seems 
almost certain that the iodine complex must be 
fairly rigid. It then becomes of interest to as
certain whether the molecular weight (length)

(15) M . Wales, T his Journal, 52, 370 (1948).

distribution functions which fit those data arc 
also in accord with the flow birefringence results.

In Fig. 4 there is plotted, as a function of gradi
ent, the reduced birefringence, A/F, uncorrected 
for molecular weight distribution, for one amylose 
preparation. For comparison there is also plotted 
the curve which would be expected theoretically 
for rigid molecules having the length distribution 
which fits the data on tlie iodine complex of this 
fraction. The latter curve is normalized to fit the 
experimental curve at GvJT =  2. It is apparent 
that this distribution, which is a broad one,6 
is by no means capable of accounting for the large 
increase in reduced birefringence with increasing 
gradient. This result can be best explained on the 
basis of molecular stretching. Thus if the molec
ular configuration is indeed the helical one it must 
be a rather loose helix which is subject to deforma
tion by the gradient.

Fig. 4.— Dependence of die reduced birefringence on 
gradient. For explanation of experimental and theoretical 
curves see text.

Aqueous Potassium Hydroxide as Initial Sol
vent.—A few measurements were made by dis
solving the amylose in 1.0 TV KOH, in place of 
ethylenediamine, and then diluting with glycerol. 
Sample P-5/6A(7b) was studied at 0.2% concentra
tion, sample C-148/150-A(13b) at 0.2 and 0.8%. 
All results were within 10%, in terms of calculated 
length, of the values obtained in ethylenediamine 
at similar amylose concentration and at the same 
value of Gt]/T.

Acknowledgments.— The authors are deeply 
indebted to Drs. T. J. Schoch and W. Z. Hassid 
who supplied the amylose fractions used in the 
study.
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Desiderata of the most useful form of periodic table are given. Attention is focused on Janet’s table1 which best meets 
these requirements. A  compact array that describes the order in which the subshelis of atoms are filled is given. It most 
clearly brings out the systematics involved and Janet’s table can be derived directly from it. The “ general observation that 
alternate members of a valency group in the periodic table show the greatest chemical resemblance” 2 is provided with a firm 
mathematical foundation by an analysis of this array. Equations relating the atomic numbers of the alkaline-earth elements 
and helium (because of its similar electronic configuration) to the principal and orbital quantum numbers of their subshells 
of highest energy are derived on the basis of an extrapolation of the order in which the subshells of atoms are filled. An  
equation that describes the author’s version of Janet’s table is derived. It relates the atomic numbers of the elements to 
their positions in the table. Various forms of it are given. The periodic law is given mathematical expression. This relates 
the atomic numbers of the elements to their positions in any periodic table that iB based upon the electron configurations 
of the elements. Fundamentally, then, it relates atomic numbers to electron configurations. (The equation neglects changes 
in configuration due to the exceptional stability of completed, half-completed, and empty shells. However, these changes 
occur in only 1 0%  of the known elements and do not always occur when expected, e.g., W  has the configuration 6s25d4 instead 
of 6s5d5.) An introduction is given to the determination of general mathematical expressions for both periodic and non
periodic properties of the elements and their compounds. A  method is outlined by which expressions may be found that relate 
several properties to one another independent of electron configurations and positions in periodic tables. A  simple way of 
evaluating the arbitrary constants of functions 4>{y) =  a0 +  a j ( x )  +  . . .  +  an [f ( x ) ]" is outlined. A  known formula of finite 
differences is generalized to give other formulas which find application in evaluating these arbitrary constants.

The periodic law is without doubt the most im
portant generalization in chemistry. (“ The peri
odic series is a brilliant and adequate means of 
producing an easily surveyed system of facts which 
by gradually becoming complete will take the place 
of an assemblage of the known facts.” —Ernst 
Mach) It is therefore not surprising that so 
many modifications of the periodic table have been 
devised, and that so many attempts have been 
made to obtain a mathematical expression for the 
periodic law.

Only a few of these tables, however, have found 
widespread use; and, unfortunately, the many 
attempts to express the periodic law mathematically 
were none too successful—mainly because they 
were based on the old idea that the properties of the 
elements are periodic functions of their atomic 
weights.

Since the periodicity in chemical and physical 
properties arises from a periodicity in the electronic 
structures of the elements, the mathematical 
representation of the periodic law must be based 
on the mathematical analysis of a periodic table 
founded on the electronic structures of the ele
ments.

Many such tables have been published, in various 
shapes, both in two dimensions and three. Some 
preserve the atomic number continuity while 
others do not. The simplest and most logical of 
these would be expected to have the simplest shape, 
to occur in two dimensions only, and to preserve 
the atomic number continuity. Charles Janet1 
was the first to publish a table that meets these 
requirements.3 Slight modifications of it have been 
published recently by Simmons4 and by Gibson.6

(1) C. Janet, “ La Classification Hélicoïdale des Éléments Chim- 
iques,” Fascicle No. 4, Beauvais, Imprimerie Départmentale de 
l ’Oise, Nov. 1928.

(2) J. D. Main Smith, “ Chemistry and Atomic Structure,” Ernest 
Benn, Ltd., London, 1924, p. 126.

(3) Janet’s work was brought to the author’s attention last year by 
Clifton P. Idyll, of Adelphi College, Garden City, Long Island, New 
York, to whom the author is very grateful.

(4) L. M . Simmons, J. Chem. Education, 24, 588 (1947).
(5) D. T. Gibson, Chem. and Ind., 12 (1948).

The author’s version, brought up to date, appears 
in Table I. This is now to be analyzed.6

Two Series of Elements.— When the atomic 
number sequence of the alkaline-earth family 
(including helium because it has an electronic 
structure characteristic of the alkaline-earth ele
ments) is subjected to differencing, the familiar 
sequence 2, 8, 8, 18, 18, 32 results as the first 
order difference. Besides indicating the number 
of elements contained in each period of the table, 
this sequence, because of its twofold nature, in
dicates that the atomic number sequence consists 
of the terms of two separate sequences added 
alternately together. These separate sequences 
are 2,12, 38, 88 and 4, 20, 56.

Differencing these separate sequences should 
give a clue as to the nature of the function that 
relates the terms. However, when a table of 
differences is constructed, it is seen that there are 
not enough terms present to arrive at a column 
of constants. Hence additional terms are needed 
to continue the analysis. These can be obtained 
by extrapolating the sequence in which the sub
shells of atoms are filled

Is
2s

2p 3s
3p 4s

3d 4p 5s
4d 5p 6s

4f 5d 6p 7s
5f 6d 7P 83
6f 7d 8p 9s
7f 8d 9p 10s

(This array is read from top to bottom and from 
left to right, i.e., Is, 2s, 2p, 3s, 3p, 4s, 3d, . . . .) The 
resulting atomic number sequences are 2, 12, 38, 88, 
170, and 4, 20, 56, 120, 220 (the g shell can hold no 
more than 18 electrons), and the difference tables 
are

(6) Part of the author’s seminar on “ The Periodic Law,” Depart
ment of Chemistry, Columbia University, Oct. 31, 1946.
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z A Z A •‘ Z A3Z z A Z A !Z A 3Z
4

16
2

10
20

36
20

8
12

26
16

8
56 28 and 38 24

64 8 50 8
120

100
36 88

82
32

220 170

The third order difference is a constant in both 
cases, which means that the function relating the 
terms is a polynomial of the third degree 

Z  =  a +  bx +  cx2 +  dx3

and that the values of the argument, x, are equi- 
spaced. A glance at Table I shows that x can be 
chosen as equal to n +  l, whence

Z  =  a +  b(n +  l) +  c(n -f- l)2 +  d{n  +  l)3

where Z is the atomic number of the element whose 
subshell containing the last-added electron7 has the 
principal and orbital quantum numbers n and l, 
and a, b, c and d are constants to be evaluated. 
The last of these, d, can be found directly by inspec
tion.

z (n +  l) (n +  iy (n +  iy
2 1 1 1

12 3 9 27
38 5 25 125

whence the needed equations are
2 = a +  6 +  c +  1/6

12 =  a +  36 +  9 c +  2 7 /6  
38 =  a +  5b +  25c +  125 /6

The coefficients are found to be
a =  1 /2 , b =  5 /6 , c =  1 /2 , and d =  1 /6  

whence, upon simplification
Z  =  [3 +  5(n +  l) +  3 (n  +  l )2 +  (n  +  l)3}/ 6

for odd values of n +  l.
Similarly, for even values of n +  l

Z  =  [2[n  -(- V) -f- 3\n -j- l)2 (ji -j- Z)3] /6

The above procedure can be repeated for any 
column of elements in the table, and two equations, 
one for odd values of n +  l, and the other for even 
values, will be found to result in each case.9 Fur
thermore, these equations are all polynomials of 
the third degree.

In the general case, where y =  a0 +  aix +  • • • 
+  anxn, for equi-spaced values of the argument

an — (1 /nl)[Any/(Ax)n] s

In the two cases above
d =  ( l /3 ! ) ( 8 /2 3) =  1 /6

To determine the three remaining unknowns, a, 
b and c, three simultaneous equations are needed. 
The values necessary in setting up these equations 
for the sequence 2, 12, 38, 88 are

(7) I .e „  the subshell of highest energy. Henceforth, for simplicity’s 
sake, it will be called the "last-filled” subshell (although it need not 
be closed).

(8) This expression is readily verified by taking successive deriva
tives of xn:
{A/Ax)xn =  nxn_1; (d /d ;c)V * =  n(n  — l ) x n~ 2; {A/Ax)3xn =  
n(n — 1 )(n — 2 )z "~ 3; • • • ; (d/dx)nxn =  ?i(n — l ) ( n —2) • • • 
3 -2 1  =  n\ And (d/dx)nxp< ,‘ =  0.

Equation for the Table.— It is not necessary to 
work out all of these equations, and then relate 
them, to find the expression for the periodic law. 
In Table I, Z +  C — 1, where Z is the atomic num
ber of any given element and C is the number of the 
column in which it occurs, is a constant along any 
one n +  l level and is equal to the atomic number of 
the alkaline-earth element that occurs in that n +  
l level. Hence substituting Z +  C — 1 for Z in the 
above equations for the alkaline-earth elements, 
and then solving for Z of the given element yields 
the equations for the entire table

Z  =  [9 -  6C +  5(n +  l) +  3 (n +  l)2 +  (n  +  7)3] /6

(9) Main Smith2: "I t  is . . .  a general observation that alternate 
members of a valency group in the periodic table show the greatest 
chemical resemblance.” (Examples are given.)
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for odd values of n +  l, and
Z  =  [6 -  6C +  2{n  +  l) +  3(n  +  l)2 +  (n  +  l)3] / 6 

for even values of n -j- Z.
Upon multiplying out, collecting terms, and fac

toring, these become 
Z  =  [n  +  l)(n  +  l +  1 )(n  +  l +  2 ) /6  +

(n +  l +  l ) / 2  +  1 — C
for odd values of n +  l, and

Z  =  (n +  l)(n +  l +  1 )(»  +  l +  2 ) /6  +  1 -  C 
for ei>en values of n +  l.

These are the equations for Table 1.10 Since they 
differ by (n +  l +  l)/2 , they can be combined by 
the use of a term that has this value for odd values 
of n +  l, and equals zero for even values. The re
sulting single equation that describes Table I is 
Z  — (n -f- l){n +  l 4- 1 )(n +  l 4- 2 ) /6  +

(n +  l +  1)[1 -  ( —1)"+!] /4  +  1 -  C

where C and n +  l are, respectively, the number of 
the column and the period in Table I in which the 
element of atomic number Z occurs (and 0  ^ l ^ 
n— 1).

General Equation.— The above equation applies 
only to Table I. If we can find C  in terms of the 
orbital quantum number, l, of the last-filled sub
shell (the block of Table I in which the element 
occurs) and the number of electrons, N, contained 
in that subshell, we can substitute this relation
ship for C  in the above equation and obtain the 
completely general form.

C  is a measure of the difference in the number of 
electrons which the atom in question and the alka
line-earth element in the same n +  l level possess. 
The last-filled subshell of any given element will 
contain a maximum of 2(21 +  1) electrons. The 
subshell corresponding to the next block at its right 
in Table I (i.e., in reverse spectroscopic order) will 
contain a maximum of 2 [2(1 — 1) +  1] electrons 
(where 1 is still the orbital quantum number of the 
last-filled subshell of the given element), and the 
next subshell 2 [2(1 — 2) +  1] electrons, and so on 
to the end of the n +  1 level. The sum of these 
terms is 2(1 +  l ) .2 This expression gives the 
number of the column with which the block cor
responding to 1 begins; i.e., the column containing 
the element of lowest Z in that block.

If we subtract 2(21 +  1) from 2(1 +  l ) 2 and add 1, 
we obtain the expression 212 +  1, which gives the 
number of the terminal column of the block in Ta
ble I corresponding to 1.

If, instead of subtracting 2(21 +  1), we subtract 
the number of electrons contained in the last-filled

(10) The reduced cubic equations are
(n  +  l +  l ) 3 +  2(n +  l +  1) =  6(Z  +  C -  1) for odd values 
of n +  l and (n +  l +  l ) 3 — (ra -j- l +  1) =  6(Z  +  C — 1)
for even  values; and the roots are 
71 -f- l -J- 1 =

(3 (Z  +  C -  1) +  {[3 (Z  +  C -  1)]* +  8 /2 7 ) V .)1/ .
+ ( 3 (Z  +  C -  1) -  {[3(21 +  C -  1)]« +  8 /2 7 ) ‘A )1/ .

for odd values of n  -{- l ,  and 
71 -f- l 1 =

(3 (Z  +  C -  1) +  { [3(Z +  C -  l ) ] 2 -  1 /27 ) VO1/.
+ ( 3 (Z  +  C -  1) -  {[3 (Z  +  C -  l ) ] 2 -  1 /2 7 ) VO1/.

for ev en  values. These are shown here because of their beautiful sym
metry.

subshell and add unity as before, we obtain the 
number of the column in which the given element 
occurs

C =  2(1 +  l ) 2 -  N ,+  1

When this relationship is substituted for C in the 
equation for Table I, the general equation results
Z  — ( n  -f- l)(a T  l -f- l)(ri —{— / —f— 2)/6 -)- (n -f- l -)- 1) X 

[1 —( —1)»+']/4 - 2 ( I  +  l ) > + i V ( 4 0 S l  S » - l )

This is the periodic law in mathematical form.
Extension to Specific Physical and Chemical 

Properties.— Since the periodicity in chemical 
and physical properties is, in the last analysis, due 
to a periodicity in the electronic structures of the 
elements, there are without doubt mathematical 
relationships between the chemical and physical 
properties of elements and of compounds and the 
electronic structures of the elements.

The most straightforward way to find these rela
tionships, for both periodic and non-periodic prop
erties, is in a fashion analogous to the above deriva
tion of the periodic law, provided that sufficiently 
extensive tables of accurate data exist: the first 
step is to determine empirical (or, sometimes, de
rived) equations for the property, for each column, 
in terms of Z or n +  l; the next step is to compare 
these equations to find the completely general rela
tionship. In the most favorable case, the equa
tions will vary only by having a different value for a 
particular constant. Then a relationship must be 
found between the value of this constant and the 
corresponding column number. Substitution of 
this relationship for the constant in one of the equa
tions for the property (for any column, since they 
differ only in the value of this single constant) then 
gives the completely general relationship. In less 
favorable cases, the value of more than one constant 
will vary. The procedure in these cases is the 
same as in the case where the value of but one con
stant varies. If the form of the equation varies 
from one column to the next, then a general form 
must be devised which includes each of the equa
tions found for the columns as special cases.

It is not always a simple matter to determine the 
relationship between the dependent and independ
ent variables from the experimental data. Theory 
sometimes prescribes the form of the equation. 
Otherwise, the shape of the graph obtained by plot
ting the experimental data is used as a clue. One 
should try a semi-logarithmic plot of the data first 
because this form occurs quite frequently. If the 
form of the equation is guessed at or is still not 
known, a difference table of the data or of some 
function of the data may provide the answer. 
Worthing and Geffner,11 list eleven commonly oc
curring forms and outline the procedure followed in 
setting up difference tables for them. These au
thors also discuss other methods of approach and 
append a list of helpful references. Probably the 
best single reference on finite differences and other 
techniques useful in this sort of work is that of 
Whittaker and Robinson.12 Milne’s book on finite

(11) A. G. Worthing and J. Geffner, “ Treatment of Experimental 
Data,” John Wiley & Sons, Inc., New York, N. Y ., 1943, p. 61, Table 
II.

(12) E. T. Whittaker and G. Robinson, “ The Calculus of Observa
tions,”  Blackie & Sons, Ltd., London, 1944.
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differences13 is also of considerable value, not only 
for its textual material, but also because of its ex
cellent appendix of reference texts, tables and bibli
ographies. Once the form of the equation has been 
found, the arbitrary constants must be evaluated. 
The method of least squares is the most accurate. 
All of the mathematics references mentioned above 
indicate the procedure to be followed. A much 
simpler method, applicable in many cases, is given 
below.

If it is desired to relate two properties to one an
other, then they may be found in terms of Z and C 
or n -f-1 and C, the two expressions solved for C, and 
equated. As a result, one of the properties will be 
expressed as a function of the other property and Z 
or n +  l. Most likely, there will be two equations: 
one for odd values of n +  l (and corresponding val
ues of Z), and the other for even values. Equally 
well, instead of solving the two expressions for C, 
they may be solved for Z or n +  l (in whichever 
terms they were derived) and equated. In this 
case, one of the properties will be expressed as a 
function of the other property and C. Then the 
relationship between C, l and N, solved for C, may 
be substituted for C to give one property in terms 
of the other and l and N.

Two such equations relating one property to an
other and to Z, n +  l, or C may be solved for Z, 
n +  l, or C (whichever occurs) and equated to give 
an expression relating four properties to one another 
independent of Z, n, l, C and N. If the two equa
tions relating one property to another and to Z, n +  
l, or C have one of their properties in common, the 
final expression will relate three properties to one 
another independent of Z, n, l, C and N. The re
lationships between various properties may thus be 
found.

Simple Method of Evaluating the Arbitrary 
Constants.— The author has worked out a very 
simple way of finding the values of the arbitrary 
constants of functions <j>(y) =  a0 +  affix) +  . . . 
+  an[f(x)]n and equations that can be reduced to 
this form. It does not provide the most accurate 
results but is nevertheless quite satisfactory for 
many purposes.

If the original function, y =  g(x), is not itself a 
polynomial, it must first be transformed into one, 
<t>(y) =  <t>[g(x)] =  a0 +  . . .  +  an[f(x)]n. Then 
<j>{y) is plotted against f(x) as carefully as possible. 
Equi-spaced values of f(x) and corresponding val
ues of <j>{y) are then taken from the graph. As 
many pairs of these values are taken as there are 
arbitrary constants to evaluate. (Constants to be 
evaluated: a0, ah . . ., an. Pairs of values taken: 
fix)i, 4>{y)i; /(x )2, 4>iyW, ■ ■ ■) /0)n+i, 4>iy)n+x)- 
These pairs of values are used in setting up equa
tions

— ao +  a i / ( z ) i  +  . •. +  (falfix)i ]B

<#>(y\ =  no +  +  . .  . +  an[f(x)2] "

4>(y)i+l — a 0 +  dlf(x)n+ +  . . . +  dn[f(x)n+l]n
which are solved simultaneously to give the values 
of the arbitrary constants. Only n equations need 
be set up if the value of </>(</) for fix) = 0 is known,

(13) W. E. Milne, “ Numerical Calculus,”  Princeton University
Press, Princeton, N. J., 1949.

for then 4>(y) =  a0. Pairs of values that are as 
widely distributed over the graph as possible should 
be chosen. If only a few pairs are needed, the eval
uation of the arbitrary constants should be re
peated, possibly several times, using different pairs 
of values each time, and the results averaged. 
(This much of the method is not new.)

The equations can be solved simultaneously very 
simply when they are set up using equi-spaced val
ues of f(x). The junctions 4>(y) and a0 +  affix) 
+  . . .  +  a.n[f(x) ]” are subjected to differencing, e.g.

<t>{y) i
<l>(.yh -  <t>(y)i

A^(y)

<t>(y) 2 —  2<t>{y)i +
0 (2/)s -  4>(y)i ; •: etc. .

4>(y) s
4>(y)n+1

<t>(y)*+1 -  2 1

<t>(y)n+i

until a single value, the “ residue,”  is reached, and 
the residues of the two series of differencing operations 
equated. This yields the value of an which is then 
substituted into the first n equations. (These are 
the simplest ones.) The equations are then simpli
fied and again differenced, giving the value of an- 1. 
The process is repeated (taking care each time to 
use exactly as many equations as there are un
knowns!) until all of the arbitrary constants have 
been evaluated.

In differencing a0 +  at (x) +  . . . +  an[(x)]n, all 
of the coefficients except an eventually vanish: as 
is well known, the nth order difference of a poly
nomial of degree n is equal to a constant while the 
nth order difference of a polynomial of degree n is 
zero. This simplifies the computation consider
ably : the result of equating the residues of the first 
two series of differencing operations is 

A n<t>{y) =  a „ n ! [A / ( z ) ] "

from which the value of an may be directly ob
tained; the result of equating the next two series of 
differencing operations is

A n_1i0 ( i / )  -  a„[/(x)]nj = on-i(n -  l)![A/(x)]’*-1
from which the value of an- 1 may be readily ob
tained ; . . . ;  in general
A n~p[<t>(y) -  a „ [ f ( x ) ] n -  a n_ 1[ / ( z ) ] " - 1 - . . . -

d n -p + i [ f (x ) ]n~p+1} =  an- v{n  -  p ) ! [ A / ( z ) ] n-J’

The entire process of setting up the equations and 
solving them simultaneously by differencing is 
summarized in the following formula (which was de
rived from the above general formula)
n ~ P  ( __l)r  (

S  ( n - p -  r)\r\ 
n

S  a>lf(x)n-p ~r+ l]1
t = n — p~\~ 1

In using this formula, an is found first, then o„-i, 
etc.

Specific examples of the application of this 
method to the determination of general mathema
tical expressions for both periodic and non-periodic 
properties of the elements and their compounds will 
be published later together with the results of the 
least-squares method for comparison.

=  an- p[A f(x )]n v
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THE RETENTIVITY OF CHARCOALS BY THE APPROXIMATE ISOTHERM 
METHOD. THE EFFECT OF MOISTURE ON THE RETENTIVITY OF 

METHYL ETHYL ETHER, NEOPENTANE AND METHANOL1
B y  D. H. V o l m a n  a n d  G. J. D o y l e 2

Division of Chemistry, College of Agriculture, University of California, Davis, California

Received November 6, 1960

The retentivity of charcoals has been studied using methyl ethyl ether, neopentane and methanol by determining the ap
proximate desorption isotherms of dry and 8 0 %  R .H . equilibrated samples in air stream. The presence of moisture on the 
charcoal has a highly deleterious effect on the retentivity of neopentane, insoluble in water, an appreciable lessening of reten
tivity for methyl ethyl ether, somewhat soluble in water, and does not impair the retentivity of methanol, completely miscible 
with water. The approximate isotherm in the presence of wrater was shown to be derivable from the approximate dry iso
therm and the water desorption isotherm.

The term “ retentivity”  has been variously de
fined but is generally meant to designate the ability 
of the adsorbent to hold gas previously adsorbed 
when the adsorbent is subsequently exposed to an 
air stream. When an amount of gas insufficient to 
penetrate an adsorbent is adsorbed, this will dis
tribute itself equally throughout the bed, given 
enough time, and the partial pressure of gas coming 
off initially on subsequent exposure to an air stream 
will be the equilibrium or isotherm value. For 
large deviations from equilibrium conditions, this 
may be considerably in error.

Allmand and Manning3 have shown that it is 
possible to evaluate retentivity by an approximate 
isotherm method. A charcoal bed is saturated with 
vapor at a given partial pressure and then is de
gassed with adsorbate-free air, the effluent concen
tration being followed continuously. An approxi
mate isotherm so obtained will be somewhat lower 
than a true isotherm since the exit end of the bed 
will contain a greater concentration of adsorbate 
than the entrance end. However, an isotherm thus 
obtained may be used to predict the initial exit con
centration of adsorbate from a charcoal bed which 
has previously taken up a known amount of vapor. 
Such isotherms are then of particular importance in 
evaluating the performance of gas mask cannister 
charcoals.

In this study we have used compounds which dif
fer in chemical structure and solubility in water in 
order to determine the effect of moisture on reten
tivity. The charcoals used were representative of 
types in use over the past few years.

Materials and Method
M ethyl ethyl ether was prepared by the reaction of so

dium ethylate and dimethyl sulfate. The product was 
finally purified by distillation in a Podbielniak column of 120 
theoretical plates. Neopentane was prepared by the reac
tion of tertiary butyl chloride and methylmagnesium chlo
ride. The methanol was J. T . Baker C.p. absolute.

Six charcoal samples were used; their designation and 
source follow: A , an air activated coal charcoal from the 
Pittsburgh Coal and Chemical Company; B , an air acti
vated coconut charcoal from Northwestern University; 
C , a steam activated wood charcoal from the Carlisle Lum
ber C o .; D , a zinc chloride activated wood charcoal from

(1) The experimental work reported here was carried out on a con
tract between Northwestern University and N .D.R.C. Division 10. 
This paper is taken from the report of the authors, O.S.R.D. No. 5236, 
April 23, 1945, unclassified June 15, 1949.

(2) Department of Chemistry, University of Indiana, Bloomington, 
Indiana.

(3) Allmand and Manning, J. Soc. Chem. Ind., 47, 369T (1928).

the National Carbon C o .; E , an air activated coal charcoal 
from Northwestern University; F , a whetlerite4 made by 
impregnation of charcoal E .

For the approximate isotherm 3-cm . beds of the charcoal 
were saturated with the gas in an air stream at a concentra
tion of 240 m g ./l . at a flow rate of 5Q0 cm. per min. W hen  
equilibrium was reached the supply of vapor was cut off, 
and the bed was allowed to desorb in the air stream. The 
concentration of gas in the effluent, stream was followed con
tinuously. For the experiments under humid conditions, 
the charcoal was first humidified in position by exposing it 
to the air stream at 8 0 %  R .I i . for ten hours previous to the 
charging process and then carrying out the charging and the 
desorption in an 8 0 %  R .H . stream of air.

The gas flows were established by techniques commonly 
used for tube testing of charcoal. The analysis of the gases 
was carried out by means of the hot wore analyzers developed 
for combustible gas.5 Three different ranges of sensitivity 
were available: The first measured the region 0 -1  m g ./l . 
with an accuracy of 4=0.004 m g ./l .; the second measured 
the region 0 -5  m g ./l . with an accuracy of =f 0.02 m g ./l .; 
and the third measured the region 0 -5 0  m g ./l . with an ac
curacy of 4=0.2 m g ./l . Results were recorded continuously 
on General Electric recording millivoltmeters.

Three charcoal tubes could be accommodated at one time. 
The tubes were water thermostated at 2 5 °. They were 
2.75 sq. in. cross section, and a total flow of 1.375 l ./m in . 
resulted in a linear velocity of 500 cm ./m in .

Results and Discussion
Figures 1-6 show the approximate dry and mois

ture condition approximate isotherms for the three 
gases used. As a criterion for retentivity one may 
then take the amount retained for a given effluent 
concentration in the desorption process.

The dry isotherm for charcoal F, a whetlerite, is 
not greatly different from that of charcoal E, its 
base, in the case of both neopentane and methyl 
ethyl ether. However, the whetlerite retains con
siderably more methanol than the base at the lower 
pressures and has some retentivity even at zero 
pressure. This indicates that some chemical re
action is occurring between the impregnant and 
methanol. However, when the charcoal is humidi
fied, the impregnant is no longer available for ab
normal retentivity of the methanol since it has pre
sumably entered into chemical reaction with water; 
hence, the isotherm on humidified impregnated 
charcoal is lower than the base in keeping with the 
results with methyl ethyl ether and neopentane.

Figure 7 is indicative of the type of result which 
may be predicted from the approximate isotherm. 
Three of the charcoals were charged with methyl 
ethyl ether for 75 minutes at a concentration of 1.0

(4) For definition see P. H. Emmett, Chem. Revs., 43, 69 (1948).
(5) Latimer, Ruben, Norris and Gwinn, O.S.R.D, No. 3048, Dec. 

3, 1943.
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Concn., mg. per liter.
Fig. 1.— M ethyl ethyl ether approximate isotherms; dry, 

25°.

Fig. 2.— Methyl ethyl ether approximate isotherm; 8 0 %  
R .H ., 25°.

Concn., mg. per liter.
Fig. 3.— Neopentane approximate isotherms; dry, 25°.

Concn., mg. per liter.
Fig. 4.— Neopentane approximate isotherms; 8 0 %  R .H ., 25°.

Concn., mg. per liter.
Fig. 5.— Methanol approximate isotherms; dry, 25°.

Concn., mg. per liter.
Fig. 6.— Methanol approximate isotherms; 8 0 %  R .H ., 25°.
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Time in minutes.
Fig. 7.— Desorption curves; methyl ethyl ether, 2 5 ° ; 3-cm. 

beds charged for 75 minutes at 1 mg. per liter.

mg./l. Desorption was initiated at the end of 
this charging period, and the time axis includes the 
charging time of 75. If it is assumed that redis
tribution occurs on the charcoal prior to desorption 
then, from Fig. 1, the maximum concentration pos
sible in the effluent are 0.16, 0.40 and 0.90, respec
tively. Since no time was allowed for redistribu
tion it was to be expected that the actual peak con
centration would be somewhat lower and would oc
cur after a longer time interval for the charcoals 
with greater capacities. Thus the maximum con
centrations reached were 0.10, 0.36 and 0.69, re
spectively, after times of 220, 170 and 122 minutes.

The presence of water on the charcoal might be 
expected to play a dual role as far as retentivity is 
concerned. First, there is a reduction in retentiv
ity caused by a joint occupation by water and the 
other adsorbate of space formerly available to the 
adsorbate alone. Second, there is an increased re
tentivity due to solubility of the adsorbate in the 
water on the charcoal. The totality of these two 
effects would determine the net change exhibited by 
the 80% R.H. isotherm as compared to the-dry iso
therm. Thus retentivities of less than the dry case 
are expected for gases not soluble in water, and re
tentivities greater than the dry case are possible for 
gases soluble in water. A comparison of the wet 
and dry isotherms obtained shows that for neopen
tane, insoluble in water, there is a larger reduction 
in retentivity than there is for methyl ethyl ether, 
somewhat soluble in water. The retentivity of 
methane, highly soluble in water, is increased under 
humid conditions, especially at lower pressures.

Fig. 8.— W ater desorption isotherms, 25°.

T a b l e  I

C o n st a n t s  for  t h e  E v a l u a t io n  o f  M e t h y l  E t h y l  E t h e r  
I so th e r m s  a t  8 0 %  R .H ; k2 =  0.00253

Aro Values for various concentration

Charcoal

C = 24 
fa = 0.250, 

mg./ml.

a = io
/ij = 0.443, log./ml.

C = 1 
k, = 0.350, 

mg./ml.
So,mg./ml

A 83 5 6 .5 2 5 .3 288
B 75 4 2 .0 16 .7 470
O 67 4 5 .0 17 .5 294
D 62 3 6 .8 13.1 414
E 50 3 2 .8 13 .3 252

T a b l e  II

C o m p a r iso n  of  C a lc u l a t e d  a n d  E x p e r im e n t a l  8 0 %  
R .H . I s o th e r m  V a l u e s  for  M e t h y l  E t h y l  E t h e r

c = 24 r = io c = l
Charcoal

Calcd. Exptl. 
mg./ml. mg./in

Calcd. 
1. mg./ml.

Exptl. Calcd. Exptl. 
mg./ml. mg./ml. mg./ml.

A 38 37 32 32 9 .5 9 .0
B 46 42 31 30 7 .0 8 .0
C 34 38 27 28 7 .0 7 .0
D 41 42 27 27 5 .5 5 .5
E 28 26 21 21 5 .0 4 .5

T a b l e  I I I

C o n st a n t s  fo r  t h e  E v a l u a t io n  o f  M e t h a n o l  I s o th e r m s

a t  8 0 %  R .H ; k i == 0.0072
No Values for various concentrations 
C =  24 C =  10 C =  4 

fa =  0.40, fa =  0.78, fa =  1.00, 
Charcoal mg./ml. mg./ml, mg./ml.

So,
mg./ml.

A 89 37 7 .5 288
B 79 22 5 .0 470
C 72 21 5 .0 294
D 66 17 4 .0 414
E 55 15 4 .5 252

T a b l e  IV

C o m p a r iso n  o f  C a l c u l a t e d  a n d  E x p e r im e n t a l  8 0 %  R .H
I s o th e r m  V a l u e s  for  M e t h a n o l

Char
coal

C =  24 
Calcd. Exptl. 

mg./ml. mg./ml.

c =
Calcd. mg./ml.

10
Exptl.
mg./ml.

c =
Calcd. ] 

mg./ml.

4
Exptl.
mg./ml.

A 86 88 50 50 16 15
B 113 104 51 54 18 15
c 80 79 37 39 14 15
D 98 89 43 46 16 12
E 66 65 30 28 12 11

It is possible to treat the effect of moisture on the 
isotherm by a quantitative treatment using data of 
the dry isotherm and the water sorption isotherms.

Assume that the total sorption consists of two 
parts: (1) Sorption by displacement of water Ni = 
k(S0 —  $ e ) ,  where A; is a coefficient of change from 
weight of water displaced to weight of adsorbate 
adsorbed; S0 is wt. of water on the charcoal in the 
absence of the adsorbate; Se is wt. of water on the 
charcoal in the presence of the adsorbate.

(2) Sorption by solution of the adsorbate in wa
ter, N2 =  kzCSn, where k2 is a Henry’s law constant 
and C is concentration of adsorbate in the gas 
phase. Then JVH =  k(S0 — Se) +  k2CSE, where 
Arn is the total sorption of the adsorbate on the 
humidified charcoal.

Now postulate that the amount of water dis
placed is proportional to the amount of adsorbate 
sorbed under dry conditions or, S0 — Se =  hN 0 
where NQ is the amount of adsorbate held under dry 
conditions. Then, N h =  kk:N0 +  fc2C(»So —
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k iN o ), and, JVh  =  (k k i  — k ik 2C )  N0 +  k.CS0. This 
may be written in the form Nh =  fcsIVo +  k 2C S o  at 
a given concentration, and we further assumed that 
k, is fixed for all concentrations but that k3 is not.

The constants have been evaluated and a com

parison of calculated and experimental values for 
methyl ethyl ether and methanol has been made, 
Tables I-IV. The values of S0 were taken from 
water desorption isotherms, Fig. 8, and the Ar0 val
ues were taken from the dry approximate isotherms.

SOLUBILITIES OF CALCIUM AND STRONTIUM NITRATES IN MONOALKYL
ETHERS OF ETHYLENE GLYCOL

B y  K enneth  A. K obe and  W illiam  L. M otscii1
Department o j Chemistry, University of Texas, Austin, Texas 

Received November SO, 1950

The solubilities and phase relationships for calcium nitrate and strontium nitrate in methyl, ethyl and butyl Cellosolves 
have been determined. Butyl Cellosolve is the most selective of these solvents for the dissolution of calcium nitrate from 
mixtures containing strontium nitrate.

Strontium nitrate is used extensively in pyro
technics. In lower grade ores both strontium and 
calcium carbonates may be present, and it is nec
essary to remove the calcium nitrate from the 
strontium nitrate because the former is extremely 
hygroscopic and specifications require it to be ab
sent. A fractional crystallization procedure has 
been outlined by Kobe and Stewart2 3 who present 
the 25 and 60° isotherms for the aqueous ternary.

Barber8 has shown that the monobutyl ether of 
ethylene glycol will selectively dissolve calcium ni
trate from anhydrous mixtures of strontium and 
calcium nitrates and has based a successful pro
cedure in qualitative analysis on this fact. The 
authors have used this as a basis for a method of 
quantitative analysis of strontium and calcium,4 5 
similar to a method using acetone.6 *

Because of the quantitative separation possible, 
it was desired to know complete solubility and 
phase relationships, not only for the butyl ether but 
also the methyl and ethyl ethers which are also 
commercially available. Although the monoethyl 
ether of ethylene glycol is known as “ Cellosolve,” 
this word will be used here to designate a monoalkvl 
ether of ethylene glycol and the individual members 
will be designated by the name of the alkyl group, 
as methyl, ethyl or butyl.

Experimental
Reagents.— The calcium and strontium nitrates were 

analytical grade reagents. The calcium nitrate tetrahy- 
drate was dehydrated at 145° before use.

The Cellosolves were technical grade supplied by the Car
bide and Carbon Chemicals Division. Each was distilled 
under vacuum before use, using a Vigreux column and re
jecting the initial 1 5%  and the final 1 0 % . All of the 
Cellosolves form minimum boiling point azeotropes6 con
taining 71 to 7 8 %  water, so all traces of water should be re
moved with the initial 1 5%  rejected.

Procedure.— The warm nitrates from the drying oven 
were added to Pyrex test-tubes with restricted openings.

(1) Ethyl Corporation, Baton Rouge, La.
(2) K . A. Kobe and P. B. Stewart, J. Am . Chem. Soc., 64, 1301 

(1942).
(3) H. H. Barber, Ind. Eng. Chem , Anal. Ed., 13, 572 (1941).
(4) K. A. Kobe and W. L. Motsch Anal. Chem., 23, 1498-9 (1951).
(5) P. B. Stewart and K. A. Kobe, Ind. Eng. Chem., Anal. Ed., 14, 

298 (1942).
(6) Carbide and Carbon Chemicals Corp., “ Cellosolve and Carbitol

Solvents,” New York, N. Y ., 1947.

The tubes were then placed in the oven and held at 140° for 
12 hours to remove any traces of moisture that m ay have 
been picked up. The tubes were removed from the oven, 
the desired amount of Cellosolve added and the tube quickly 
sealed with a gas torch. If a sample was to be used at a 
temperature where solvated crystals were the stable form, 
the sample was dissolved completely by heating to a higher 
temperature, around 100°, and then cooling to form the 
solvated crystals. Often the ampoule had to be shaken 
vigorously to cause crystal formation. Calcium nitrate 
solutions would require several days or not change at all 
to the stable form unless this initial step was taken. D u 
plicate samples were rotated on a wheel submerged in the 
thermostat and one sample was allowed to rotate for a longer 
period of time. The agitation periods ranged from several 
days at 30° to about 6 hours at 120°. Temperatures below 
30° and above 120“ were not used because time to reach 
equilibrium was too great below 30° and above 120° the 
nitrate-Cellosolve solution discolored after several hours. 
Thermostat temperatures were kept within 0 .05 ° of the de
sired value.

Sampling.— After equilibrium was attained, the sample 
was allowed to stand until the solution was clear. The top 
of the ampoule was broken and the liquid sample was re
moved with a pipet. The pipet tip was covered with a 
piece of filter paper unless the solution was too viscous, in 
which case a pipet with an enlarged tip was used. In some 
cases heated pipet-s had to be used, but when the system  
showed an inverted solubility curve a cooled pipet was used. 
Two samples of the solution were taken from each ampoule 
and placed in weighing bottles.

Various techniques were used to obtain samples of the 
solid phases. For samples near room temperature the ex
cess liquid was drawn off and the solid quickly transferred to 
a weighing bottle. The calcium nitrate disolvate of ethyl 
Cellosolve dried satisfactorily in a desiccator over anhydrous 
calcium sulfate. The disolvate of methyl Cellosolve had 
to be placed on dried cotton to absorb the excess solvent. 
The deliquescence of the solvated crystals made it difficult 
to prepare the crystals in pure form.

Analysis.— Water was repeatedly added to the weighed 
sample in an oven at 100° until no Cellosolve odor remained 
when it reached dryness. Usually 5 or 6 evaporations were 
required. Direct evaporation of the Cellosolve invariably 
left carbonaceous matter. The sample was finally dried at 
160° for 12 hours. The loss in weight represented the 
Cellosolve and the residue was the nitrate in the sample. 
Use of prepared samples showed this method was accurate 
to about one part in 750.

The observed crystal type was an aid in determining the 
solid phase. Calcium nitrate disolvate of methyl Cello
solve has a cubic crystal whereas the monosolvate is hexag
onal. Calcium nitrate disolvate of ethyl Cellosolve forms 
a needle-like crystal.

Discussion
The solubilities of calcium nitrate are given in 

Table I and those of strontium nitrate in Table II.
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The phase relationships in the calcium nitrate 
Cellosolve system are shown in Figs. 1, 2 and 3.

Fig. 1.— Calcium nitrate-methyl Cellosolve.
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Fig. 2.— Calcium nitrate-ethyl Cellosolve.

TEMPERATURE. *C.

Fig. 3.— Calcium nitrate-butyl Cellosolve.

The system calcium nitrate-methyl Cellosolve is 
unique in having a transition point of di- to mono
solvate at 88.8°, just below the congruent melting 
point of dissolvate at 89.2°. The monosolvate 
exists over a short range and the transition to the 
anhydrous salt would occur at 97.2° and 127.4 g ./ 
100 g. Concentrated solutions, above about 100 
g./lOO g., are extremely viscous and the rate of 
solution of the salt is low. It is easy to obtain solu
tions with metastable solid phases, and one such 
point is indicated on the figure.

T a b l e  I

S o l u b i l i t i e s  o f  C a l c i u m  N i t r a t e  i n  C e l l o s o l v e s  

Solubility expressed as grams anhydrous calcium nitrate per 
100 grams solvent; T  =  transition point of disolvate; 
M  =  congruent melting point of disolvate; m  =  metastable.

t, °c .

Methyl
g./100

g.

Cello
solve

solvate

Ethyl
g./100

g.

Cello
solve

solvate

Butyl
g./100

g.

Cello
solve

solvate

3 0 .0 3 3 .2 2 5 .9 2 5 8 .4 0
4 5 .0 4 1 .5 2 12 .7 2 5 2 .5 0
6 0 .0 5 0 .3 2 2 2 .3 2 4 6 .9 0
7 5 .0 6 5 .2 2 40 .1 2 4 1 .5 0
8 2 .5 7 7 .4 2 5 4 .9 2
8 7 .2 9 1 .8 2
8 7 .5 6 4 .0 2
8 8 .8 114.2 2,1 T
8 9 .2 107.83 2 M
9 0 .0 130.6 0 m 3 5 .4 0
9 1 .1 80 .1 2
9 1 .2 8 1 .2 2,0 T
9 3 .8 122.2 1
9 5 .0 7 8 .6 0
9 6 .5 126.5 1

105.0 125.6 0 7 5 .3 0 31 .1 0
120.0 123.4 0 71.1 0 2 7 .2 0

T a b l e  II

S o l u b i l i t i e s  o f  S t r o n t i u m  N i t r a t e  i n  C e l l o s o l v e s

Solubility expressed as grams anhydrous strontium nitrate 
per 100 grams solvent. All solid phases are unsolvated.

t, °c .

Methyl
cellosolve,
g./lOO g.

Ethyl
cellosolve,
g./100 g.

Butyl
cellosolve,
g./100 g.

3 0 .0 1 .66 0 .048 0 .02 3
6 0 .0 0 .66 3 .043 .021
9 0 .0 .345 .027 .017

120.0 .187 .021 .015

%  H.O in 
solvent

3 0 .0 0 .0 0 .02 3
1 .0 .048
2 .0 .069
4 .0 .195
8 .0 1.21

In ethyl Cellosolve calcium nitrate forms only a 
disolvate which melts to form the anhydrous salt. 
No solvate is formed in butyl Cellosolve over the 
temperature range investigated. The unsolvated 
salt in all solvents shows a negative temperature 
coefficient of solubility, or an inverted solubility 
curve.

The solubility of strontium nitrate is low in all 
solvents (Table II) and only the unsolvated salt 
exists. As with calcium nitrate, this form has an 
inverted solubility curve. A comparison of the 
two salts shows that butyl Cellosolve is most selec
tive for the extraction of calcium nitrate from the 
mixed nitrates, and a quantitative method of anal
ysis is based on this.4 The effect of a small amount 
of water on the solubility of strontium nitrate in 
butyl Cellosolve at 30° is likewise shown in Table 
II where the solvent contains from 1.0 to 8.0% wa
ter. The solubility is seen to increase rapidly, so 
for quantitative separations the solvent must be 
anhydrous.
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It has been shown that surface configuration of the supporting substance is not of major importance in inducing nickel 
deposition by chemical reduction either through a similarity to the nickel lattice or through catafiiic activity due to surface 
geometry.

Introduction
In attempting to extend to non-metallic surfaces 

the electrodeless plating method described by Bren
ner and Riddell,2 more information on the process 
occurring at metallic surfaces was desirable. They 
had found that the reduction of nickel ion by so
dium hypophosphite took place only on a limited 
number of metals, indicating that the metal itself 
was an integral component, possibly catalytic, or 
that growth of a nickel lattice required as a basis a 
similar, perhaps a particular, surface configuration.

If any of these factors were found to be controll
ing in the deposition process the use of glass or other 
non-metallic surfaces as such would be eliminated 
as basis materials for this type of plating. The 
study reported here was made to establish the im
portance of this point in the deposition process.

Experimental Methods and Results
The experimental approach was through comparison of 

electron diffraction patterns of the metal surface prior to 
plating and of the deposited nickel. The patterns were 
obtained with an R C A  type E M U -1  electron microscope 
fitted with a diffraction attachment. The acid plating 
bath, I II , described by Brenner and Riddell2 was used in 
this work. This bath contained 30 g . /l .  of nickel chloride, 
10 g . / l .  of sodium citrate and 10 g . / l .  of sodium hypophos- 
phite. The temperature of the bath during plating -was 
maintained at 95 ±  2 ° .

Reflection patterns were obtained of SAE 1020 steel 
blocks, 6 X 6 X 2  m m ., after they had been given a 30 
second etch in a solution consisting of 1 %  HNOa in absolute 
ethanol (see Fig. 1). The blocks were then plated as de
scribed above for various periods and electron diffraction 
patterns were again obtained by reflection. It was found 
that exposure of the steel to the plating solution for as little 
as 2 minutes obliterated the iron-iron oxide pattern of the steel 
and replaced it with 2 diffuse rings for which the ratio of 
the radii was 1.85. The pattern of Fig. 2 for a 2-minute 
plating time is typical. For plating times of less than about 
four hours the pattern did not change but those samples 
W'hich -were plated for longer periods gave the typical face 
centered cubic pattern of nickel. The pattern in Fig. 3 was 
for a steel block on which nickel had been plated by this 
procedure for 6 hours.

The initial deposits, continuing through considerable 
thickness were amorphous since the pair of diffuse rings of 
radius ratio of 1.85 are ordinarily indicative of such a sur
face.3 It is w-ell known, however, that reflection of an elec
tron beam from a surface is dependent on the physical nature 
of that surface and therefore a deposit that gives a pattern 
of the type showm in Fig. 2 may yield a more complex pat
tern of sharp rings on transmission of the electron beam .4

Because of this it was decided to study the deposition of 
thin nickel films by chemical reduction on very thin evap
orated metal films. In this way it was possible to strip the

(1) Presented before 5th Southwest Regional Meeting of the Ameri
can Chemical Society, Oklahoma City, Okla., December, 1949.

(2) A. Brenner and G. R. Riddell, J. Research Natl. Bur. Standards, 
39, 385 (1947).

(3) N. K . Adam, “ The Physics and Chemistry of Surfaces,” Third 
Edition, Oxford University Press, London, 1941, p. 171.

(4) L. H. Germer, Phys. Rev., 49, 163 (1936).

films and examine them by electron transmission techniques. 
Evaporated films of nickel, iron, gold, copper and platinum 
were prepared by evaporation from a heated tungsten 
filament and condensation onto glass microscope slides in a 
chamber evacuated to 5 X  10-6 m m . The metal films were 
so thin that they imparted only a slight haze to the glass 
slide.

Nickel deposits were obtained by immersion of the metal
bearing slide in the hot plating solution described above. 
Plating occurred only on the nickel, iron and gold films in 
accordance with the earlier observations.2 Plating wras very 
rapid when it occurred and it was necessary to exercise care 
in obtaining deposits sufficiently thin to be transparent to
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the electron beam. Suitable deposits were stripped from 
the glass slide by soaking in hot water.

These were mounted on 200 mesh stainless steel screens 
which were inserted into the microscope barrel normal to 
the direction of the electron beam.

The nickel deposits on both gold and on iron gave diffrac
tion rings typical only of the basis metal. In neither case 
were there found rings attributable to nickel and there 
were no indications of preferred orientation. The trans
mission pattern of a gold film is shown in Fig. 4 and a pat
tern obtained from nickel deposited on a gold film is shown 
in Fig. 5 . The short arcs indicate where nickel lines would 
be found if they had been present.

Two other basis metals were included in bulk form. 
These were chromium and silver and in neither case was 
there any evidence that deposition had occurred.

Discussion
The bulk of the experimental evidence given here 

indicates that initial deposition of nickel follows the 
lattice structure of the basis metal over a fairly 
wide range of lattice type and dimensions and even
tually assumes a typical nickel structure. The re
flection data if taken at face value indicate an amor
phous structure on steel. However, these results 
can be satisfactorily explained as being due to the 
physical structure of the surface alone. Objection 
may be made to the fact that in the transmission 
work the pattern was taken through both the evap
orated metal and the deposited nickel. Visual 
evidence, however, indicated that the thin evapo
rated films did not separate with the nickel from the 
glass support. Furthermore, even if it did adhere 
to the nickel it was so thin in comparison that it 
would not block out any separate lines due to 
nickel alone.

An inspection of Table I reveals that chromium 
and iron have identical lattice type and almost iden
tical dimensions, yet nickel is deposited on iron but 
not on chromium. The same situation prevails 
with regard to gold and silver, and to palladium

T a b l e  I

Metal
Lattice

type

Unit 
Cell 

in Á.

Nearest
atomic

approach in A.
Nickel

deposition

Ni FCC 3 .52 2 .4 8 Yes
Co FCC 3 .5 5 2 .5 0 Yes
Al FCC 4 .0 4 2 .5 4 Yes
Fe BCC 2 .8 6 2 .4 8 Yes
Cr BCC 2 .8 8 2 .5 0 N o
Au FC C 4 .0 7 2 .8 8 Yes
Ag FCC 4 .0 8 2 .8 8 No
Pd FCC 3 .8 8 2 .74 Yes
Pt FCC 3.91 2 .7 6 No
Cu FCC 3.61 2 .54 N o

and platinum. This is a definite indication that 
adsorption of reactants or catalytic effects based 
upon the geometry of the surface, i.e., the existence 
of a critical spacing, is not a factor in the deposition 
process. This point is supported by two additional 
facts. First, there is the wide divergence in the 
lattice constants of the six metals Ni, Fe, Au, Al, Pd 
and Co which do induce plating (for the latter 3, 
see reference (2)). Second, plating may be in
duced on metals such as copper by momentary 
contact with a more electropositive metal such as 
iron.2’5 This contact sets up a galvanic cell of 
which copper is the cathode and which causes nickel 
to deposit on the copper electrolytically. When 
the contact is broken nickel will then deposit on the 
copper by chemical reduction although it would not 
do so before. Since the contact need be only mo
mentary and no visible nickel deposit need be 
formed in order to activate the copper, it is reason
able to assume from the diffraction work with gold 
and iron that the initial nickel deposit has the same 
lattice structure as the basis copper. Nevertheless 
it is possible to induce deposition from solution on 
this structure but not on copper itself.
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The reaction of silver nitrate with tetrabromophenolsulfonphthalein was studied at 25.1° and 30.1°. The reaction mecha
nism was found to be consecutive first order. The specific velocity constants, the energies of activation, the Arrhenius fre
quency factors, and the entropies of activation were determined for the removal of the first and second bromine atoms. 
The specific velocity constant for step 1 was found to be from 8 to 10 times as great as that for step 2. The rates of removals 
of the third and fourth bromine atoms from the dye molecules were shown to be negligibly slow. The negative entropy values 
were explained as due either to a rigid activated as compared to a reactant state or to a small transmission coefficient. Trans
missions of the reaction mixtures were found to increase with time. This phenomenon was discussed at some length.

The reaction of silver and mercuric nitrates with 
brominated alkyl and aryl compounds has been 
studied by various authors.1

The kinetics of the reaction between silver ni
trate and tetrabromophenolsulfonphthalein, how
ever, have not been studied. It was thought of in
terest to make a study of the kinetics of this reac
tion, since it gave promise of being a reaction, the 
mechanism of which would involve the consecutive 
removal of bromine atoms from the dye molecule by 
the silver ion. Since the dye is only slightly soluble 
in water solution and the silver nitrate could be 
present in much higher concentrations, it was 
thought the mechanism might be pseudounimolec- 
ular.

Experimental
The brom phenol blue was Eastman Kodak No. 752 

tetrabromophenolsulfonphthalein.1 Other chemicals used 
were of C.p . grade. The thermostat at 25.1° was constant 
to ±0 .05° and the one at 30.1° was constant to within 
±0 .0 1 °. Brown bottles were used to prevent possible catal
ysis of the reaction or decomposition of the precipitated 
silver bromide by light. Each run was set up by pipetting 
200 ml. of 6.97 X  10~4 5 M  tetrabromophenolsulfonphthalein, 
50 ml. of 0.9974 M  nitric acid and 50 ml. of 0.08611 M  
silver nitrate into a bottle. The silver nitrate was added 
last and the time of the beginning of the run was taken as the 
last drop of silver nitrate entered the reaction bottle. The 
bottle was stoppered immediately and the mixture shaken 
and placed in the thermostat. At intervals the bottles were 
removed from the thermostat, quickly and vigorously 
shaken and returned to the thermostat. The run was 
analyzed by filtering through a previously prepared and 
weighed porcelain crucible containing an asbestos mat. The 
time of completion of the run was taken when the last of the 
solution passed through the filter. Timing was not critical 
since the shortest run, except the first, involved at least 
17 hours and the longer runs involved several hundred hours. 
After filtering the reaction mixture the bottle and crucible 
were thoroughly washed with distilled water containing 
approximately 2 ml. of nitric acid per liter of water, then 
with 95% ethyl alcohol and finally with pure distilled water. 
If the crucible tended to become clogged with adsorbed dye, 
alcohol wash was used to desorb the dye. The crucible 
was brought to constant weight in an oven and the weight 
of silver bromide determined frem the difference in -weight 
of the crucible and the weight of the crucible plus the silver 
bromide. From the time rate of production of silver bro
mide the rate of reaction of silver nitrate with tetrabromo- 
phenolsulfonphthalein was calculated.

Mechanism.—Burke and Donnan studied the interaction 
of alcoholic silver nitrate with alkyl halides.2 They repre-

(1) Euler, B e r.,  39 2726 (1906). Chase and Kilpatrick, J. A m . 
Chem. Soc., 54, 2284 (1932). Baker, J .  Chem . Soc., 987 (1934). Rob
erts and Hammett, J. A m . Chem . Soc., 59, 1063 (1937). Panepinto and 
Kilpatrick, ibid., 59, 1871 (1937). Amis and La Mer. ibid., 61, 906 
(1939).

(2) Burke and Donnan, J. Chem . Soc., 85, 555 (1901)

sented the mechanism as being the two simultaneous re
actions

R I +  A g N 0 3 +  E tO H  — Agl  +  HNO„ +  R O E t (A )
R I +  A gN O , — Agl  +  R  O N 0 2 (B)

They found that the bimolecular velocity constant was in
creased by increasing the initial concentration of silver ni
trate and to a lesser extent by decreasing the initial concen
tration of alkyl halide. Baker3 found that the reaction of 
p-methylbenzyl bromide and p-nitrobenzyl bromide followed 
the mechanism represented by reaction (A ) and (B ) above 
(7 6 %  in accordance with (A )), but that the reactions were 
unimolecular throughout. Roberts and Ham m ett1 study
ing the reaction of benzyl chloride and mercuric nitrate in 
water and dioxane solution concluded that the mechanism 
was that of the formation of ionic intermediate which they 
called a carbonium ion, benzyl ion, C 6H 5C H 2+. They 
found the reaction to be bimolecular with one mole of mer
curic ion reacting -with two moles of benzyl chloride. The 
equation for bimolecular reactions was modified by Roberts 
and Hammett to account for the latter observation. The 
final products of the reactions were benzyl nitrate and benzyl 
alcohol, which corresponds to the mechanism in equations 
(A ) and (B ) with water substituted for ethyl alcohol in 
equation (A ).

To determine the mechanism of the silver nitrate and tet- 
rabromophenolsulfonphthalein reaction it was thought, 
necessary to test for the presence of nitrate in the organic 
product, since it is known that ring organic nitrates are 
readily hydrolyzed in water solution. The absence of or
ganic nitrate was proven by making a specific test for nitro
gen. To make this test, the organic product was extracted 
from the reaction mixture with diethyl ether anil the ether 
was evaporated at room temperature. The dry residue was 
again extracted with ether and the ether again evaporated 
at room temperature. The dry residue was taken up in 
alcoholic N a2C 0 3 solution so that any free nitric acid carried 
over in the ether extractions would be converted to N a N 0 3. 
The alcohol was evaporated and the dry residue was ex
tracted with dry ether and the ether evaporated. The dry 
residue was again extracted with dry ether and the ether 
evaporated. This product was used in making the nitrogen 
test. The nitrogen test was that given by Shriner and Fu- 
son.6 Repeated tests gave no indication of the presence of 
nitrate; therefore, from consideration of previous work 
and from the fact there was no organic nitrate in the prod
ucts, we believe the over-all mechanism of the reaction is

RBr, +  Ag+ +  2H20 — >  RBr3(OH) +  AgBr +  II30 + 
RBr3(OH) +  Ag+ +  2HsO — ( C)  

RBi'2 (O II)2 +  AgBr +  II30 +

If any organic nitrate is formed it is subsequently hydrolyzed.
In the reactions above, one silver ion reacts with one dye 

or substituted dye molecule to produce one molecule of 
AgBr. Since each step requires a collision with a silver ion 
it would seem reasonable that the step involving the original 
removal of bromine atom would be much faster than any of

(3) Baker, ibid., II, 987 (1934).
(4) Roberts and Hammett, J. Am. Chem. Soc., 59, 1063 (1937).
(5) Shriner and Fuson, “ The Systematic Identification of Organic

Compounds,”  John Wiley and Sons, Inc., New York, N. Y ., 1948, pp. 
52-54
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the steps. The removal of the second bromine atom would 
be second in reaction velocity and the removal of third and 
fourth bromines would be comparatively very slow. These 
conclusions are reasonable statistically. Therefore, we shall 
write the over-all reaction for the purpose of calculating ex
perimental results as

RBr, — ■> RBr3(O H ) —  4 - RBr2 (O H ),
(a) (* ) (//) (D )

where a, x  and y represent the over-all concentrations of 
original dye and first and second substitution products, re
spectively. x  also represents the silver bromide produced in 
step 1 and y  represents silver bromide from step 2 . k\ 
is the velocity constant for step 1 and fc, is the velocity con
stant for step 2 . Mathematically

dx/dt =  ki(a — x ) 
dy/dt =  H x  -  y)

Solution of equation (1) and (2) yields

x =  a — ae~kl‘
ah? (1 — e~kl‘ ) — aki (1 — e~k-')

V k2 -  * 1

For details see Anris.6

Data
In Table I are recorded the data taken at 25,1 °.

( 1 )
( 2 )

GO
(4)

T able T

'i.YG TIC R uns B etween T etrabhomopke.volsclfon-
rUTHALEI .V A.NID SlI.V er N itrati0 AT 25.1 °

/ù =  2.'95 X 10“ 2; =  3.80 X  1 0 *
AgBr. .r. ti- u  + .</),

Hun Time, ( meiles/1.) ( moles 1.) (moles i.l (moles 1.)
no. hr. X 10:; X 10» X 10» X 10»

l 0 .17 0. 000 0.003 0.000 0.003
2 24.8 378 .362 .018 .380
3 24.9 376 .362 .019 .381
4 52.6 580 . 550 .064 .614
.5 73.9 756 .618 .104 .722
6 74.2 776 .619 .105 .724
7 99.9 816 .661 . 155 .816
8 144.9 962 .687 .237 .924
9 244.0 1. 070 .696 .381 1.077

10 461.0 1 .206 .697 . 558 1.255

T a b le  I I  c o n t a im i d a t a itaken  a t 3 0 .1 ° .

T abi[,F. II
lINETIC Rr.ws B et w e r .n T ETRABHüMOI’ il K N O LS U L FO V-

PUTHALEI X A >ìd Stia-eh N itrati ä AT 30.1 o

h  =  5.:

ToXoCO =  5.70 X  IO“ 3
AgBr, X , V. x +  V •

Run Time, (moles/1.) (moles/1.) (moles/1.) (moles/1.)
no. hr. >: io» X 1Ó3 X 103 X 10»

l 0.11 0 000 0.000 0.000 0.000
2 17.6 .436 .423 .024 .447
3 17.6 .428 .423 .024 .447
4 23.6 .520 .497 .038 .535
5 23.6 545 .497 .038 . 535
6 51 .5 .764 .652 .120 .773
7 95.9 .996 .693 .245 .938
8 148.0 l . 098 .697 .361 1.058
9 168.0 l. 138 .697 .397 1.094

10 168.0 l . 162 .697 .397 1.094
11 244.0 l . 192 .697 .503 1.200
12 263.0 l . 208 .697 .523 1.220
13 430.0 l . 280 .697 .630 1 .327
14 527.0 l 330 .697 .658 1.355
Hi 530 1 l .308 .697 . 659 1.356
16 530.8 l . 385 . 697 . 659 1.356

(6) Amis, “ Kinetics of Chemical Change in Solution,”  The Macmil
lan Company, New York, N. Y., 1949, pp. 14, 15.

In Tables I and II, column 3 contains precipi
tated AgBr expressed in moles per liter at 25.1 ° and 
30.1°, respectively. Column 4 of Tables I and II 
contains precipitated silver bromide expressed in 
moles per liter at 25.1° and 30.1°, respectively, 
coming from step 1 of reaction (D) and calculated 
from equation 3. Columns 5 of Tables I and II 
contain precipitated silver bromide expressed in 
moles per liter at 25.1° and 30.1°, respectively, 
coming from step 2 of reaction (D) and calculated 
by equation (4).

The reaction velocity constants ki and k2 used in 
calculating x and y were obtained using the follow
ing procedure. In early stages of the run it was 
assumed that step 1 of reaction (D) predominated 
and therefore the the quantity (a — x) represented 
the concentration of the dye corresponding to time 
t. Therefore a plot of precipitated silver bromide 
against time was made and its slope found at a time 
sufficiently early so that y was not significant. 
This slope corresponded to dx/At in equation (1) 
and when divided by the corresponding (a — x) 
gave preliminary values of k\. The method of ob
taining an approximate value of fc2 was to take the 
slope of the silver bromide-time curve after suf
ficient time had elapsed so that x was constant. 
This slope was divided by (x — y) and gave fc2 ac
cording to equation (2). (.x — y) was obtained in
the following way

x +  y =  C (5)

where C is total concentration of AgBr precipitated. 
Then

and
y =  C -  x ( 6 )

x — y — x  — (C  — x)  =  2x — C (7)

Finally Jci and h2 were adjusted by trial and error 
and have the values represented in Tables I and II. 
From these tables it is observable that fci is approxi
mately 8 times k2 at 25.1° and 10 times fc2 at 30.1 °; 
in the third columns of the tables the actually ob
served AgBr precipitate is represented. Columns 4 
contain values of x, columns 5 calculated values of 
y, and columns 6 calculated values of x +  y. All 
these substances are expressed in moles per liter. 
The calculated values of x -f- y should correspond 
to observed concentration of silver bromide. Ob
servations of columns 3 and 6 in Tables I and II 
demonstrate that this expectation is fully realized. 
In Fig. 1 are plotted the concentrations of AgBr 
(x +  y) versus times at the two different tempera
tures. From the figure the agreement of the two is 
obvious. In Fig. 2 is plotted the concentrations of 
a — x, x — y, y and x on curves A, B, C and D, 
respectively. The curve for a — x versus time rep
resents the rate at which original dye is being con
sumed by step one of the reaction. Curve B rep
resents the rate of change of concentration of the 
dye intermediate due to a combination of steps 1 
and 2 of the reaction. Curve C represents the rate 
at which final dye product is produced by step 2 of 
the reaction. This is likewise the rate at which 
AgBr is produced in this step of the reaction. The 
curve D represents the over-all rate of production of 
both intermediate and final dye product. This cor
responds to the over-all rate of production of AgBr
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Time in hours.
Fig. 1.— Plot of (x  +  y )  and of AgBr versus time. The 

curve represents the calculated values of (x  +  y)  and the 
circles represent experimental data for AgBr. i , T =  30 .1 °; 
II, T  =  2 5 .1 °; time in hours at 25.1° =  time in hours at 
30.1°— 200 hours.

from step 1. The curves have forms expected for 
consecutive first order reactions.7

The removals of the third and fourth bromine 
atoms from the dye molecule were negligibly slow 
compared to removal of the first and second bro
mine atoms. Even after 1,558 hours at 25.1° only 
54% of the bromine had been removed from the 
dye. Another run stayed at 30.1° for 488 hours 
and then remained at 70° for 16 hours and only 54% 
of the bromine had been removed in this run. From 
these data and when it is taken into consideration 
from Tables I and II that the specific reaction rate 
of step 1 is from 8 to 10 times as great as the specific 
rate of step 2 depending on temperature and when 
it is also observed that the specific rate of step 1 for 
a 5° rise in temperature is roughly 1.8 times as 
great and that the specific rate of step 2 is increased 
by 1.5 times for the same temperature interval, then 
it seems entirely justifiable to neglect the rate of re
moval of the third and fourth bromine atoms over 
the time and temperature ranges listed in the Ta
bles I and II. Statistically the rates of removal of 
the third and fourth bromine atoms would be ex
tremely slow, since there would be only half as 
many bromine atoms available for removal per dye 
molecule and the chance of a third and fourth colli
sions of the same dye molecule with a silver ion 
while the molecule remains sufficiently deformed, 
correctly orientated, and having necessary energy 
for reaction is very slight.

The precision of the data is observable from runs 
2 and 3 in Table I and runs 2 and 3, 4 and 5, and 9 
and 10 of Table II. It is observable that in no case 
is the precision of duplicate runs less than 5% and 
in some cases it is less than 1%.

The accuracy of the measurements compared to 
theory from columns 3 and 6 of Tables I and II is 
never less than 6.2% and averages 2.8%. The ac
curacy therefore compares favorably with the pre
cision. These can be considered fair degrees of both 
precision and accuracy since in the early stages of the 
run the dye goes over to a colloidal state in these 
solutions of high electrolyte concentrations as is 
shown by the Tyndall cone effect. This effect is

(7) Daniels, “ Chemical Kinetics,”  Cornell University Press, Ithaca,
N. Y., 1938, p. 29.

Time, hours.
Fig. 2 .— Plot of (a — x), (x  — y ), y  and x  in moles/liter 

versus time in hours: k, =  2.95 X  10 -2, k2 =  3.80 X  10“ ’ , 
temperature =  2 5 .1 °: curve A  =  a — x ;  curve B =  x — y ; 
curve C =  y ;  curve D  =  x.

not dependent on silver nitrate but to the electro
lyte concentration as was shown by replacing the 
silver nitrate by an equal concentration of sodium 
nitrate. Furthermore the dye is somewhat ad
sorbed by the precipitated silver bromide and thus a 
small fraction of the dye is removed from the ef
fective zone of action with silver nitrate even though 
the solutions are shaken regularly. The fact that 
the dye does become somewhat colloidal and is to a 
small extent adsorbed on the silver bromide makes 
filtration slow and requires careful washing with 
both water and organic solvent. It is obvious that 
these effects did not greatly influence the over-all 
rates, but their influence on precision and accuracy 
were, no doubt, important.

In Table III are listed the calculated values of 
the energies of activation, Arrhenius frequency fac
tors and entropies of activation for the specific re
action rates ki and k2. The energies of activation 
were calculated using the equation

AE  =  2.303 B. J ' Tx - log (8)

the Arrhenius frequency factors were calculated us
ing equation

and the entropies of activation were obtained from 
Eyring’s equation8 which is

Z  =  K~ -  eA' / s  (10)

In this equation k is the transmission coefficient 
taken as unity, kl is Boltzmann gas constant, h 
the Planck constant, As the entropy of activation

T a b l e  III

E nergies of A ctivation . A rrhenius F requency Factors 
and E ntropies of A ctivation for the Silver  N itrate-  
T etrabromophenolsulfonphthalein R eaction  for t h e  

T emperature R ange 25.1° to 30.1°

Step

Temp.
interval,

°C.

Energy of 
activation 

AE, 3al.

Arrhenius 
frequency 

factor 
log Z

Entropy of 
activation 

As,
cal./degree

1 2 5 .1 -3 0 .1 21,050 13.90 - 1 1 . 2
2 2 5 .1 -3 0 .1 14,570 8 .2 6 - 3 6 . 6

(8) Ref. 6, p. 151.
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and the rest of the symbols have their usual signif
icance.

The negative values of activation entropies ob
served in Table III may be due to an activated 
complex which is more rigid than the reactant dye 
molecule.9

However, these low entropies of activation could 
result from low Arrhenius frequency factors arising 
from small transmission coefficients. In other 
words, a k value less than unity.9

It is observed that the values of both AE and log 
Z are much greater for step 1 than for step 2. 
Thus the Arrhenius frequency factor in step 1 as 
compared to step 2 more than compensates for the 
higher energy of activation required by step 1, per
mitting this step to be the much faster of the two.

Absorption data on the reaction mixture were 
taken at various times, using a Beckman model DU 
quartz spectrophotometer. The absorption runs 
were set up exactly as the kinetic runs and all reac
tions were at the same concentrations in both types 
of measurements. At specified times samples 
were removed from the reaction vessel, centrifuged 
for 10 minutes, and liquid sample siphoned from 
above the solid sediment. These were measured 
against a standard made up freshly each time ex
actly as the original run was made. In Fig. 3 arc 
plots at various time intervals of the wave length of 
light in millimicrons versus percentage transmission 
of sample compared to the standard.

400 450 500 550 600 «  400 450 500 550 600 
X.

Fig. 3.— Plot of the per cent, transmission verms the wave 
length, X, in mu for tetrabromophenolsulfonphthalein in 
AgNOs +  HNOs and in NaNOs +  IINO3 solutions: A, 
A g N 0 3 +  H N 0 3 solution of dye: 0 days, 4 days, 0 days, 
21 days; B, NaN O j +  H N 0 3 solution of dye: 0 days, 4 
days, 9 days, 18 days.

It is observed for a given wave length the percent
age transmission increases with time in both silver 
nitrate-nitric acid solution of dye and the sodium 
nitrate-nitric acid solution of dye. This is true 
except for the very earliest period of time for which 
the absorption wave has a little different slope than 
for the other time intervals and actually crosses one 
of the shorter interval curves in both types of solu
tions. The increase of transmission with time can
not be attributed to the replacement of bromine 
atoms in the dye molecules by hydroxyl radicals

(O') Glasst.ono, Laidler and Eyring, “ The Theory of Bate Processes,”
McGraw-Hill Book Co., Inc.., New York, N. Y., 1941, p. 297

since the curves are similar for silver nitrate and so
dium nitrate solutions although the latter salt 
causes no substitution of bromine by hydroxyl. 
The fact that the curves in both salt solutions at the 
beginning of the runs have different slopes from 
those of the curves at longer time intervals may be 
due to the early conversion of the dye to a colloidal 
state. Some of the increase of transmission with 
time is no doubt due to the adsorption of the dye by 
precipitated silver bromide; however, this must be 
a minor cause, since again sodium nitrate produces 
no silver bromide. Hence the larger part of the in
crease must be due to some change with time in the 
absorptive capacity of the dye molecules for the 
wave lengths of light studied. This change could 
be due to a fading reaction of the dye in strong acid 
solution of salts similar to the acid fading of tri- 
phenylmethyl dyes.10 Whatever the change in the 
dye molecule, it does not affect the rate with which 
silver ion replaces bromine in the dye molecule.

As to whether the reaction is heterogeneous can 
be investigated from the following considerations.

First suppose the reaction to take place only at 
the surfaces of colloidal silver bromide or assume 
the reaction to be catalyzed by this salt. These 
assumptions would be illogical since it would be 
impossible to see how the reaction would be initi
ated because originally there is no silver bromide 
present. Then too the reaction would, in the early 
stages of the run, speed up with time since the 
amount of silver bromide would increase. In the 
case of absorption this would be true until the dye 
present had all been absorbed on the surface of the 
bromide and from then on the rate would decrease 
due to the depletion of the dye.

Actually the rate was found always to depend on 
the concentration of the dye remaining unreacted, 
according to our theory, and the observed time 
rate of production of silver bromide decreased in 
agreement with these calculations.

Second assume that the reaction took place only 
on the surface of colloidal dye particles. Then a 
molecule would have to be absorbed on the colloidal 
dye surface only long enough for two bromine atoms 
to be removed, and then give place to, and not at 
any future time interfere with, the absorption of an 
unreacted dye molecule. This would seem improb
able. Why should an unreacted dye molecule be 
absorbed and a reacted one be desorbed and not in
terfere by being reabsorbed? How would such a 
mechanism give a rate proportional to unreacted 
dye concentration.

It seems more probable that the dye became col
loidal to a certain extent almost immediately and 
that these colloidal dye particles which by observa
tion remained in suspension were loosely con
structed and permeable to silver ion. The extent 
of the colloidality was included in the rate constants 
so that the calculated rate based on the concentra
tion of unreacted dye, including the initial concen
tration of dye, agreed with the observed rate of 
production of silver bromide.

The reaction is too complex and the theory and 
observation are in too close agreement for the 
interpretation to be merely fortuitous.

(10) Biddle and Porter, J. Am. Chem. Soc., 37 1571 (1915),
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An investigation was made of the possibility of using a displacement pressure method of determining the affinity of a 
liquid for a solid. Considerable difficulty was encountered in trying to get reproducible resubs and in trying to duplicate 
previous work in the field. One of the main factors contributing to the difficulties was the length of time necessary before 
one could assume that a state of equilibrium existed within the cell. The displacement pressures observed for three-phase 
systems, i.e., water/organic solvent/solid, are of doubtful value because immiscible liquids are partially soluble in each 
other and such a system becomes self contaminating. Preferential adsorption of the better wetting liquid on the solid 
phase results, and interferes with the liquid-solid relationship of the poorer wetting liquid. These facts indicate that the 
displacement pressure cell is unsuitable for the determination of attractive forces between liquids and solids.

In an experimental investigation of the affinity of 
various liquids for activated carbon and lampblack, 
an attempt was made to employ a method based on 
the displacement pressure of a liquid penetrating a 
porous plug of the compressed solid. Measure
ments of this type have been reported by Bartell 
and collaborators1 and others.2'3

Considerable difficulty was experienced in getting 
significant data and reproducible results were not 
obtainable. This note is a brief description of the 
experiments and an analysis of some of the diffi
culties inherent in the method.

Penetration of a porous mass by a liquid is estab
lished by the surface tension, y, the average pore 
size, r, the viscosity of the liquid, 77, and the angle 
of contact, 6, formed by the liquid in contact with 
the solid. Washburn4 related these quantities to 
the rate of penetration in the equation

dl _  r 7  cog 6 
(it 4 ijf

where l is the length of liquid in the capillary space 
in time t. When equilibrium conditions are ob
tained, the pressure, P, of the advancing liquid is1

p  _  2 7  cos e
rg

where g is the gravitational constant.
In the method used, static or equilibrium condi

tions are assumed and the viscosity term for differ
ent liquids drops out of consideration. A powdered 
plug is compressed in a cell. The wetting liquid 
advances into the plug from one end of the cell 
and gas pressure opposes this advance from the 
other end of the cell. The pressure necessary to 
produce a static equilibrium condition is P. Where 
two liquids are used, the wetting liquid tends to 
displace the poorly wetting liquid, and the gas 
pressure P  is the amount of pressure necessary to 
produce static equilibrium. The wetting ability 
is taken to be a measure of the affinity or adhesion 
of the liquid for the solid.

In these experiments two cells were used. The
(1) F. E. Bartell and II. J. Osterhof, “ The Measurement of Adhesion 

Tension, Solid Against Liquid,” Colloid Symposium Monograph, Yol. 
V, 1927, pp. 113-134.

(2) S. H. Bell, J. O. Cutter and C. W. Price, “ The Bartell Cell 
Technique,” Symposium on Wetting and Detergency, London, 1937, 
p . 19.

(3) D .  D .  Eley and D .  C. Pepper, Trans. Faraday Soc., 42, 697 
(1 9 4 6 ) .

(4) E. W. Washburn, Phys. Rev., 17, 273 (1921).

first cell was essentially a duplicate of the one 
used by Bartell and Whitney.6 It consisted of a 
cylinder to hold the plug of carbon powder and a 
piston with which to exert and maintain pressure on 
the plug. Bolted yokes over each of these parts 
held them together. Leather and polyethylene 
gaskets were used to make the cell airtight. An 
opening at the wetting-liquid end of the cell led to a 
glass capillary by which the movement of the 
liquid in the cell was observed. An opening at the 
opposite end of the cell led to a mercury manom
eter and to a tank of compressed nitrogen.

The second cell, developed to eliminate as many 
joints as possible, consisted of two flanged cylin
drical parts. The carbon plug was contained in 
one part. A heavy spring seated in the second 
part exerted a constant pressure on the carbon 
plug when the cell was assembled by bolting at the 
flanges. A lead gasket was used between the 
flanges. The method of tamping and compression 
was similar to that of Bartell and Whitney.5

A 200-mesh activated carbon was used for most 
of the experiments. For some experiments it was 
heated to 500-600° in an evacuated flask. The 
carbon was wet with benzene while in a vacuum, 
then added to the cell as a sludge. For other 
experiments it was heated to 500-600° in the dry 
state and the liquid was added only after the powder 
had been compressed in the assembled cell. A 
benzene-gas-carbon system was used for most of 
the experiments. Compression loads on the various 
carbon plugs ranged from 1000 to 6000 p.s.i. 
The observed equilibrium pressures averaged about 
380 g./cm .2, ranging from 250 g./cm .2 to 450 g ./ 
cm.2 with no noticeable correlation with the com
pression loads used. Water gave no measurable 
equilibrium pressure. The water-benzene-carbon 
system gave an equilibrium pressure of 400 g./cm .2

Since water alone gave a zero displacement 
pressure and water with benzene gave results com
parable to benzene alone, the inference is that 
benzene has a zero wetting angle with carbon at all 
times, i.e., in both a gas-benzene-carbon system 
and in a water-benzene-carbon system. D. D. 
Eley and D. C. Pepper3 observed the same proper
ties for a water-glass contact angle in a water- 
glass-liquid system, i.e., that water had a zero 
wetting angle with glass in the presence of the 
second liquid. They also observed that the values

(5) F. E. Bartell and C. E. Whitney, T his J o u r n a l , 36, 3115 (1932).
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for adhesion tension were not reproducible but 
varied widely from experiment to experiment.

In one series of experiments the same carbon 
plug was used without disassembling the cell. 
This plug was compressed under a 6000 p.s.i. load. 
Between each experiment the cell assembly con
taining the plug was vacuum dried for 16 hours at 
120°. With this plug, ethylene dichloride gave 
practically a zero displacement pressure and ben
zene gave a pressure in the same range as previously 
observed, despite the high compression load. For 
ethyl acetate an equilibrium pressure of 400 g./cm .2 
was observed.

An important factor in all of the displacement 
pressures observed was the uncertainty in the 
time required for a state of equilibrium within the 
cell. Bartell and his co-workers6 observed the 
indicator column with the unaided eye or with a 
magnifying glass. This method would tend to give 
relatively high displacement pressures since with the 
unaided eye motion below a certain rate is not 
noticeable. In this work a 20-power Brinell 
microscope whose field was graduated in tenth of a 
millimeter was used to observe a bubble in the 
indicator columns. The usual bubble speeds ob
served were 0.1 millimeter per 20 to 30 seconds, but 
some were less than 0.1 millimeter per 100 seconds. 
This slow movement, together with the temporary 
reversals that took place every time the pressure 
was either lowered slightly from too high a pressure 
level or raised slightly from too low a pressure level, 
made any displacement pressure value doubtful. 
There was always the possibility that any change of 
direction in the motion of the liquid in the glass 
capillary would turn out to be only a temporary 
reversal if sufficient time were allowed to elapse.

(6) Private correspondence

The pressures observed were all considerably less 
than those recorded in the literature.7

Experimental results of other investigators can 
be cited to indicate the uncertain nature of the 
solid surface under the conditions of these experi
ments. Heats of wetting experiments8 have shown 
that as little as 0.01% of water in benzene will be 
preferentially adsorbed on a polar solid immersed 
in the benzene. With this amount of water in 
the benzene the heat of wetting value is more than 
twice the value obtained for pure benzene. With
0.02% of water in benzene a heat of wetting value 
is obtained which is practically the same as that for 
pure water.

A straight-line relationship was observed when 
the interfacial tensions between water and 17 
organic solvents were plotted against the adhesion 
tensions determined by Bartell and Osterhof1 for 
the systems carbon-water-organic solvents.

The results of this investigation indicate that a 
three-phase system including two immiscible liquids 
is self-contaminating9; when water and benzene 
come into contact they will dissolve to a small 
extent in each other and one or the other will be 
preferentially adsorbed on the solid phase de
pending on whether it be polar or non-polar. Under 
these conditions the existence of a reproducible 
contact angle with valid physical significance is 
doubtful, since the surface of the solid is modified 
by the sorbed substance. Any values measured 
on such a system would, therefore, be relatively 
independent of the solid phase and would depend, 
instead, primarily on the interfacial relations 
between the two liquids.

(7) F. E. Bartell and C. N. Smith. Ind. Eng. Chem., 21, 1102 (1929).
(8) W . D. Harkins and R. Dahlstrom, ibid., 22, 897 (1930).
(9) G. E, Boyd and W . D. Harkins, J. Am. Chem. Soc., 64, 1190 

(1942).
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The complex compound tris-(2,2'-dipyridy])-nickel(II) chloride was prepared. Resolution of this compound was then ob
tained by fractional crystallization with ammonium d-tartrate. The molecular rotation of 4294 degrees at 5893 A . and 23.5° 
compares favorably with values reported previously for the hexahydrate. The rates of racemization in water were deter
mined in the temperature range 16.5° to 40.0°. The energy of activation for this racemization was calculated to be 21,900 
cal. per mole. Excess dipyridyl has no effect upon the rate of racemization, but excess nickel (II) ions had a slight accelerating 
influence. These results tend to discount the ionization mechanism theory of racemization. Acid and base produced almost 
identical accelerating effects. It is probable that this merely means that the active complex is most stable in neutral or very 
slightly acid solutions. The effects upon the racemization rates by mixed solvents were noted. In the acetone-wTater, di- 
oxane-water, methanol-water and ethanol-water systems, a non-linear retardation of the rate with varying concentration of 
the non-aqueous solvent was obtained. Activation energy calculations gave no indication of a change in mechanism.

Relatively few investigators have undertaken 
racemization rate studies on optically active in
organic coordination compounds in solution. The 
effect of temperature on a number of racemization 
rates has been reported. Several studies of the 
effects of added ions on the rates appear in the 
literature. Only two authors report any observa
tions on racemizations in mixed solvents. Werner1 
noted that a solution of 7 parts acetone to three 
parts water had a retarding effect upon the rate of 
racemization of potassium tris-(oxalato)-chromate- 
(III). Bushra and Johnson2 also found that ace
tone in aqueous solution had a retarding effect 
upon the racemization of the potassium salts of 
tris-(oxalato)-chromate(III), tris-(oxalato)-cobal- 
tate(III) and bis-(oxalato)-ethylenediaminechro- 
mate(III). They made comparisons of rates only 
at 0.000, 0.059, 6.098 and 0.144 mole fractions of 
acetone.

In view of the small amount of work that has 
been reported, it was proposed to explore some of 
the factors influencing the rate of racemization of 
another optically active coordination compound. 
The complex that was selected was tris-(2,2'- 
dipyridyl)-nickel(II) chloride because of its ease of 
resolution, low optical density, high initial rotations 
in dilute solution, and favoraole racemization rate. 
It was proposed to observe the effects of the follow
ing variables upon the racemization rate: excess 
of common constituents, temperature, hydrogen 
and hydroxide ions, and mixed solvents.

Preparation and Resolution.— Blau3 first reported the 
preparation of tris-(2,2-dipyridyl)-nickel(II) chloride. W ith  
some modifications, his method was used by Morgan and 
Burstall4 and Jaeger and van D ijk .6 The procedure adopted 
in this research was slightly different than any of these 
methods. The difficultly soluble 2 ,2 '-dipyridyl reacts 
readily with nickel(II) chloride hexahydrate in the presence 
of a slight amount of water. To 4 .46 g. of 2,2'-dipyridyl 
and 2.27 g. of nickel(II) hexahydrate, 8 m l. of water was 
added. A  clear, deep red solution resulted when the mix
ture was warmed. Upon cooling, pink-violet plates crys
tallized in good yield. The product was filtered with suc
tion and then dried in a vacuum desiccator over concen
trated sulfuric acid for 24 hours. The yield of tris-(2,2 '- 
dipyridyl)-nickel(II) chloride was 5.11 g.

As previously reported by Morgan and Burstall1 and Jaeger

(1) Werner, Ber., 45, 3061 (1912).
(2) Bushra and Johnson, J. Chem. Soc., 1937 (1939),
(3) Blau, Monatsh., 19, 668 (1898).
(4) Morgan and Burstall, J. Chem. Soc., 2213 (1931).
(5) Jaeger and van Dijk, Z. anorg. allgem. Chem., 227, 304 (1936).

and van D ijk5 ammonium d-tartrate was employed as the re
solving agent. It was found, however, that more consistent 
resolutions were obtained by starting with d-tartaric acid. 
Neutralization of 98 g. of d-tartaric acid by adding 140 m l. of 
concentrated ammonium hydroxide gave the proper con
centration of ammonium d-tartrate when the resulting solu
tion solution was diluted with SO m l. of water. This solu
tion was warmed to expel excess ammonia until it was just 
slightly basic as tested with alkacid paper. To the warm 
solution, 5.1 g. of tris-(2,2'-dipyridyl)-nickel(II) chloride 
was added. The solution was then mechanically stirred 
for one hour. After checking the activities of fractions 
which were removed at various temperatures as the solution 
was allowed to cool, it was found that the more active frac
tions had crystallized upon reaching 2 0 ° . The excess am
monium d-tartrate collected in a separate layer in the bot
tom of the beaker. W ith slight agitation, the active tris- 
(2,2'-dipyridyl)nickel(II) d-tartrate could be suspended in 
the solution, decanted from the ammonium d-tartrate, and 
filtered with suction. The precipitate was taken up in as 
little cold water as possible and the tris-(2,2'-dipyridyl)- 
nickel(II) chloride was precipitated immediately with con
centrated ammonium chloride solution. Solution and re
precipitation of the salt was carried out again. Very little 
racemization takes place if these steps are carried out at a 
temperature near the ice point. The light pink active form 
was then dried over concentrated sulfuric acid in a vacuum 
desiccator with constant pumping. After one hour, the 
very dry product was removed and placed in a tightly 
sealed screw-lid bottle. Under such conditions, the active 
complex may be kept for an almost indefinite period. One 
sample so prepared showed no appreciable loss in rotary 
power after six weeks.

Apparatus.— The polarimeter used in this investigation 
was a Joseph and Jan Fric model which is equipped with a 
vernier to read directly to 0 .0 1 ° . A  circulating pump 
made by the American Instrument Company was employed 
to force water from a constant temperature bath through a 
jacketed 2-dm . polarimeter tube of 11-ml. capacity. The 
required low temperatures were obtained through the use of 
cooling coils from a standard refrigerating unit, while a 
Sargent heating element with a mercury thermostat pro
vided temperature control within 0 .1 ° . A  sodium vapor 
lamp supplied by the G . W . Gates Company provided the 
polarimeter with a monochromatic light source.

Racemizations in W ater.— Solutions of the complex were 
made with sample weights held close to 50 m g. in 15 ml. 
This volume gave a slight excess over the amount required 
for the polarimeter tube, while the weight of complex gave 
initial rotations of from 3 to 5 ° ,  depending upon the 
temperature and the time elapsed before making the initial 
reading. In aqueous solution, the complex was found to 
undergo racemization at an over-all rate indicative of a first, 
order reaction. Sample curves are shown in Fig. 1 to indi
cate the general quality of the data. All rate calculations 
were made by the method of least squares. B y using sample 
weights of from 35 to 110 mg. in 15 m l., it was shown that the 
racemization rate in this concentration range is independent, 
of the concentration of the complex. W ith the concentra
tions indicated, checks in rates were obtained to 'nothin 0.1 
minute.
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The influence of temperature upon the reaction rate is 
shown in Table I. The excellent agreement between the

T a b l e  I

I n f l u e n c e  o f  T e m p e r a t u r e  u p o n  R a c em iza tio n ' R ate

Temp.,
°C.

Half-life,
min.

k,
min. 1 Investigator

16.5 14.8 0.0468
17.0 14.2 .0488 (4)
18.0 13.6 .0509 (5)
18.5 12.3 .0563
20.0 10.0 .0693 (7)
23.5 6 .8 . 1019
30.0 2 .8 .2472
40.0 0 .9 .7700

values observed in (his work and (hose reported by other in
vestigators'1'5 can be noted by reference to Fig. 2. The

Fig. 2 .— Racemization rate constant« in water rertus recipro
cal temperature.

slope of the line in Fig. 2 was found to yield for the activa
tion energy in pure water a value of about 21,900 cal. per 
mole. The procedure used in this investigation for the resolu
tion of the complex compound resulted in rotations similar 
to those previously reported. Morgan and Burstall4 
found a molecular rotation of 3735° at 5461 A . and 17°. 
Jaeger and van D ijk5 reported a molecular rotation of 4271 ° 
at 5893 A . and 18°. These values compare with a molec
ular rotation of 4294° at 5893 A . and 23 .5 ° as obtained in 
this investigation.

Effects of Acid and Base.— The effects of hydrogen ions 
and hydroxide ions as supplied by hydrochloric acid and 
sodium hydroxide are shown in Fig. 3. Contrary to the 
(hidings of Ray and D utt6 using active lris-(biguanidine)- 
cobalt(III) chloride, no tremendous accelerating influence 
was obtained with the hydroxide ion, nor did the hydrogen 
ion retard the rate. The actual accelerating influence of the 
hydrogen ion does agree with the findings of Beese and 
Johnson7 with potassium tris-(oxalato)-chrom ate(lll). Ap
parently the effects of acid and base are specific for each 
complex.

Fig. 3.— The effects of acid and base concentrations upon the 
racemization half-life.

Effects of Excess Constituents.— In order to test the ap
plicability of the ionization mechanism theory for the race
mization of the nickel (II) complex, it was decided to in
vestigate the influences of excess common constituents. 
Some limitation was imposed by the low solubility of 2 ,2 '-d i- 
pyridyl in water. However, the samples containing from 5 
to 90 mg. of 2,2'-dipyridyl and 50 mg. of complex in 15 ml. 
of solution, no significant suppression of the racemization 
rate was noted. Upon the addition of nickel (II )  chloride 
hexahydrate, a slight increase in the rate was obtained. 
Tests using samples of from 10 to 70 mg. in 15 ml. of solu
tion showed a decrease in the half-life of 0.8 minute at 
the maximum sample weight. The relation between half- 
life and excess nickel(II) ion was linear for ¡joints in between 
the 0 and 70 mg. positions. Assuming that the relation 
continues to be linear, this indicates that a concentration 
of 0 .08 M  would be required to reduce the half-life from 
6.8 to 3.4 minutes at 2 3 .5 °.

Racemization in Mixed Solvents.— In the investigations 
of mixed solvent effects, all solutions were accurately meas
ured with a buret in the amounts required to give a final 
volume of 15 ml. The mixed solvents were then equili
brated in the constant temperature bath before addition of 
the active complex. Sample weights were held as near 50 
mg. as possible. Check runs showed no variation greater 
than 0 .5  minute. With all systems studied, a non-linear 
retardation of the racemization rate as compared to that in 
pure water was observed.

Two of the systems, acetone-water and dioxane-water, 
presented a difficulty due to the lack of solubility of the. ac
tive complex in the non-aqueous solvents. Because of this 
property, a complete evaluation of the two systems was not 
obtained. By observing Figs. 4 and 5, it may be seen that

ffi) Bay and Dutt, J. Indian Ch*m. Roc., 20, 81 (1943).
(7) Bees« and Johnson, Trans. Faraday Roc., 31, 1632 (1935).
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Fig. 4.— Half-lives of racemization in the acetone-water 
system.

Fig. 6.— Half-lives of racemization in the methanol-water 
system.

Fig. 5.— Half-lives of racemization in the dioxane-water 
system.

a two-peaked curve is indicated in both the acetone and the 
dioxane systems with an increase in peak clarity as the tem
perature decreases. The dioxane system has a feature of 
dissimilarity with the acetone system in that it shows a 
shift in the maxima with decreasing temperature.

The more water-like methanol and ethanol were found to 
be excellent solvents for the active complex. As might be 
expected, methanol was the better of the two. The same 
increasing sharpness of maxima with lowered temperatures 
is shown in Figs. 6 and 7 . It may be seen that in the meth
anol-water system a regular shift in the peaks occurs. A l
though the most water-like, methanol retarded the racemi
zation of the active complex to a greater degree than did 
any of the other solvents.

Calculations of activation energies using the half-lives 
at the three temperatures and the same concentrations in
dicate some slight variations from the value obtained in pure 
water. However, no essential difference was noted for the 
values calculated between the peaks and the valleys in the 
curves. All values as calculated fell within the range 
22,000 ±  2,000 cal. per mole.

Fig. 7.— Half-lives of racemization in the ethanol-water 
system.

Conclusions
The findings concerning the racemization in 

water were in complete accord with reported work 
of previous investigators. The loss in rotation 
followed a rate coincident with that of first order 
reactions. Inasmuch as the reported effects of acid 
and base are somewhat different from those as 
reported on other complexes, it is probable that the 
variation may be assigned to the varying degrees 
of stability of the complexes. The results can 
probably be related to the ease of decomposition 
of the complexes in different pH ranges.

Such results as were obtained by adding excess 
common constituents would tend to discredit the 
theory of racemization by ionization. This is par
ticularly so, since the effect of acceleration pro
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duced by the nickel(II) ion is the opposite of that 
required to support the theory.

The rather anomalous series of curves obtained 
in the mixed solvent studies are felt to be related 
to both the nature of the complex and the mixed 
solvent. Werner1 and Bushra and Johnson2 also 
found that the addition of acetone to aqueous 
solutions of several active complexes retarded the 
racemization rate. Three different tris-(bidentate) 
type complexes were involved in these investiga
tions. However, in no previous instance was an 
extensive delineation of the effects of mixed solvent 
systems carried out.

It has been noted from data available in the 
literature that with the acetone-water and ethanol- 
water systems, a plot of viscosity, heat capacity 
or refractive index as a function of mole per cent, 
of the non-aqueous solvent gives a curve with the 
same general outline as was obtained in this in
vestigation. These curves, however, do not show 
the double peaks which were obtained in the 
racemization rate studies. Neither does the vis

cosity, refractive index, or heat capacity of pure 
water, ethanol or methanol seem to correlate with 
the experimental values of the half-life.

The solvent system appears to play an important 
part in the racemization. In just what way is not 
clear. For instance, even though methanol is very 
similar to water, it retarded the rate greatly. 
Just how important the presence of the solvent is in 
the process of racemization might be illustrated 
thus. Morgan and Burstall4 stated that d-tris- 
(2,2'-dipyridyl)-nickel(II) chloride lost half of its 
rotation in five days, but under more nearly an
hydrous conditions afforded in this investigation, 
the active complex showed no appreciable loss 
after six weeks.
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Dielectric polarization of o-nitrophenol sorbed on silica gel has been determined in a range of temperature from 10 to • 
110°. These values, depending on the amount of the sorbate and the temperature showed to make clear discrimination 
between states of the sorbate, i.e., states of adsorption, capillary liquid and the frozen liquid. Determining the radius of 
pore in which the sorbate commences to freeze at the given temperature, we have confirmed the theory of the freezing- 
point depression of the dispersed liquid.

Introduction
In the preceding paper,1 where experimental re

sults of measuring the dielectric polarization of ni
trobenzene sorbed on silica gel were described, the 
freezing phenomenon of the capillary liquid was 
evidenced and the radii of pores for the commence
ment of freezing were obtained at a number of

s.

(1) I. Higuti, Sci. Rep. Tohoku Univ., Series I, 33, 174 (1949).

temperatures. A theoretical formula, connecting 
the freezing temperature of the capillary liquid 
condensed in pores with their radii, was also de
rived,2 and found to be in good agreement with the 
experimental results. In view of few experimental 
results existing in this field, it may be desired to 
perform some more experiments for the silica gel 
and o-nitrophenol system, so that the present study 
has been attempted, using the same experimental 
method1 which previously proved to be convenient 
and pertinent for this purpose.

Experimental
The electric capacity was measured with a circuit shown 

schematically in Fig. 1. The whole circuit system was set 
in a box covered with metal plates in order to avoid the ef
fect of external stray field. When the oscillating circuit is 
tuned to a fixed frequency of the quartz oscillator of 3 M H z., 
manipulating externally the standard condenser with a long 
glass rod outside of box, the indication of milli-ammeter 
(M A ) changes abruptly owing to the decrease of direct cur
rent. The difference in scale readings (C„) on and off 
switch (S i)  gives the electric capacity (A S ) of the measuring 
cell._ W ith this circuit the deflection of M A  is sufficiently 
sensitive to the variation of C , and its reproducibility is 
within ± 0 .0 0 5  of unit scale. The preparation and the 
procedure of charging the sorbate are the same as in the 
previous experiment.3

(2) 1. Higuti, ibid., 33, 231 (1949)
(3) 1. Higuti, ibid., 33, 99 (1949).
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The melting point of o-nitrophenol which was purified by 
distilling the commercial product four times, was 44.9  ~  
45.0° in accord with the value in the literature, and showed 
no sign of variation in melting point after heating it to 150° 
for many hours.

Experimental Results

(A) Density of o-Nitrophenol.— Densities of liquid as well 
as solid o-nitrophenol were determined in a wide range of 
temperatures, in order to apply them in later calculations. 
The results obtained are given in Table I.

T a b l e  I

D en sity  of o-N itrophenol
Temp.

°C. Density
Temp.,

°C. Density
Temp.,

°C. Density

Solid 40 1.541 60 1 .275
0 1.599 45 1.533 70 1 .266

10 1.584 Liquid 80 1 .257
20 1.570 45 1.288 100 1.239
30 1.555 50 1.284 110 1.230

(B) Heat Capacity and Heat of Fusion of o-Nitrophenol.—
For the same reason mentioned above, heat of fusion and 
heat capacity of liquid and solid o-nitrophenol were deter
mined by means of a conductometric calorimeter. Experi
mental results on heat capacity are presented in Fig. 2 and 
the latent heat of fusion was found to be 3.79 kcal/mole, 
somewhat less than 4.30 kcal./m cle in the “ I .C .T .”  On ac
count of volatility of this substance at high temperatures, 
these values cannot be taken to be accurate enough but will 
be available in the later section.

Fig. 2.

(C) The Relation between the Dielectric Polarization 
(AS) and the Temperature at Various Amounts of Sorption.
Expt. N o . 0 refers to the measurement of AN of the cell which 
contains only the silica gel. Experimental number in the 
ascending order expresses the measurement at every addi
tion of a definite quantity of the sorbate. The results ob
tained are represented in Fig. 3. The ordinate (AiS) de
notes the difference in readings on the scale of the standard 
condenser whose single unit is 21.5 mmF. In Expt. N o . 0, 
AS decreases almost linearly with the temperature increase. 
In experiments from Nos. 1 to 6, the curves seem to ex
hibit a slight maximum at ca. 6 0 °. In Expt.. N o. 7 the 
curve shows a steep descent in lower temperature range, 
and, in addition, values obtained for the first time on in
creasing or decreasing temperature did not coincide with 
each other, giving an apparent hysteresis loop, as frequently 
observed in sorption isotherms. Nevertheless, on repeating 
measurements twice in sequence, all the values were re
versed on the lower curve for descending or ascending tem
perature. This puzzling phenomenon seems to have some 
connection with the mechanism of freezing of the capillary 
liquid, because in this experiment, as described in the 
later section, some of the sorbate begins to freeze at these 
temperatures. Experiment N o. 8 was generally similar to 
N o. 7, but the observed values were reversed on the same 
curve, though the equilibrium was reached quite slowly. 
There appeared a break in the curve of Expt. N o. 9 at a tem
perature lower than the normal melting point, and it shifted 
gradually to this point in Expt. No. 10 ~  N o. 12. In

general, it took a still longer time to attain equilibrium at 
lower temperatures in experiments succeeding N o . 9 . This 
seems to be in connection with the super-cooling of the con
densed liquid. In this paper, the authors do not attempt to 
clarify the mechanism of this phase transition. On com
paring the main feature of these experiments with those in 
the case if nitrobenzene reported1 previously, it may certainly 
be concluded that, in spite of the lack of data for the dielec
tric constant of o-nitrophenol, the break points at tempera
tures lower than the normal melting point are due to the 
freezing of liquid condensed in the capillary pores.

Fig. 3.

(D ) The Correlation between the Sorbed Amount (a ) and 
AS at Constant Temperature.— By taking a section of the 
curves in Fig. 3 at constant temperature, we can obtain the 
a ~  AS  relation at any desired temperature. These values 
are presented in Table I I . Increments, A 2S, calculated 
from values of A<S in Expt. N o. 0 are certainly due to the 
contribution by the sorbate. The A2S  ~  a relations ex
hibited in Fig. 4 are in general linear accompanying some 
break points, the first of which is in the vicinity of a =  0.72  
g ./g . A t this point, lines at 10 and 20° change their direc
tions downwards and those at higher temperatures than 
30°, upwards. In general, the angle of intersection becomes 
smaller as the temperature increases and the break point is 
no more perceptible at 100°.

In view of the conclusion, established in the case of nitro
benzene, the first portions of straight lines for small amount 
of sorption might be attributed to the so-called adsorption 
(see also the next section), and the second portions turning 
upwards, to the capillary condensation. A t temperatures 
lower than the normal melting point, the second or third 
portion might be due to the frozen state of the sorbate con
densed in capillary pores.

Although not shown in the figure, values of Expt. N o . 12, 
which were obtained with the largest amount of sorbate, 
deviate upwards at temperatures higher than the normal 
melting point. This is probably due to either the dielec
tric polarization of the sorbate condensed in large pores, as 
ascertained in the preceding paper,1 or some of the sorbed 
amount in the free liquid state. The sorbed amount in 
Expt. N o. 12 is slightly less than the saturation value of o- 
nitrophenol, calculated from the benzene isotherm at 0°  
on the gel of the same lot. If, however, the sorbent might 
probably suffer shrinking from the repeated heat treatment 
at above 100° during these experiments, there would be 
present in the cell some free liquid at higher temperatures 
and none at lower temperatures. B y this reasoning the 
authors would prefer the latter consideration to the former 
and it will be referred to in a later section.
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T a b l e  II

C o r r e l a t io n  o f  t h e  S o r b e d  A m o u n t  a n d  D ie l e c t r ic  P o l a r iz a t io n  (AS)

Expt.
no.

Sorbed
amount,
mg./g. 0° 10“ 2 0 “ 30“

oO

50“ 60“ 70“ 80“
oO05 100“

0 0 2 .183 2 .181 2 .17 8 2 .176 2 .173 2 .170 2 .16 6 2 .16 3 2 .159 2 .15 6 2 .15 2
1 146.2 2 .309 2 .31 2 2 .31 4 2 .316 2 .318 2 .320 2 .32 2 2 .321 2 .32 0 2 .318 2 .31 7
2 3 96 .9 2 .556 2 .572 2 .58 8 2 .599 2 .60 5 2 .610 2 .61 2 2 .61 2 2 .610 2 .6 0 6 2 .60 0
3 480.1 2 .646 2 .659 2 .672 2 .684 2 .69 3 2 .700 2 .70 2 2.701 2 .696 2 .69 0 2 .68 2
4 551 .2 2 .71 8 2 .733 2 .748 2 .762 2 .773 2 .780 2 .783 2 .783 2 .782 2 .780 2 .775
5 624.2 2 .787 2 .804 2 .820 2 .835 2 .846 2 .85 2 2 .85 4 2 .854 2 .851 2 .847 2 .84 2
6 7 50 .2 2 .918 2 .942 2 .977 2 .996 3 .002 3 .00 5 3 .004 2 .998 2 .988 2 .97 8
7 828.1 2 .953 3 .002 3 .07 7 3 .09 6 3 .10 0 3 .100 3 .099 3.091 3 .078 3 .062
8 8 91 .6 2 .975 3 .052 3 .122 3 .159 3 .17 2 3 .172 3 .170 3 .164 3 .154 3 .14 0
9 998 .9 3 .01 5 3 .095 3 .178 3 .308 3 .32 6 3.321 3 .315 3 .307 3 .29 6 3 .28 3

10 1165.3 3 .084 3 .15 0 3 .242 3 .416 3 .51 0 3 .506 3 .499 3.491 3 .48 2 3 .471
11 1546.5 3 .236 3 .322 3 .449 3 .706 4 .00 2 3 .996 3.981 3 .959 3 .93 5 3 .90 9
12 1823.3 3 .31 8 3 .42 7 3 .567 3 .85 5 4 .55 6 4 .548 4 .538 4 .52 6 4 .51 0 4 .49 8

Fig. 4.

Discussion of Results
(1) The Sorbed Amount and the State of 

Sorbate.— If the first portion could be attributed 
to the so-called adsorption and the second one to 
the capillary condensation, as mentioned above, the 
first break point would correspond to the critical 
limit of the sorbed amount, that is, the sorbate in 
excess would be in the state of the capillary liquid. 
The critical amounts of sorption are given in Table
III.

T a b l e  III

T h e  S o rb ed  A m o u n t  a t  t h e  F ir s t  B r e a k  P o in t  

Tem p., °C. 30 40 50 60 70 80 90 average
Sorbed amt., g ./g . 0 .7 2  .72  .76  .74  .75  .74  .77  .74

By the analogous way, as described in the case of 
nitrobenzene, the critical point for the commence
ment of capillary condensation of o-nitrophenol 
can be theoretically calculated on the basis of the 
isotherm of benzene at 0° on the same silica gel and 
value 0.448 g./g. of the sorbate was obtained. 
Great accuracy cannot be expected for these experi
mental values, owing to the small angle of intersec
tion as shown in Fig. 4. In this case, the discrep
ancy is pretty large but it might reasonably be in
terpreted in the following way. Hitherto the author 
has experimentally found that substances which 
have a benzene ring in their molecular structures, 
such as nitrobenzene or o-nitrophenol, show a large 
dielectric polarization in the so-called adsorption 
state, even comparable to that of the capillary liq
uid, whereas alcohols, especially at lower tempera
tures, have distinctly different values according to 
the state of either adsorption or condensation. 
These findings will be of importance for investigat
ing the nature of forces, exerting between sorbate 
molecules and bare surfaces of solid. Further 
study of this phenomenon is now proceeding in this 
Laboratory. At any rate, on the basis of this ex
perimental fact, the discrepancy for the first break 
point found in the present experiment, might be ex
plained, considering that the dielectric polarization 
of the adsorbate as well as the first capillary liquid, 
condensed in narrower pores are the same and the 
first straight lines as shown in Fig. 4 are due to both 
states of the sorbate. The anomaly found in lines 
at 10 and 20° in Fig. 4, where lines due to the frozen 
state start at the first break may be interpreted by 
the preceding view on the states of the sorbate.

(2) Dielectric Constants in Various States of 
Sorption.— In Table IV there are values of dielec
tric constants of o-nitrophenol, sorbed on silica gel 
in various states, which have been calculated by 
the method proposed in the previous paper3 from 
the inclinations of lines in Fig. 4. The value for t ie 
frozen state becomes large with increasing tempera
ture, whereas that for the second condensed state 
decreases. In adsorbed state it has a maximum 
value at an intermediate temperature. These 
values cannot be compared with those of the ordi
nary liquid owing to a lack of data in the literature.

(3) The Sorbed Amount at the Critical Limit 
for the Commencement of Freezing at Various



T a b l e  IV
D ie l e c t r ic  C o n s t a n t  o r  o-N it r o p h e n o l  i n  V a r io u s  S t a t e s  o f  S o rptio n

Feb., 1952 Freezing Phenomenon op o-N itrophenol Sorbed on Silica Gel 201

Temp. °C. 10 20 30 40
Adsorption and 
1st condensation 6 .09 6 .2 3 6 .29 6 .3 9
2nd condensation 7 .96 7 .31
Frozen solid 3 .41 3 .5 5 4 .0 0 5 .2 4

Temperatures.— If the straight lines with de
creased inclination might be due to the frozen 
state of the sorbate, the break points may be taken 
as the critical points where the sorbate begins to 
freeze at each temperature. The sorbed amounts 
at these points are given in the second line of Table
V. As in the preceding paper,3 radii of capillary 
pores corresponding to these amounts of sorption

T a b l e  V
Temperature, °C. 10 20 3 0 40
Sorbed amount, m g ./g . 7 3 2 8 0 0 8 3 0 1000
Corresponding capillary radius, A . 4 6 .7 6 4 .4 8 5 .2 171
Corr. radius, A. 6 7 .8 9 6 .1 1 35 2 6 8

tr calcd. 1 erg./cm . 4 3 .8 4 2 .8 3 3 .8 2 2 .5
a calcd. 2 3 5 .0 3 5 .6 2 9 .0 1 9 .9
tr calcd. 3 5 0 .8 5 3 .2 4 5 .9 3 1 .9
<r lit. 1 4 3 .1 4 1 .8 4 0 .6 3 9 .4
tr lit. 2 4 5 . 4 4 4 .1 4 2 .9 4 1 . 8

A/7t , kcal./mole 3 .4 3 3 .5 6 3 .6 9 3 .7 8

h a v e  b e e n  c a l c u l a t e d  b y  t h e s a m e  m e t h o d ,  b a s e d
on the experimental isotherm of benzene at 0° on 
the silica gel of the same lot as one used in this ex
periment. The third line of Table V shows these 
values. The physical meaning of these values is 
that o-nitrophenol may be in the liquid state, for 
example, even at 20° if it will condense in capillary 
pores whose radii are less than 64.4 A.

(4) Comparison of Experimental Results with 
the Theoretical Formula in Regard to the Freez
ing Point Depression.— In a previous paper,2 a 
formula of the form

AT  _  2M
T o  y p A f f t ,  W

has been derived thermodynamically for the freez
ing point depression of capillary liquid condensed in 
a pore whose radius is r. In the above formula, 
T0, M  and AHT are the normal melting point, the 
molecular weight and the heat of fusion of the sor
bate; a and p are the surface tension and the den
sity of the liquid, respectively. To the first approx
imation, the capillary liquid may be considered to 
have the same properties as the normal liquid. As 
the surface tension of supercooled liquid is uncer
tain, instead of calculating AT, a was computed by 
substituting experimental results for r and AT and 
other data in the literature into the formula, thus 
obtaining a calcd. 1 in the fifth row of Table V. <r 
lit. 1 in the eighth row are the values extrapolated 
linearly from values at two higher temperatures 
measured by Hewitt, et al.,* and a lit. 2 in the ninth 
row are calculated by combining the value of para- 
chor at 45.2° given by Bhatnagar, et al.,6 with the 
density measured in the present experiments. Theo
retically calculated values of surface tension may be 
seen, to the first approximation, to be in agreement

(4) J. H. Hewitt and T. F. Winmill, J. Ckem. Soc., 91, 441 (1907),
(o) S. S. Bhatnagar and B. Singh, J. chim. phys., 26, 21 (1928),

5 0 6 0 7 0 8 0 9 0 1 0 0

6 .4 4 6 .4 6 6 .4 7 6 .4 0 6 .3 9 6 .4 9

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

with those in the literature, especially at low tem
peratures. On the other hand, formula (1) is an 
approximate form which is applicable only in a nar
row temperature range of AT, as fully described in 
the previous paper.2 We can apply it, however, 
even for large AT, if we use the value of AH? at 
actual melting point instead of that at the normal 
melting point. Heat of fusion at any desired tem
perature can be computed by the thermodynamic 
formula of the form

AHt = ~ T  -  T r r °(CP ~  g p)d r  (2)
A  J T  T

A H t  values, thus determined on the basis of the 
calorimetric data, as given in Fig. 2, are presented 
in the tenth row of Table V. On carrying out the 
computation with these values of A H t , we obtain 
a calcd. 2 in the sixth row. The agreement, how
ever, is in general less favorable. These discrep
ancies, though of minor significance, might be con
sidered to be due to the shrinkage of the sorbent, as 
suggested in the preceding section, on account of 
being heated at higher temperatures above 100° 
many times for more than one year. For this rea
son it is more probable to make a correction for the 
benzene isotherm at 0°, on the basis of which capil
lary radii have been computed. From the benzene 
isotherm, reducing the sorbed amount by 10%, we 
have different values of capillary radii for the criti
cal limit, as given in the fourth row instead of the 
third row of Table V. a calcd. 3 in the seventh row, 
calculated with these values of radii and AHt in the 
tenth row are remarkably different from those of 
tr calcd. 1 or tr calcd. 2. The correction made in the 
calculation is of some arbitrary character. In view 
of the result brought by this correction, however, 
the above assumption for the nature of discrepan
cies may be valid essentially. Hence, with cor
rection less in the first portion and more in the la
ter portion of the isotherm, computed values of sur
face tension will fit completely to the experimental 
results. However, without any reasonable basis of 
carrying out such corrections precisely, it is mean
ingless to go further on this line. However that 
may be, we can say that experimental results have 
given additional evidence that the freezing point 
depression of the sorbate depends on the radius of 
capillary pores in which it is condensing and that 
its magnitude (AT) is given by the formula derived 
thermodynamically in the previous paper.3

In conclusion the authors express their cordial 
thanks to Prof. F. Ishikawa for his helpful advices 
and encouragement throughout this work and also 
to Mr. Koichi Kobayashi to whom we are indebted 
for the heat capacity measurements. It is also 
noted that the expense of this research has been 
partially defrayed from a Grant in Aid for Funda
mental Scientific Research by the Department of 
Education.



202 D avid Hart Vol. 56

THE PERIODICITY OF CHEMICAL THERMODYNAMIC FUNCTIONS
By David Hart

Chemical Research Laboratory, Picatinny Arsenal, Dover, New Jersey

Received December 18, I960

An extensive study of the periodicity of chemical thermodynamic functions has developed definite relationship between 
atomic number and equivalent heat of formation, entropy, oxidation-reduction potential, ionization potential and elec
tronegativity for oxides. Halides and sulfides also have been studied.

I. Introduction
Ever since the time of Berthelot1 attempts have 

been made to determine whether a more or less 
general relationship exists between the heats of 
formation of inorganic compounds and the periodic 
system. While the results of these attempts 
showed a definite relationship within each periodic 
group, it was not until recently, when Trombe2 con
sidered the heat of formation per gram atom of 
halogen instead of the molecular heat of formation 
of the halide, that any general relationship was in
dicated. An excellent summary of these attempts 
is given by Siie3 who, like Trombe, plotted that the 
heat of formation per gram atom of the electroneg
ative element as a function of the atomic number 
of the less electronegative element in the compound. 
However, Siie applied this method to oxides, sul
fides and nitrides as well as to halides and obtained 
a series of saw-tooth curves. He also tried to re
late the heats of formation of inorganic compounds 
to the average ionization potentials, i.e., the energy 
required to separate all the valence electrons of 
an element divided by the number of these elec
trons.

Using the concept of electronegativity, Pauling4 
introduced a certain amount of order into inorganic 
thermochemistry. The electronegativity, which is 
directly related to the heat of formation, was plotted 
as a function of the atomic number.

As a result of a systematic investigation, begun 
in 1942, of a number of inorganic oxidation-reduc
tion reactions between finely divided solid par
ticles,5-8 the existence of a more or less general 
relationship between a number of thermochemical 
as well as thermodynamic functions and the periodic 
system was recognized. Some of these functional 
relationships have not yet appeared in the litera
ture. It is the purpose of this paper, therefore, to 
show that a careful consideration of these relation
ships will reveal the existence of considerable 
amount of order in the field of inorganic thermo
chemistry.

II. Equivalent Heat of Formation and Atomic 
Number

If the equivalent heats of formation of the oxides 
of the elements are plotted as a function of the 
atomic number, a series of curves is obtained which

(1) Berthelot, “ Thermochemie,” Vol. I, p. 284»
(2) C. R. Trombe, Acad. Set., 218, 457 (1944).
(3) Pierre Siie, J. Chim. Phys., 42, 45 (1945).
(4) Linus Pauling, J. Am. Chem. Soc., 54, 3570 (1932).
(5) George C. Hale and D. Hart, U. S. Patent 2,461,544 (1949).
(6) George C. Hale and D. Hart, IT. S. Patent 2,467,334 (1949).
(7) George C. Hale and D. Hart, U. S. Patent 2,468,061 (1949).
(8) D. Hart, Unpublished Results and Picatinny Arsenal Technical 

Reports.

show a very definite and interesting periodicity. 
By the equivalent heat of formation of oxides is 
meant the value obtained by dividing the heat of 
formation by the number of equivalents of oxygen.

In Fig. 1, only those values were taken for the 
oxides which correspond to the predicted valence 
given by the periodic table. Solid lines were 
drawn between points obtained from the heats of 
formation values available in the literature. The 
values were taken from Bichowsky and Rossini,9 
Latimer,10 Thompson,11 Kelley,12’13 and the National 
Bureau of Standards.14 By following the pattern 
indicated, dotted lines were drawn from which the 
approximate values of the equivalent heats of forma
tion of oxides can be estimated for which there are 
at present no data in the literature as to their heats 
of formation. From the estimated equivalent 
heats of formation taken from the figure, the cor
responding heat of formation can be calculated. 
The curves obtained are a series of approximately 
parallel straight lines with some deviations for the 
oxides of the elements at the beginning of a period. 
Thus, for the first period, all except lithium oxide 
fall on a straight line. For the second period, so
dium oxide does not fall on the straight line and 
magnesium oxide is also somewhat off. The 
maxima of these curves occur with lithium oxide 
for the first period, the divalent element oxides for 
the second and third periods, and the trivalent 
element oxides for the other periods.
III. Equivalent Free Energy of Formation of 

Oxides and Atomic Number
Although the standard heat of formation, —AH“, 

of the oxides at 298.16°K.1S has been considered a 
rough measure of the stability, the true measure of 
this property is considered to be the standard free 
energy of formation, —AFJ at 298.16°K. In a 
series of publications beginning with 1932, Kelley12 
of the U. S. Bureau of Mines, gives the most prob
able values of the standard free energies of forma
tion at 25°. In 1942 Thompson11 published a

(9) F. R. Bichowsky and F. D. Rossini, “ The Thermochemistry of 
the Chemical Substances,” Reinhold Publishing Corp., New York 
N, Y ., 1936.

(10) W. M . Latimer, “ The Oxidation States of the Elements,’ 
Prentice-Hall, Inc., New York, N. Y ., 1938.

(11) M . deKay Thompson, “ The Total and Free Energies of Forma
tion of Oxides of Thirty-Two Metals,” The Electrochemical Society. 
Inc., New York, N. Y ., 1942.

(12) K. K . Kelley, U. S, Bureau of Mines, Bull., 350 (1932).
(13) K. K. Kelley and C. T. Anderson, U. S. Bureau of Mines, Bull., 

384 (1935).
(14) F. D . Rossini, D. D. Wagman, W . H. Evans, L. Levine and 

I. Jaff, “Selected Values of Chemical Thermodynamic Properties ”  
N. B. S. Circular 500, U. S. Govt. Printing Office, 1951.

(15) G. N. Lewis and M . Randall, “ Thermodynamics and the Fre 
Energy of Chemical Substances,” McGraw-Hill Book Co., Inc., New 
York, N. Y ., 1923.
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comprehensive critical survey of free energy rela
tions for thirty-two metallic oxides. More re
cently the National Bureau of Standards,13 with 
the aid of the U. S. Navy Department, Office of 
Naval Research, is compiling “ Tables of Selected 
Values of Chemical Thermodynamic Properties.”  
However, many values for the free energy of forma
tion of oxides still are not available. In Fig. 2 the 
equivalent free energies of formation of the oxides, 
calculated from available free energies of formation, 
were plotted as a function of atomic number.

The curves obtained were a series of approxi
mately parallel straight lines, similar to those in

Fig. 1 for the equivalent heats of formation. The 
corresponding decomposition potentials were calcu
lated and an appropriate scale placed on the right- 
hand side in Fig. 2. Here, too, solid lines were 
drawn between points obtained from the literature 
values and dotted lines were drawn to follow out the 
pattern. In this manner approximate values for 
equivalent free energies of formation were obtained 
from which approximate values for the correspond
ing free energy of formation could be calculated 
which are not available in the literature.

A tabulation of the values used to obtain Figs. 1 
and 2 is given in Table I. Included in this table
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T a b l e  I

Vol. 56

C h e m ic a l  T h e r m o d y n a m ic  P r o p e r t ie s  o p  t h e  E l e m e n t s  a n d  Ox id e s

Periodic
group

Atom
ic

num
ber

Ele
ment

Entropy of 
elements at 
298.16°K. 
S°, cal./ 

deg. mole Oxide

Entropy of 
oxide at 

298.16°K. 
8 ° , cal./ 
deg. mole

Entropy of 
formation 
of oxide 

A S°, 
cal./deg.

Standard 
heat of 

formation 
AHf°,

kcal./mole

Equivalent 
neat of 

formation 
AtffO, 
kcal.

Standard free 
energy of 

formation 
AFf°,

kcal./mole

Equivalent 
free energy of 

formation 
AF{°/n, 
kcal.

Electro
negativi
ties of 

the Ele
ments

1 H 31.2° HzO 16.72 -  39.0 -  68.3 - 3 4 .2 -  56.7 -2 8 .4 2 . 1

IA 3 Li 6.7 Li20 (5.9) ( -  32) -1 4 2 .3 - 7 1 .2 -1 3 2 .8 -6 6 .4 1 . 0
11 Na 12. 2 NaiO 17 -  31.9 -  99.45 - 4 9 .7 -  8 9 .9 « - 4 5 .0 0 .9
19 K 15.2 k 2o (22.9) ( -  32) -  86.2 -4 3 .1 -  76.7 -3 8 .4 .8
37 Rb 16.6 Rb20 (25.7) ( -  32) -  82.8 - 4 1 .5 -  73.4 - 3 6 .7 .8
55 Cs 19.8 Cs20 (32.1) ( -  32) -  82.1 -4 1 .1 -  72.6 -3 6 .3 .7
87 (22.5) (37.5) ( -  32) ( -  81) ( -4 0 .5 ) ( -  71.5) ( -3 5 .8 ) .7

IB 29 Cu 7.96 Cu20 24.1 -  16.3 -  39.84 -1 9 .9 2 -  34.98 -1 7 .4 9 1 . 8
47 Ag 10. 21 Ag20 29.09 -  15.8 7.31 -  3.66 -  2.59 -  1.3 1 . 8
79 Au 11.4 AuîO (34.8) ( -  12.5) 2 .3

IIA 4 Be 2.28 BeO 3.37 -  23.4 -1 3 9 - 6 9 .5 -1 3 2 - 6 6 1.5
12 Mg 7.77 MgO 6.55 -  25.6 -1 4 6 .1 -7 3 .1 -1 3 8 .5 -6 9 .3 1 . 2
20 Ca 9.95 CaO 9.5 -  25.0 -1 5 1 .7 - 7 5 .9 -1 4 4 .2 -7 2 .1 1.0
38 Sr 12 .5« SrO 13.0 -  24.0 -1 4 0 .8 - 7 0 .4 -1 3 3 .6 - 66.8 1.0
56 Ba 16 .2« BaO 16.8 -  23.9 -1 3 3 - 6 6 .5 -1 2 5 .9 - 6 3 .0 0.85
88 Ra (19.9) RaO (19.9) ( -  24.5) 0.8

IIB 30 Zn 9.95 ZnO 10.5 -  24.1 -  83.17 -4 1 .5 9 -  76.05 -3 8 ,0 1.5
48 Cd 12.3 CdO 13.1 -  23.7 -  60.86 -3 0 .4 3 -  53.79 -2 6 .9 1.5
80 Hg 18.5 HgO* 17.2 -  26.4 -  21. 68 -1 0 .8 4 -  13.99 -  7 .0 1.9

IIIA 5 B 1.7 B2Oj ( 2.4) ( -  74.5) -3 3 9 .8 - 5 6 .6 -3 1 7 .6 -5 2 .9 2 . 0
13 AI 6.75 AI1O1 12.5 -  74.5 -3 9 9 .0 - 66.0 -3 7 6 .8 -6 2 .8 1.5
21 Se 8 .0« Sc20 , (15) ( -  74.5) -4 1 0 -6 8 .3 -3 8 7 .8 - 6 4 .6 1.3
39 Y 10.5« Y 2Oi (20) ( -  74.5) -4 4 0 -7 3 .3 -4 1 7 .8 - 6 9 .6 1 . 2
57 La 13.7 La2Oi (26.4) ( -  74.5) -4 5 7 -7 6 .2 -4 3 4 .8 - 7 2 .5 1 . 1

(Rare Earths)
89 Ac Ac2Og ( -  74.5) ( -4 9 0 ) ( -8 2 ) ( -4 6 8 ) ( -7 8 ) 1.0

IIIB 31 Ga 10. 2 Ga2Os 24 -  69.9 -2 5 8 - 4 3 -2 3 7 -3 9 .5 1 . 6
49 In 12.5 In2Oj 29 -  73.5 -2 2 2 .5 -3 7 .1 -2 0 0 .5 -3 3 .4 1 . 6
81 Tl 15.4 TUO, (35.4) ( -  74.5) - 1 2 0 - 3 0 -  98.1 -1 6 .4 1.9

IVA 22 Ti 7.24 T i0 2 12. 01 -  43.2 -22517 - 5 6 .3 - 212. 1 - 5 3 .0 1 . 6
40 Zr 9.18 Zr02 12.03 -  46 -2 5 8 .2 -6 4 .6 -2 4 4 .4 -6 1 .1 1 . 6
72 Hi 13.1 Hf0 2 19.6 -  42.5 -2 7 1 .5 -6 7 .9 -2 5 8 .8 -6 4 .7 1.3
90 Tb 13.6 T h02 19.6 -  43.0 -2 9 3 - 7 3 .3 -2 8 0 .2 -7 0 .1 1 . 1

IVB 6 C 1.36á C 0 2 51.06 -  94.05 -2 3 .5 1 -  94.26 -2 3 .7 4 2.5
14 Si 4.47 Si02 10.00 -  43.77 -2 0 5 .4 -5 1 .3 5 -1 9 2 .4 -4 8 .1 1 . 8
32 Ge 10.14 GeOî (13) ( -  46) -1 2 8 .3 - 3 2 .1 -1 1 4 .5 -2 8 .6 1.7
50 Sn 12.3 SnOa 12.5 -  48.8 -1 3 8 .8 -3 4 .7 -1 2 4 .2 -3 1 .0 5 1 . 8
82 Pb 15.51 Pb02 18.3 -  46.21 -  66. 12 -1 6 .5 3 -  52.34 -1 3 .0 9 1 . 8

VA 23 V 7.05 V2Oj 31.3 -1 0 5 .3 -3 7 3 -3 7 .3 -3 4 4 - 3 4 .4 1 . 8
41 Cb 8 .4 7 « Cb20 , (32.5) ( -1 0 7 ) -4 6 3 .2 -4 6 .3 2 -4 3 1 - 4 3 1 . 6
73 Ta 9 .9 Ta2Os 34.2 -1 0 8 .1 -4 9 9 .9 -4 9 .9 9 -4 7 0 .6 -4 7 .0 6 1.4
91 Pa Pa206 1.4

VB 7 N 45.77a N 20 6 36.6 -  10 -  1 3 .0
15 P 1 0 .6* P20 , (29.7) ( -1 1 4 ) -3 6 7 .0 -3 6 .7 0 -3 3 3 -3 3 .3 2. 1
33 As 8 .4 As20# 25.2 -1 1 4 .1 -2 1 8 .6 - 21. 86 -1 8 4 .6 -1 8 .4 6 2. 0
51 Sb 10.5 Sb2Os 29.9 -1 1 3 .6 -2 3 4 .4 -2 3 .4 -2 0 0 .5 -2 0 .0 5 2 . 1
83 Bi 13.6 BUO, (35.7) ( -1 1 4 ) 1 . 8

VIA 24 Cr 5.68 CrO, (17.2) ( -6 2 ) -1 3 8 .4 -2 3 .1 - 1 2 0 - 2 0 2 . 1
42 Mo 6.83 MoO, 18.68 -  61.65 -1 8 0 .3 3 -3 0 .0 6 -1 6 1 .9 5 -2 7 2 . 1
74 VV 8.0 WO, 19.90 -  61.6 -2 0 0 .1 6 « -3 3 .3 6 -1 8 2 .4 7 - 3 0 .4 2 . 1
92 U 1 1 . 1 UO, (2 2 .6) ( -  62) -2 9 1 .6 -4 8 .6 -2 7 3 - 4 5 .5

VIB 8 O 49.003° 3 .5
16 s 7.62/ SO, 17.7 -  63.4 -1 0 5 .2 -1 7 .5 -  86.3 -1 4 .5 2 .5
34 Se 10.0 SeO, (20 . 1 ) ( -  63.4) 2 .3
52 Te 11 . 88 TeO, (22) ( -  63.4) -  83.0*7 - 1 3 .9 -  64.6 - 10.8 2. 1
84 Po 2. 0

VIIA 25 Mn 7.61 Mn2Oj 2.3
43
75 Re 8 Re2OT -2 9 7 .5 - 2 1 .3
93

VI1B 9 F 48.6a 4 .0
17 Cl 53.29a CUO7 3 .0
35 Br 36.4ft 2. 8
53 I 27.9e 2 . 6
85 2 .4

“ Value for diatomic gas. b Value for diatomic liquid. c Value for diatomic solid. d Graphite. • W hite; red =  7. 
1 Rhombic. ‘  Red.

(16) V. Kireev, Acta Phyeicochim., U. R. S . S., 21, 55 (18) G. Huff, E. Squitieri and P. E. Snyder, J Am. Chem. Soc., 70,
(1946). 3380 (1948).

(17) B. Neumann, C. Kroger and H. Kunz, Z. anorg. allgem. Chem., (19) V. A. Kiren, "Zhurnal fizicheskoi kbimie Leningrad," 22, 847
232,335 (1937). (1948).
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are other chemical thermodynamic functions such 
as the entropies of the elements and oxides, the en
tropies of formation for the oxides, ionization po
tentials and electronegativities. The values in 
parentheses were estimated from the figures given 
in this paper.

The following conclusions may be drawn from 
Table I: (1) Any oxide of an A family has a 
greater heat of formation and free energy of forma
tion than any oxide of the corresponding B family.
(2) In Groups IA, IB, IIA, IIB, IIIB and IVB, the 
heats of formation of the oxides decrease with in
creasing atomic number except for the following:
(a). The first two oxides cf Group IIA, BeO and 
MgO, have lower heats of fcrmation than the other 
oxides of this group, (b) In Group IVB the first 
oxide, C 02, a gas, has a lower heat of formation 
than the other oxides, which are solids. (3) In 
Groups IIIA, IVA, VA, VIA and VIIA, the heats 
of formation and free energy of formation of the ox
ides increase with increasing atomic number. (4) 
In Groups VB, VIB, and VIIB, the heats of forma
tion fluctuate alternately beginning with a rela
tively low value, then high and then low again. 
Similar conclusions may be drawn for the equivalent 
heats of formation and equivalent free energies of 
formation.

The oxides were then arranged in the order of de
creasing equivalent heat of formation as in Table
II. This same order is obtained for the equivalent 
free energies of formation. From this table it ap
pears that the equivalent free energies of formation 
rather than the free energies themselves are a meas
ure of the relative stabilities of the oxides at or
dinary temperatures. Of course, these values do 
not afford a true measure of the relative stabilities 
at the much higher temperatures employed in metal
lurgical practice. To determine these, calcula
tions would have to be made of the free energies of 
formation at different temperatures, using the 
standard equation given by K. Iv. Kelley20

AF° =  Alio +  aT  log T +  6'/’2 +  cT ~l +  IT

Such calculations have been made by Ellingham21 
for the oxides and sulfides generally used in metal
lurgy. He plotted the variation with temperature, 
of the free energy of formation of the oxides and sul
fides. He expressed the free energy of formation in 
kilocalories per gram molecule of oxygen, 0 2, for the 
oxides and per gram molecule of sulfur gas, S2, for 
sulfides. Had he used equivalent free energies of 
formation in each case, the relationships would have 
been the same, but comparison between the oxides, 
sulfides and other types of inorganic compounds 
such as halides, nitrides and others could then be 
made.

IV. Oxidation-Reduction Potentials and 
Periodicity

Since the order of the oxides as given in Table II 
resembled the electromotive series of the metals, the 
oxidation-reduction potentials of the elements were 
plotted as functions of atomic number. Most of 
the values employed were taken from Latimer.9 
A series of curves were obtained which resemble

(20) K. K. Kelley, U. S. Bureau of Mines Bull., 406 (1037).
(21) H. J. T. Ellingham, J. Soe. Chem. Ind., 63, 125 (J946).

T a b l e  II

C h e m ic a l  T h e r m o d y n a m ic  P r o p e r t ie s  o f  t h e  O x id e s  in  
t h e  O r d e r  o f  E q u iv a l e n t  H e a t s  o f  F o r m a t io n  a n d  

E q u iv a l e n t  F r e e  E n e r g y  o f  F o r m a t io n

Equivalent Equivalent
Heat of heat of Free energy free energy

formation, formation, of formation, of formation,
— A#f°, — AHf0/n , — AFf°, — AFf°/ft,

Oxide kcal./mole kcal. kcal./mole kcal.

A c ,0 , (490) (82) (468) (78)
La20 , 457 7 6 .2 4 3 4 .8 7 2 .5
CaO 151.7 7 5 .9 144.2 72.1
"Y*20 , 440 7 3 .3 4 1 7 .8 6 9 .6
T h 0 2 293 7 3 .3 2 8 0 .2 70.1
M gO 146.1 73.1 138.5 6 9 .3
L i /) 142.3 7 1 .2 132.8 6 6 .4
SrO 140.8 7 0 .4 133.6 6 6 .8
BeO 139 6 9 .5 132 66
SosO, 410 6 8 .3 3 87 .8 6 4 .6
H fO , 271.5 6 7 .9 2 58 .8 6 4 .7
BaO 133 6 6 .5 125.9 6 3 .0
A1,0, 3 9 9 .022 6 6 .5 3 76 .8 6 2 .8
Z r02 258 .2 6 4 .6 2 44 .4 61 .1
B 2O, 3 3 9 .8 23 5 6 .6 3 17 .6 5 2 .9
T i0 2 225 5 6 .3 212.1 5 3 .0
S i0 2 205 .4 5 1 .4 192.4 4 8 .1
T a ,0 , 499 .9 5 0 .0 470 .6 47 .1
N a20 99.5 4 9 .7 8 9 .9 4 5 .0
UO, 291 .6 4 8 .6 272 .4 4 5 .4
Cb20 , 463 .2 4 6 .3 4 31 .2 4 3 .1
Ga20 , 258 43 237 3 9 .5
K 20 8 6 .2 4 3 .1 7 6 .7 3 8 .4
ZnO 8 3 .6 4 1 .6 76 .1 3 8 .0
R b20 8 2 .9 4 1 .5 7 3 .4 3 6 .7
Cs20 82.1 41.1 7 2 .6 3 6 .3
87 (81) (40 .5 ) (71 .5 ) (3 5 .8 )
V 20 5 373 3 7 .3 344 3 4 .4
ln 20 , 222 .5 37.1 200 .5 3 3 .4
P20 6 367 .0 3 6 .7 333 3 3 .3
S n 02 138.8 3 4 .7 124.2 31 .05
ILO 6 8 .3 3 4 .2 5 6 .7 2 8 .4
W O , 200.16 3 3 .4 182.5 3 0 .4
GoO, 128.3 32.1 114.5 2 8 .6
CrlO 60.86 3 0 .4 3 5 3 .79 2 6 .9
M oO , 180.33 30.1 161.95 27
0 0 2 94.05 2 3 .5 94 .26 23 .56
CrO, 138.4 23.1 120.0 2 0 .0

SbsO, 234 .4 2 3 .4 200.5 20 .1
A s20 6 218 .6 2 1 .9 184.6 18 .5
ReO< 297.5 2 1 .3
Cu20 39 .84 19 .9 3 5 .0 17.5
T120 , 120 20 98 .1 16 .4
SO, 105.2 17.5 8 6 .3 14 .4
P b 0 2 66.12 16.5 52 .3 4 13.1
HgO 21.6 8 10.84 13 99 7 .0
Ag20 7.31 3 .7 2 .6 1 .3
n 2o , 10 1

those in Figs. 1 and 2 for the equivalent heats of 
formation and equivalent free energies of formation 
of the oxides. It is possible by means of the curves 
in Figs. 3 and 4 to estimate those oxidation-reduc
tion potentials which are not now available in the 
literature.

It is interesting to note that the value of the 
oxidation-reduction potential in alkaline solution

(22) P. E. Snyder and H. Sit?:, J. Am. Chem. Snr.t $7, 6835 (1915).
(23) W, A. Roth, Z. Naturforach., 1, 574 (1946).
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OXIDATION-REDUCTION POTENTIALS IN ACID SOLUTION

Fig. 3.

Fig. 4.

for boron as given in Latimer,10 namely, 2.5 volts, 
does not fall on the first straight line in Fig. 4, 
whereas in Figs. 1, 2 and 3, the values for boron do 
fall on the first straight line. The indications are, 
therefore, that the value of the 2.5 volts for the 
oxidation-reduction potential of boron in alkaline 
solution may be too high. A value of approxi
mately 1.5 volts is indicated from the curve in Fig.
4.

A comparison was made between the decomposi
tion potentials of the oxides as calculated from the 
equivalent free energies, and the oxidation-reduc

tion potentials in acid and alkaline solution for the 
corresponding elements. Table III shows this 
comparison for some of the more common metals. 
It is interesting to note that the order of decreasing 
equivalent free energy of formation for the oxides 
is, with few exceptions, the same as the order of de
creasing oxidation-reduction potentials of the met
als in alkaline solution. The similarity is not nearly 
as great between the order of the oxides and the 
oxidation-reduction potentials of the metals in acid 
medium. This is to be expected, since the latter 
involves a change from metal to ion, while the forma-
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T a b l e  I I I

A C o m p a r is o n  of  t h e  O r d e r  c f  E q u iv a l e n t  F r e e  E n e r g y  of  F o r m a t io n  of  O x id e s  w it h  t h e  O r d e r  of  O x id a t io n -
R e d u c t io n  P o t e n t ia l  fo r  t h e  C o r r e sp o n d in g  M e ta l s

Oxide

Equivalent heat 
of formation,
— A /i/n , kcal.

Equivalent 
free energy, 

— AF/n, kcal.

Decomposition
potential,

volts

Standard oxida
tion-reduction 
potentials in 

alkaline solution, 
Eb °, volts Metal product

Standard oxida
tion-reduction 
potentials in 
acid solution, 

Ea °, volts

M gO 73.1 6 9 .3 3 . 0 0 2 .6 7 M g(O H )2 2 .3 7 5 21
AI2O3 6 6 .5 6 2 .8 2 .72 2 .3 5 h 2a i o 3- 1.67
Z r02 6 4 .6 61 .1 2.66 2 .3 2 H 2Z r0 3 1 .43
T i0 2 5 6 .3 5 3 .0 2 .3 0 (1 .8 5 ) 0 .95
SiO: 5 1 .4 48 .1 2 .06 1 .73 S iO r 0 .84
M nO 4 8 .3 (4 4 .9 ) 1 .95 1 .47 M n( 011)2 1.05
Cr20 3 4 5 .5 (42 .1 ) 1 .82 1 .3 C r(O H )3 0.71
ZnO 4 1 .6 3 8 .0 1.66 1.216 Z11O2- .76
S n 02 3 4 .7 31 .1 1 .34 0.88 Sn(O H )6" .01
Fe20 3 33 .1 (29 .7 ) 1 .29 0 .56 F e ;O H )3 .036
W 0 3 3 3 .4 3 0 .4 1 .28 1 . 1  ca. W O ,“ .01
CdO 3 0 .4 2 6 .9 1 .26 0 .815 C d(O H )2 .40
M o0 3 30 .1 27 1 .14 .97 M 0O4” -  .1
NiO 2 9 .2 (2 5 .8 ) ' 1 .12 .66 N i(O H )2 .25
CoO 2 8 .8 (2 5 .4 ) 1 .10 .73 C o(O H )2 .28
Sb20 3 2 7 .6 (2 4 .2 ) 1 .05 .66 S b 0 2- -  .212
Bi20 3 2 2 .9 (19 .5 ) 0 .8 5 .46 BiOOH -  .32
CuO 19.3 (1 5 .9 ) 0 .69 .224 Cu(OH)i -  .345

tion of oxides involves a change from metal to ox- those elements whose entropies are not available 
ide and the potentials in alxaline solution involve a in the literature.
change from metal to hydrated oxide or hydroxide. Latimer26 has shown that the entropy of a num-

Fig. 5 .

V. Entropy and Periodicity
If the entropies of the elements at 298.16°K. are 

plotted as a function of atomic number, certain 
periodic regularities are observed, as shown in Fig.
5. For the first period, a maximum occurs at oxy
gen. For the second period the maximum occurs 
at chlorine. However, for the other periods, max
ima occur at the inert gases: namely, Krypton, 
Xenon and Radon. From the curves in Fig. 5, 
approximate entropy values may be estimated for

(24) G. 2 . Coates, J. Ckem. Sac., 478 (1945)

ber of solids may be represented by the sum of the 
entropies of the atoms in the solid, using the equa
tion

iS° =  3 /2  R  In at. wt.i +  3 /2  R  In at. wt.2 +  • • • +  nSi

The constant Si was evaluated by Latimer from the 
general equation, using the value 19.70 for the en
tropy of potassium chloride, and found to be equal 
to —0.94. Although this equation is applicable to 
a number of halogen salts, it was found not to be

(25) W . M. Latimer, J. Am. Chem. Soc., 43, 818 (1921)
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Fig. 6.

applicable to the solid oxides. Wenner26 indicated 
that straight lines are obtained when the molar en
tropies at 25 ° are plotted against the log of the mo
lecular weight, for each type of inorganic compound, 
such as the oxides MO, M 02; the halides MX, 
M X 2; the sulfides MS and others. However, ap
plying this rule to the solid oxides, the author 
found that this empirical relationship occurred only 
with the oxides in the same periodic group. Thus in 
Fig. 6 the solid oxides of Group IIA fall on one line, 
while those of Group IIB, which are similar, fall on 
another line. The same is true for the solid oxides 
of Groups VA and VB in Fig. 7. It should be 
noted that for the solid oxides of Groups IVA and 
IVB in Fig. 8 considerable deviations from the 
straight-line rule occur. However, by making use 
of all of these curves, the following entropies were 
estimated; Au20, 34.8; RaO, 19.9; T120 3, 35.4; 
Ge02, 11.8; Cb20 5, 32.5; Bi20 5, 35.8; Cr03, 15.2; 
UOj, 20.3. Using these estimated values, AS0 for 
these oxides was calculated. These values have 
been included in Table I in parentheses.

With the exception of sodium oxide, the entro
pies of the oxides of Group IA are not known. 
Therefore, the entropy-log molecular weight plot 
cannot be made. Similarly, there are insufficient 
data on the entropies of the oxides of Groups IIIA, 
M B  and VII to make entropy-log molecular weight 
plots. However, an examination of the entropies 
of the formation of the oxides, A8°, in Table I in
dicates that for each periodic group the entropy of 
formation of the solid oxides is approximately the 
same. The entropy of formation for sodium oxide 
may be calculated as

AfS°(Xa»0 -  2Na -  0.50=) =  -3 1 .9  
Assuming that the entropy of formation of the

(26) R. R. Wenner, “ Thermocheniical Calculations.”  McGraw-
Hill Book Co., Inc., New York, N. Y., 1941.

other oxides in Group IA is approximately the 
same as that for sodium oxide, namely, —32 calor
ies per degree, the entropies of the other oxides in 
this group at 298.16 °K. were calculated from the 
equation

AS°(M 20  -  2M -  0.5 0 2) =  - 3 2

The entropy values calculated were as follows: lith
ium oxide 5.9; potassium oxide 22.9; rubidium ox
ide 25.7; and cesium oxide 32.1. Using the value 
of —32 for AS0 and making use of the expression 
for the second law of thermodynamics15

AFt =  A Hr — T ASt

the free energies of formation for these oxides were 
calculated. Similarly, for Group IIIA only the 
entropy for aluminum oxide is given in the litera
ture. From this value the entropy of formation 
may be calculated as —74.5. Assuming the same 
value for the entropy of formation of the other solid 
oxides in this group, the entropies for the oxides 
were calculated to be as follows: boron trioxide 
2.4; scandium oxide 15; yttrium oxide 20; and 
lanthanum oxide 26.4. The free energies of forma
tion for these oxides were calculated from the above 
expression for the second law of thermodynamics 
also using the value of —74.5 for AS0.

For Group VIB only the entropy of solid sulfur 
trioxide is given in the literature.10 From this value, 
the entropy of formation is calculated to be —63.4. 
Assuming the same value for the entropy of forma
tion of the other solid oxides in this group, the en
tropies of these oxides were calculated to be as fol
lows: Se03 20.1 and T e03 22.

In the case of Groups VIIA and VIIB, there are 
insufficient data available to make even these calcu
lations and estimations. However, approximate 
values for the equivalent free energies and equiva
lent heats of formation can be obtained from Figs.
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ENTROPY.
Fig. 7.

Fig. 8.

1 and 2. From these, the approximate values for 
the free energies and heat of formation may be cal
culated.

VI. Ionization Potentials
The energy required to completely remove the 

most loosely bound electron in its lowest energy 
level from an atom is known as the first ionization 
potential of the element. The second ionization 
potential is the energy necessary to remove the 
most loosely bound electron in its lowest energy

state from the ion that is formed after one elec
tron has already been removed.

Using the values of Herzberg,27 Tate and Smith,28 
Yakimirskii,29 the National Bureau of Standards 
Tables,14 and Bichowsky and Rossini,9 the first, 
second, third and fourth ionization potentials of the

(27) G. Herzberg, “ Atomic Spectra and Atomic Structure,”  Pren
tice-Hall, Inc., New York, N. Y., 1937.

(28) J. R. Tate and P. T. Smith, Phys. Review, 46, 733 (1934).
(29) K. B. Yakimirskii, Izvest. Akad. Nauk-SSSR., Oldel, K him . 

Navk.. 554 (19-18).
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Fig. 9.

elements were plotted against the atomic num
ber. Figure 9 shows the periodic relationship 
obtained.

In general, for the first ionization potentials, 
there is an increase from alkali metal to inert 
gas. Thus maxima occur with the inert gases 
while minima occur with the alkali metals. How
ever, the energy required for the removal of the 
first p electron is somewhat lower than that neces
sary for the removal of the preceding s electron (see 
boron, aluminum, gallium, indium and thallium in 
Fig. 9). Also a slightly lower energy is required for 
the removal of the fourth p electron, than that for 
the third p electron (see oxygen, sulfur and selen
ium in Fig. 9). On passing from an inert gas to 
the next alkali metal, there is a great decrease in 
the ionization potential. The added s electron is 
relatively well shielded from the nuclear charge.

The second ionization potential for any element 
is always larger than the first, the third always 
larger than the second, and each subsequent ioniza
tion potential larger than the preceding one. Of 
course, this is to be expected, since more energy is 
required to remove an electron from a positively 
charged ion than from a neutral atom, and the re
quired energy increases with increased charge in the 
ion. However, it should be noted that much more 
energy is necessary to remove an electron from a 
positive ion of an inert gas structure than from an 
ion in which the periodic valence has not been satis
fied. Thus, after one electron has been removed 
from sodium, the electron configuration remaining 
is similar to the inert gas neon, and considerable 
energy is necessary to remove the next electron. 
In the case of magnesium, two electrons must be 
removed before an inert gas electron structure is ob
tained and these two electrons are relatively easy

to remove as compared with the removal of the 
third electron. Similarly, for aluminum, three elec
trons must be removed to form an inert gas con
figuration.

For the second ionization potentials of the ele
ments, maxima are obtained for the alkali metal 
ions while minima are obtained for the alkaline 
earth metal ions having one positive charge. 
Proceeding from the first to the second, from the 
second to the third and then to subsequent ioniza
tion potentials, maxima occur at the ions possessing 
inert gas electronic configurations while minima 
occur at the ions resembling the alkali metal elec
tronic structures. Thus there is a shift of one to 
the right for the maxima and minima in Fig. 9 in 
passing from the first ionization potential to the 
second and then to each succeeding ionization po
tential.

In Fig. 10 the total ionization potentials, i.e., 
the energy necessary to separate all of the valence 
electrons, were plotted as a function of the atomic 
number. A series of approximately parallel lines 
were obtained which became more nearly parallel 
with the increasing number of valence electrons. 
Minima occurred with the alkali metals of Group IA 
as well as with the metals of Group IB. A similar 
series was obtained by Sue8 using the average ioni
zation potentials, i.e., the energy required to remove 
all of the valence electrons divided by the number 
of electrons (Fig. 11).

The curves in Figs. 10 and 11 resemble, to some 
extent, those obtained for the equivalent free ener
gies of formation of the oxides. However, the lat
ter must differ somewhat, as indeed they do, since 
they take into account the electron affinity of 
the elements for oxygen and of oxygen for the 
elements.
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VII. Electronegativities
Pauling30 employed the term electronegativity to 

express the electronic attraction of a neutral atom 
in a stable molecule. This idea was developed by 
quantitative considerations of simple wave mechan
ics and agrees quite closely with the ionic resonance 
theory which states that a combination of two dis
similar atoms possess more than pure covalent 
energy. The following empirical relationship was 
developed by Pauling
_______________ (A  — B ) =  2 3 .6 (X a -  X B)2 (1)

(30) Linus Pauling, “ The Nature o f  the Chemical Bond,”  Ithaca,
N. Y., 1944.

(A — B) is the extra ionic resonance energy. 
X a and X B are the electronegativities expressed in 
electron volts. 23.06 is the factor for converting 
electron volts to calories.

This led to the formulation of the Electronegativ
ity Scale. Since nitrogen and oxygen in their 
standard states (N2 ana 0 2) have a much greater 
stability than that which corresponds to the single 
N -N  and 0 - 0  bonds, Pauling proposed the equa
tion

Q = 23.06 2  (XA - X b)2 -  55.1«n -  24.2n0 (2 )

Q is the heat of formation of a gaseous molecule 
containing single bonds from elements in their
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Fig. 12.

standard states, « n and no are the number of ni
trogen and oxygen atoms, respectively, in the com
pound under consideration.

Haissinsky31 compared Pauling’s relation be
tween the electronegativities of the atoms and the 
heat of formation with the experimental data. He 
found that the approximate nature of the relation 
was improved by introducing the heat of sublimation 
into equation 2 as

Q =  23.06 2  (.Y a  -  A'b)2 -  L  -  55.1nN -  24.2n0 (3)

L is the heat of sublimation of the compound 
whose heat of formation in the gaseous state is Q. 
In most of the cases studied by Pauling, L was rela
tively small compared with Q, which would make 
equation 3 the same as 2. Using equation 3 it was 
possible for Haissinsky to calculate the electronega
tivities for the entire periodic system, and with the 
aid of the calculated electronegativities, to inter
pret the periodicity of certain groups of inorganic 
compounds. P. Daudel and R. Daudel32 further 
improved the agreement between the results of 
Pauling’s theory of electronegativity and the ex
perimental data by the introduction of the concept 
of “ charge effect.”  Furthermore, this concept of 
charge effect accounts for the increase in electro
negativity with increasing valence of an element.

Using the values of Haissinsky, the electronega
tivities were plotted as a function of atomic num
ber. In general, a series of approximately parallel 
lines were obtained and the curves in Fig. 12 re
semble those obtained for the equivalent heats of 
formation and equivalent free energies of formation 
of the oxides in Figs. 1 and 2, respectively. While 
the concept of electronegativity does lead to a cer
tain amount of systematization in inorganic thcr-

(31) M . Haissinsky, J. Phys. Radium, 7 ,  7 (1946).
(32) P. Daudel and R. Daudel, ibid., 7, 32 (1946).

mochemistry, the electronegativity of an element 
cannot be considered a constant characteristic of 
the element. It will vary to a greater or less extent 
depending upon the other element in the molecule 
of the compound. Similarly, the variations be
tween the curves for the equivalent heats of forma
tion of the oxides and the curves for the equivalent 
heats of formation of other classes of inorganic com
pounds may be attributed to the difference in bond 
strength between the elements and oxygen and the 
elements and the other electronegative element 
under comparison such as sulfide, nitride, chloride, 
etc.

VIII. Halides, Sulfides and Other Inorganic 
Compounds

The equivalent heats of formation of the chlorides 
were plotted as a function of the atomic number 
and are shown in Fig. 13. The curves obtained 
were a series of approximately parallel lines resemb
ling those obtained for the equivalent heats of form
ation of the oxides. However, for the chlorides, 
the deviations from the straight line were much less 
than those for the oxides. Thus, the maxima of the 
curves for the chlorides occur with the alkali met
als. Comparing the curves of the chlorides with 
those of the oxides, the minima occur with the 
same elements, namely, copper, silver, gold, bro
mine, iodine and element 85. In order to compare 
the curves of all of the halides, their equivalent 
heats of formation were plotted as a function of 
atomic number on one graph (Fig. 14). They 
form a series of straight lines which are approxi
mately parallel to each other, having the same max
ima and minima. As pointed out by Trombe2 and 
She,3 each of the halides appears to be separated 
from the next by a fixed distance, indicating a 
constant difference between the equivalent heats of
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ATOMIC NUMBER.
Fig. 15.

a function of atomic number, similar curves may be 
obtained for other classes of inorganic compounds. 
Thus, Fig. 15 shows the equivalent heats of forma
tion of the sulfides as a function of atomic number. 
Only a few values are available in the literature for 
the standard heats of formation of the sulfides 
(Table IV). These were taken essentially from the 
National Bureau of Standards Values,14 Bichowsky 
and Rossini9 and K. K. Kelley.33 Some estimated 
values from Fig. 15 also are given in Table IV in 
parentheses. However, because of the sparsity of 
the data, not many estimates can be made. The 
maxima for the first two periods occur with the al
kali metals. For the third and fourth periods, the 
maxima occur with the alkaline earth metals, while 
for the fifth period the maximum appears to be 
lanthanum sulfide.

T a b l e  IV

T h e r m o c h e m i c a l  P r o p e r t i e s  o f  t h e  S u l f i d e s

S ulfid e

S ta n d a rd  h ea t o f  
fo rm a tio n  AHi°, 

k c a l ./m o le

E q u iv a le n t  h e a t  o f  
fo rm a tio n  AHî°/n, 

k ca l.

h 2s -  4 .8 2 -  2 .41
Li2S
BeS -  5 6 .P -  28
B Ä -  408 -  6 .7
cs2 2 1 .0 5 .2
N Ä (270) (27)
N a2S -  8 9 .8 - 4 4 . 9
M gS -  82.1 - 4 1 . 1
A 1 Ä - 1 4 0 .5 - 2 3 . 4
SiS2 -  3 4 .7 -  8 .7
P 2S 5 (60) (6)

(3 3 ) K ,  K .  K e lle y ,  U . S . B u re a u  o f  M in e s  B u ll .,  4 3 4  (1 9 4 1 ) .

K 2S -  9 9 .534 - 4 9 . 8
CaS - 1 1 3 .4 - 5 6 . 7
S c Â ( -2 3 4 ) ( - 3 9 )
TiS2 -  848 - 2 1
V Ä  ? ( -  50) ( -  5)
CrS3 ? (66) (H )
Cu2S -  19.0 -  9 .5
ZnS
GH2S3

-  48.5 - 2 4 .3

GeS2
AS2S5
R b2S -  88 - 4 4
SrS -1 1 3 .1 * - 5 6 . 6
Y Ä ( -2 7 6 ) ( - 4 6 )
ZrS2 -14 8 * - 3 7
C b Â ( -2 2 0 ) ( - 2 2 )
M 0S3 -  61.2 - 1 0 . 2
Ag2S -  7 .60 -  3 .80
CdS -  34.5 - 1 7 .3
I n Â
SnS2

Sb2S6
Cs2S -  87* - 4 3 .5
BaS - 1 1 1 .2 - 5 5 .6
La2S3 - 3 5 1 .4 - 5 8 .6
HfSi
T a Â
A u2S
HgS
T 1 Ä
PbS2 ?
B i Â

-  13.9 -  7

(3 4 ) J . D ’A n s  a n d  E . L a x , “ T a s c h e n b u c h  fü r  C h e m ik e r  u n d  P h y s i 
k e r , ”  S p r in g e r -V e r la g ,  B e r lin , 1943 .
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THE SYSTEM NICKEL(II) NITRATE-WATER-n-HEXYL ALCOHOL AT 2501
By Charles C. Templeton2 and Lyle K. Daly

Department of Chemistry, University of Michigan, Ann Arbor, Michigan

Received December 19, 1950

The system nickel(II) nitrate-water-n-hexyl alcohol has been investigated at 25° between the limits: N i(N 0 j)2'6H 20 ,  
water and n-hexyl alcohol. The phenomena involved in the region of two liquid phases are analogous to the corresponding 
portion of the aluminum nitrate-water-n-hexyl alcohol system. The hexahydrate is the solid phase in equilibrium with the 
saturated two liquid phase system. The differential molar rate at which water is carried into the alcoholic phase by nickel 
nitrate is about 4.

In continuance of studies3 of ternary systems of 
the type salt-water-organic solvent, the system 
nickel (II) nitrate-water-n-hexyl alcohol has been 
investigated at 25° between the limits: water, n- 
hexyl alcohol and N i(N 03)i-6H20.

M ethod.— All measurements were made at 25 ±  0 .0 5 ° . 
The manipulative details were the same as those described in 
a previous study of the system aluminum nitrate-water-n- 
hexyl alcohol.3 Water was determined by use of Karl 
Fischer reagent. Nickel was determined, by the use of 
standard procedures, either gravimetrically1 or colorimet-

Fig. 1.— The system nickel(II) nitrate-water-n-hexyl alcohol at 25° (compositions in weight percentages): regions 
A, two liquid phases; B, single water-rich liquid phase; C, single alcohol-rich liquid phase; D , N i(N O i)2-6HjO and two 
liquid phases; E , N i(N 0 j),.6 H 20  and water-rich liquid phase.

Experimental
Materials.— General Chemical Company Baker and 

Adamson Reagent grade N i(N 0 s)2-6H2O was used without 
further purification. The sum of the maximum  limit of all 
impurities was 0 .4 2 % .

«-H exyl alcohol (Eastman Kodak Co. Practical Grade) 
was distilled twice through a 50-cm. Vigreux column at a 
reflux ratio of about 6 :1 , the middle fraction only being re
tained after each distillation. This product was used for 
systems to which water was added. For systems in which 
the water entered only as water of crystallization from the 
nitrate, the above alcohol was made anhydrous by refluxing 
and distillation over magnesium metal turnings. A  Karl 
Fischer analysis showed the anhydrous alcohol to contain 
less than 0 .0 0 3 %  water.

(1) This work was performed under Project No. 2 of Contract No. 
AT(11-1)70 with the U. S. Atomic Energy Commission.

(2) Shell Oil Company, 3737 Bellaire Blvd., Houston 5, Texas.
(3) C. C. Templeton, T his Journal, 54, 1255 (1950).

rieally6 with dimethylglyoxime. It has been assumed that 
no hydrolysis occurred: i.e ., that the N i(N 0 3)2 content of 
any phase is proportional to the N i content. Admittedly 
this has not been proved as exhaustively in the present case 
as in the aluminum nitrate case.3 To this extent we are 
reasoning by analogy. By now we have established a fairly 
characteristic pattern of behavior for the distribution of 
nitrates between water and oxygen-containing organic sol
vents, the ease of aluminum nitrate being typical. I f  there 
were any appreciable hydrolysis, N i(N 0 2)2 could not be 
considered as a proper phase rule component.

Data
In Table I are listed the tie-line data for the 

distribution of nickel (II) nitrate between water
(4) N. H. Furman, Editor, “ Scott’s Standard Methods of Chemical 

Analysis,” D. Van Nostrand Co., Inc., New York, N . Y ., 1939.
(5) E. B. San dell, “ Colorimetric Determination of Traces of Met--; 

als,” Interscience Publishers, Inc., New York, N. Y ., 1944,
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and n-hexyl alcohol. In the cases of incomplete 
entries, some of the solution samples were ruined 
before the analysis could be completed; the re
maining data are of value in the consideration of the 
extraction of water into the organic phase.

Various of the data in Table I have been trans
formed into other units which are more appropriate 
for certain aspects of the discussion; these addi
tional values are recorded in Table II. The 
“ apparent”  mole-fractions are calculated on the 
assumption that there is no alcohol in the aqueous 
phase and no water in the alcoholic phase. This is 
an arbitrary scheme for comparing nitrate 
extractabilities which was adopted in previous 
studies.3'6-7 The molalities for the alcoholic phase 
are referred to 1000 g. of n-hexyl alcohol.

Discussion
In Fig. 1 is presented the ternary phase diagram 

for this system, plotted on a weight percentage 
basis. As compared to the study on aluminum 
nitrate,3 the most obvious shortcoming is the 
scatter in the values for the alcohol content of the 
aqueous phase. As was previously pointed out,3

V . V I

APPARENT aqX  Ni Z*"1"

Fig. 2 .— Distribution of nickel(II) nitrate between water and 
n-hexyl alcohol at 25°.

(6) B. F. Rothschild, C. C. Templeton and N. F. Hall, T his J o u r 
nal, 52, 1006 (1948).

(7) C. C. Templeton, J. Am. Chem. Soc., 71, 2187 (1949).

T a b l e  I

T h e  S y s t e m  N ic k e l (II)  N it r a t e - W a t e r - ti-H e x y l  A lco
h o l  a t  25°

Weight percentages
Aqueous-rich Phase Alcoholic-rich Phase

n- Hexyl n- Hexyl
Run Ni(NOi), h 2o alcohol Ni(NO,)2 11.0 alcohol

X V Io 47. T 46. 9 5. 4 10. 31' 7. 35 82 .34
I 9. 35' 7..01 83 .64
OO 4 6 .5C 49. 5 4.,0 8..21' 6..91 84

Ol00

XVII 43 .9 ' 50..2 5..9 6 .92' 6..37 86 .71
VII 42. 56,,8 0 ,7 4 .80'' 5.,75 89.. 45
11 2.Añb 4.,89 92..66
III 40. F 60,,1 ( - 0 • 2) 1 .931' 4.,75 93..32
V 37. g6 61..3 0 .9 1 23ft 4 61 94..16
IV 3 6 .86 64 .1 ( - 0 . ■ 9) 1 .206 4..60 94. 20
F 3 6 .2h 62..7 1 .1 1 . 19* 4.,68 94. 13
VI 35. t 65,.8 ( - 1 ,5) 0 .966 4. 58 94. 46
V ili 2 9 .56 67 . 5 3 .0 .55'' 4..70 94..75
G 2 8 .6‘ 70 .8 0 .6 374 4 .83 94. 80
X II 26.55' 70 .9 2 6 . 3444 4. 80 94..86
IX 2 6 .44 69.,6 4..0 .346'' 4. 80 94..90
II 23.8^ ,247b 4. 73 95. 02
X I 18.2' 77.,3 4 5 . 1776 5. 50 94..33
M 17.8'' 82. 1 0. 1 .0926'’ 5. 78 94..13
J 15.86 82..3 1..9 , 0404'' 5. 76 94,.19
K 10.3'' 88.. 5 1. 2 , 0203'' 6. 18 93. 80
X 10.18' 85. 0 4. 8 .01044 5. 99 93..91

° Saturated system. b Colorimetric. 'G ravim etric.

T a b l e  II

C o n c e n t r a t io n  D a t a  C a l c u l a t e d  fr o m  D a t a  o f  T a b l e  I
Apparent mole Alcoholic phase

fractions molalities
Run aq.xNi + + ale*[Ni(NOi)i] Ni(NOi), HiO

X V I 0 .0706 0 .0640 0 .6 8 6 4 .9 6
I .612 4 .6 5
OO .0680 .0499 .530 4 .5 2
X V II .0624 .0415 .437 4 .0 7
V II .0596 .0275 .294 3 .5 7
II .145 2 .9 2
III .0550 .0109 .113 2 .8 2
V .0506 .0069 .0715 2 .7 2
IV .0488 .0068 .0698 2 .71
F .0478 .0067 .0692 2 .7 6
VI .0469 .0054 .0556 2 .7 0
V i l i .0366 .0031 .0318 2 .7 2
G .0352 .0021 .0214 2 .8 2
X I I .0321 .00193 .0198 2 .8 0
I X .0318 .00194 .0200 2 .81
H .0281 .00140 .0142 2 .7 6
X I .0205 .00099 .0103 3 .2 4
M .0200 .00052 .00538 3 .4 0
J .0175 .000260 .00270 3 .4 0
K .0109 .000114 .00118 3 .6 6
X .0108 .000058 .00061 3 .54

the Karl Fischer method involves a much larger 
absolute error for the aqueous phase than for the 
alcoholic phase. Further, both the gravimetric 
and colorimetric dimethylglyoxime methods for 
nickel are more susceptible to error than the simple, 
well-behaved ignition determination of aluminum. 
All of these errors are reflected in the values for 
alcoholic content, since these are taken by differ
ence.

The stable hydrate for the N i(N 03)2-H20  system 
at 25°, N i(N 03)2-6H20, is also the solid phase for 
the two liquid phase saturated ternary system. 
This was verified by analysis of the solid phase for 
nickel: found, 61.3, 61.8% N i(N 03)2. Expected: 
62.83% N i(N 03)2. Literature values included in the
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phase diagram are the solubility of N i(N 03)2-6H20  
in water at 25° as 50.0 g. N i(N 03)2 per 100 g. 
saturated solution,8 and the solubility of n-hexyl 
alcohol in water at 25° as 0.62%.9

Anhydrous n-hexyl alcohol was mixed with NifNChh- 
6H 20  and agitated for several days. This alcoholic phase 
was found to contain 1 0 .30%  N i(N 0 3)2 and 7 .2 9 %  H 20 .  
Within experimental error, this is the same composition as 
the alcoholic phase of the two liquid phase saturated system. 
If water entered the alcoholic phase only through the dis
solution of N i(N 0 3)i-6H20 ,  and if this substance continued 
to be the only equilibrium solid phase, the water content 
should be (10.30) (6) ( 18 .02)/( 182.7) or 6 .1 0 % . It appears 
most probable that this sample consisted of the alcoholic 
liquid phase, solid X i ( N 0 3)2-6H20 ,  and a new solid phase 
containing less water than the hexahydrate. This was not 
pursued further simply because the main interest of this re
search is in the liquid-liquid range.

In the alcohol corner of Fig. 1, there is obviously 
a region (C) of a single unsaturated alcoholic phase. 
The complete boundaries of this region are left 
undetermined by the present study.

In Fig. 2 is shown the usual plot for the distribu
tion of nickel (II) nitrate between the two phases. 
The behavior is similar to that of all the other ni
trates which have been studied.

In Fig. 3 is plotted the curve for the determina
tion of the amount of water which is carried into 
the alcoholic phase by nickel (II) nitrate. The 
slope of the linear portion of the plot is 3.8. Sub
ject to the assumptions underlying this procedure,3 
this suggests that four water molecules are associ
ated with one molecular of N i(N 03)2 in the alcohol- 
extracted complex. The plot is not rigorously 
linear, since the dotted curved line is probably a

(8) A. Sieverts and L, Schreiner, Z. anorg. Chem., 219, 105 
(1934).

(9) J. A. V. Butler, D. W . Thompson and W , H. Maclennan, J. 
Chem. Soc., 674 (1933).

MOLALITY OF Nl (N03)4 IN ALCOHOLIC PHASE.

Fig. 3.— Determination of rate at which water is carried into 
alcoholic phase by nickel(II) nitrate.

truer representation of the data. However, the 
method based on the straight line is the only means 
currently available for judging the relative hydra
tions of these complexes.
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STUDY OF THE JOSHI EFFECT IN H20  AND D,0 VAPOR
By N. Atchuta Ramaiah

Department of Chemistry, Benares Hindu University, Benares, India 
Received December 27, 1950

Occurrence of large negative Joshi effect (— Ai ) ,  viz., a photodecrease of the discharge current i  and its H.F. pulses in ex
cited water vapor was investigated over a wide range of experimental conditions and attributed on Joshi's theory which 
contemplates that negative ion formation (i) due to capture by excited particles of photoelectrons (ii) released from an ad- 
sorption-like electrode layer (iii) reduces i , to the large electron affinity of OH. Conditions favoring (i), viz ., large pressures 
(up to a limit) and low potentials V , as also those leading to enhanced (ii) viz., large intensities and frequencies of light, aug
ment — Ai . Formation of (iii) due to aging under discharge increased numerically —Ai ; its time development obeyed a 
relationship suggested for sorption. —A i  was pronounced in vessels coated with KC1 which was known to enhance sorption 
of OH. Rise of temperature by 40° increased —Ai , as also H.F. part of i  in which —Ai  predominates. Positive effect 
( + A i ) ,  a photoincrease of i  and H.Fs., was observed at very low and large V  which disfavor (i). Temperature inhibited 
+  Af. Variation of + A i with other parameters was similar to that of —Ai. Reversals +A-i jv  —Ai  with V , intensity and 
circuital capacitance suggested the simultaneous occurrence of +A f and — A?' as actually revealed by current oscillograms. 
These studies were extended to FnO vapor; the results were similar.

Joshi’s theory1 for the phenomenon t Aif1 an 
instantaneous and (under unexceptional condi
tions3) reversible photovariation of the discharge 
current i due to an exciting potential V (expressed 
in kilovolts kv., r.m.s.), postulates: Formation of 
an adsorption-like layer (i) of ions, electrons and 
excited particles derived from the discharge space; 
emission from (i) of electrons by external light; 
current decrease — Ai, as a space charge effect, due 
to negative ion formation (ii) by electron capture 
by excited particles; conditions disfavoring (ii) 
give + A i. It follows from (ii) that the magnitude 
and range of occurrence of — Ai should depend upon 
the nature, chiefly electron affinity (E, Cal.) of the 
medium, as illustrated by the observed order,4 
chlorine (EC\ =  885a) >bromine (Ebr =*= 846a)>  
iodine (Ei =  755a)>oxygen (Eo = 87,6 Eo2 = 
625b), etc. Production of —Ai in metallic vapors 
due to their enhanced E under excitation, was pre
dicted and actually observed by Joshi.10 Under 
discharge, water vapor (Eh,o =  187) dissociates 
into H (Eh =  165a) and OH (Eoh =  865b).8 
The large E oh value suggested the present work.

Water vapor at various pressures pn,o (3-32 
mm.) was excited by transformer discharge in a 
Siemens-type full- (A), wire-in-cylinder like semi-
(B) ozonizers and tubes with external sleeves (C). 
As in other systems,2 the Joshi effect, —Ai, was 
undetected below the “ threshold potential,”  F m 
where i increases rapidly with V, following the 
onset of discharge. In a typical series (A, pu,o = 
15 mm., 30°), at 0.66 kv., i.e., just above Vm, 
% A i (100 Ai/fDark) in the positive and negative 
halves of i as observed with a diode was, respec
tively, 33.3 and 19.6% current suppression due to 
light from a 200-watt (glass) bulb; and 21.3 
in total i measured by a thermojunction. Inereas 
in V decreased — %Ai, a general Ai characteristic.

At Phso< 3 mm., —%A i was negligible; pro
gressively, increased from 2.3 at 4.5 mm. to 48.3

(1) S. S. Joshi, a. Proc. Ind. Sci. Cong., Phys. Sec., Abst. 2G (1946)» 
b. ibid., Abst. 27 (1947); c. Curr. Sci., 16, 19 (1947).

(2) S. S. Joshi, Presidential Address, Proc. Ind. Sci. Cong,, Chem. 
Sec. (1943); Nature, 151, 561 (1943).

(3) B. R. Marathe and S. S. Bommannavar, Nature, 165, 890 (1950).
(4) G. S. Deshmukh, J. Ind. Chem. Soc., 24, 211 (1947).
(5) (a) C . D. West, T h is  Journal, 39, 503 (1935); (b) J. Weiss, 

Trane. Faraday Soc., 31, 968 (1934); 36, 856 (1940).
(6) G. Glockler, Phys. Rev., 45, 111 (1934).
(7) A. Farkas and L. Farkas, Trans. Faraday Soc., 34, 111 (1938).
(8) A. A. Frost and O. Oldenberg, J. Chem. Phys., 4 642 (1936).

at 13.6 mm. and then decreased, e.g., to 23.0 at
31.8 mm. (A, 0.66 kv.). At identical corresponding 
potentials (V — Vm)/Vm increased p affects
— % A i ;  this suggests that the homogeneous reaction 
is not unsignificant to Ai. At constant pn ,o , rise of 
temperature from 300-340° K. increased — A i 
and — % A i, as also the H.F. part of the current 
¿h.f., which latter has been established by Joshi* 
to be the chief seat of — Ai.

As in other systems,2 the Joshi effect increased 
with light intensity; at large values of the latter
— A i showed saturation. At constant intensity 
the magnitude of — A i was in the order: unfiltered 
white (7800-3700 A.) >  violet (4064-5166 A.) > 
green (5180-5860 A.) >  red (6390-6600 A.). Ab
sorption by H20  or OH in violet and green is 
negligible; as suggested by Joshi2 Ai is, therefore, 
not entirely a consequence of selective light absorp
tion in the vapor phase.

The appreciable positive Joshi effect, + A i, 
occurred just near Vm in A and B and at large V in
C. Light intensity and frequency affected + A i  
similarly to — Ai. Increased temperature inhibited 
+  Ai. It increased with pmo up to a limit, and 
then decreased. + A i  decreased precipitously and 
inverted to — Ai in A and B with but a small rise 
and in G with a small decrease of V. At the 
transition potential (in C), suggestively enough, a 
reversal either way + A i +± — A i occurred by in
tensity alteration. Using frequency filters, it was 
found that at a given V, whilst ¿ h . f . showed — Ai, 
the total i  gave +  Ai. This finding (as also the re
versals +  A i Ai) follows from Joshi’s suggestion11' 
that depending upon the conditions, +  A i and — Ai 
cooccur; the detector shows the balance. This 
was further confirmed by oscillographic studies. 
Figure 1 is one typical result. Generally, +A1 
and — A i are characterized by amplitude increase 
and decrease, respectively, of H.F. pulses con
stituting ¿h .f . Cooccurrence of ± A i  is revealed 
by an increase of some H.F. amplitudes and 
simultaneously decrease of others (see Fig. 1).

The adsorption-like layer (i) postulated by 
Joshi elucidates the observed influence of “ aging” 
and electrode-filming on At.1>1(lb The former was

(9) S. S. Joshi, Nature, 154, 147 (1944); Curr. S c i., 13, 253 (1944) 
P r o c . I n d .  A c a d . S c i ., 22, 3 8 9  (1 9 4 5 ).

(10) (a) S. R. Mohanty, Ph. P . Thesis, 1949, p. 209; (b) M . V. 
Ramanamurty, ib id ., 25, 255 (1948).
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1 1

In dark Under light
Fig. 1.

studied in freshly prepared vessels. In all of 
them, initially Ai was undetectable; it developed 
only after a definite interval and increased pro
gressively to a maximum within, say, 2 hours of 
aging. The necessary period of aging for the in
ception of Ai was shortened appreciably under 
conditions favoring adsorption (vide infra). This 
time development of Ai is attributable to that of 
adsorption contemplated in (i) of Joshi’s theory. 
The following relation holds for the initial phase 
of sorption on glass St at time t of a number of 
gases11: Stm =  kt; m and k are constants. 
Since according to Joshi, sorption determines 
inter alia the corresponding Ai,10b one would expect 
the influence of aging to follow Ai f  =  k't. It is 
instructive to see in Fig. 2 that as required by this 
relation, the plots of log Ai, log %  Ai versus log 
t are sensibly linear for water vapor studied by the 
author; and also for chlorine and oxygen from 
published data10 for the aging influence on Ai.

(11) D, H. Bangham, Phil. Mag., (7) 5, 735 (1928); D. H. Bangham 
and F. P. Burt, Proc. Roy. Soc. (London), A105, 481 (1924); of. also 
E. Swan and A. R. Urquhart, T his J o u r n a l , 31, 251 (1927).

1.8

0 0.5 1.0 1.5 2.0
log t (min.).

Fig. 2. —A—A and A --A, chlorine: X — X and X --X ,
H20 vapor; • — •  and oxygen ;------ , log ( — A t )  —
log t ; --------, log ( -  % A i) -  og t.

That the intercept on the y-axis may be a measure 
of predischarge sorption, is being investigated.

The results of Taylor and Lavin12 and Frost and 
Oldenberg8 show that adsorption of OH on glass 
is augmented by KC1. Series of observations of 
At were, therefore, made using discharge tubes with 
and without an electrode-film of IvCl. With this 
film, it was remarkable that not only was the magni
tude of At about four times larger, but the initial 
aging period was negligible compared with the 20-30 
minutes found with blank vessels.

±  At in D20  vapor resembled closely that in H20  
for all above mentioned parameters.

The author expresses his grateful thanks to 
Professor S. S. Joshi, for suggesting the problem, 
and for his kind interest and valuable guidance 
during the work; and to the Ministry of Education, 
Government of India, for a fellowship.

(12) H. S. Taylor and G. I. Lavin, J. Am. Chem. Soc., 52, 1910 
(1930).
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CHEMISORPTION OF HYDROGEN ON ZINC OXIDE-MOLYBDENUM OXIDE 
CATALYST. EVIDENCE OF HETEROGENEITY OF THE SURFACE
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The chemisorption of hydrogen by zinc oxide-molybdenum oxide has been studied between 186° and 375°, employing 
the temperature-variation technique of Taylor and Liang. Temperature variations above 250°, gave rise to desorption and 
re-adsorption phenomena typical of surface heterogeneity. No such effect was noticed for temperature changes below 250°. 
The rate of adsorption on the bare surface has been determined at four temperatures between 186° and 350“. Equations 
have been derived for estimating the point of minimum adsorption following a temperature increase. The value calculated 
for the minimum adsorption, by applying these equations, agrees closely with that actually observed. The energies of activa
tion of adsorption are calculated for three temperature ranges. The abnormal variations noticed at the higher temperatures 
are explained on the basis of heterogeneity of the surface. It is pointed out that isothermal determinations of adsorption on 
bare surfaces, do not give a correct estimate of the active area of the adsorbent. The surface area of the adsorbent nas been 
determined by the application of the B.E.T. and the Harkins-Jura equations to the adsorption isotherm of nitrogen, at the 
temperature of liquid air.

The technique developed by Taylor and Liang1 
for the study of isobaric changes in adsorption at 
different temperatures has been of especial help 
in the elucidation of the heterogeneity of catalyst 
surfaces for chemisorption, because this technique 
enables the detection of desorption and readsorption 
phenomena which escaped observation, when 
ordinary methods were used. The Taylor-Liang 
method differs from the older technique in two 
important respects. In it, the evacuation of the 
adsorbent between two adsorption measurements, 
at different temperatures is deliberately omitted 
and the pressure is kept constant at a selected 
value in measuring adsorption at the two tempera
tures. The new method is advantageous inasmuch 
as an isobar is obtained directly and any un
suspected changes in adsorption, throwing light 
on the heterogeneous nature of the catalyst surface, 
are readily observed. This method has been 
applied in the present work to the study of the 
adsorption of hydrogen on a zinc oxide-molyb
denum oxide catalyst.

This catalyst has been previously investigated 
in the orthodox manner by Taylor and Ogden2 3 
and also by Taylor and Strother.8 They found that 
in separate regions of temperature, both the van 
der Waals and the activated types of adsorption 
of hydrogen occurred.

In the present investigation, the isobaric rates of 
adsorption of hydrogen at different temperatures 
have been measured and the activation energies 
have been calculated for the respective tempera
ture intervals. The surface area of the catalyst 
has been determined from the low temperature 
adsorption of nitrogen, by the application of both 
the Brunauer-Emmett-Teller and the Harkins- 
Jura equations.

Experimental
Apparatus.—The amount of gas adsorbed was determined 

volumetrically, employing a slight modification of the ap
paratus employed by Taylor and Williamson. 4 A manom
eter tube was attached to the buret for convenience in 
the measurement of the gas volume at atmospheric pressure. 
The evacuation of the system was carried out with a Leybold 
4-stage mercury diffusion pump, backed by a Cenco Mega- 
vac pump.

(1) Taylor and Liang, J. Am . Chem. Soe., 69, 1306 (1947).
(2) Taylor and Ogden, Trans. Faraday Soc„ 30, 1178 (1934).
(3) Taylor and Strother, J. Am . Chem. Soe., 86 , 586 (1934).
(4) Taylor and Williamson, ibid., 83, 2169 (1931).

Preparation of the Catalyst.—The zinc oxide-molybdenum 
oxide catalyst was prepared by the method described by 
Taylor and Ogden. 2 The precipitate of zinc paramolyb- 
date, obtained by the addition of ammonia dropwise to a 
mixed solution of ammonium paramolybdate and zinc ni
trate, was washed, filtered and dried. It was then decom
posed by heating in air at 150°; 3.175 g. of the decomposed 
product was placed in the catalyst tube and reduced in a 
stream of hydrogen at 400°. The reduced oxide in its final 
form was greenish black in color and had remarkable sta
bility, as reported by Taylor and Ogden.

The catalyst tube after sealing off its outer end was at
tached to the adsorption apparatus. It was alternately 
evacuated and exposed to hydrogen at 400° and at atmos
pheric pressure, until reproducible values were obtained 
for the up-take of the gas. This procedure ensured that the 
catalyst suffered no further reduction during the adsorption 
measurements.

Preparation and Purification of the Gases Employed.—
Hydrogen was prepared by the electrolysis of a 20% solution 
of caustic soda freed from oxygen by passing the gas over 
heated platinized asbestos and finally dried by passage over 
Drierite and phosphoric anhydride.

The helium used for the determination of the dead space 
in the catalyst tube and the nitrogen used in surface area 
measurements were the purest available commercial gases. 
Each had a purity of over 99.7%. The gases were freed 
from traces of oxygen by alkaline pyrogallol and dried with 
“ Dehydrite”  (anhydrous magnesium perchlorate).

All the above gases after purification were collected and 
stored over pure mercury in gas holders of glass.

Temperature Control.—Constant temperatures of 250° 
and below were obtained with the help of suitable vapor- 
baths. For temperatures above 250“ , an electrically heated 
tube furnace was employed, its temperature being held con
stant to within 1“ by means of an Energy Regulator (Sun- 
vic-Type TYB).

Procedure.—The dead space in the catalyst tube was 
measured by filling it with helium at different pressures and 
temperatures and the mean value of the absolute dead space 
calculated from these measurements. The dead-space of 
the manometer section of the apparatus was determined by 
filling it with hydrogen at room temperature, at pressures 
ranging from 10 to 800 mm. Calibration charts were 
drawn (on an expanded scale) to read the volumes of the 
manometer section vs. the manometer readings. In the 
actual computation of adsorption, the volumes read from 
the chart were corrected for the prevailing ambient tempera
ture and the pressure in the system. Similarly, the unad
sorbed gas in the catalyst tube was calculated from its ab
solute volume, temperature and pressure.

Before each separate experiment, the catalyst was de
gassed for 10 hours at 400“ under high vacuum, the McLeod 
gage attached to the system reading 1 0 ~ 6 mm. for at least 
6  hours of the time.

Throughout the adsorption measurements, the pressure 
was maintained at that of the atmosphere, which varied 
between 683 and 689 mm. As the rate of adsorption was 
fairly slow, manual adjustment of the pressure was adequate 
and there was no need for any automatic device.
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All the measurements reported in this paper were repro
ducible to within 0.02 cc.

For the determination of the surface area of the adsorbent, 
the adsorption isotherm of nitrogen at the temperature of 
liquid air (8 2 °K .)  was determined, adding 3 %  per 760 mm. 
pressure to the helium dead space to compensate for the de
viation of nitrogen from the ideal gas laws, at this low tem
perature.

To determine the weight of the reduced catalyst, the cata
lyst tube was sealed off in the capillary tubulation at the end 
of the entire investigation, detached from the stop-cock, 
and weighed. It was then carefully cut in two and, after 
removing the adsorbent, the cut pieces were cleaned and 
weighed. The difference between the two weighings gave 
the weight of the reduced catalyst as 2.99 g. All adsorption 
results reported in this paper p >rtain to this weight of the 
reduced sample of zinc oxide-molybdenum oxide.

Results
Surface Area of the Catalyst.— The saturation pressure of 

liquid nitrogen at 8 2 °K . was taken as 1279 m m . as found by 
Baly.6 Eleven measurements of the adsorption of nitrogen 
on the catalyst at this temperature and at equilibrium pres
sures between 3 and 41 cm. gave straight-line graphs for 
p/V (p0 — p )v s . p/p0 and for —log p/p0 vs. 1 / F 2, according 
to the equations of Brunauer, Emmett and Teller6 and of 
Harkins and Jura,7 respectively. The former equation 
gave F m =  2.59 c c ./g . (reduced), area =  11.62 sq. m ./g .  
and E i — E l =  1042 cal. and The latter 13.5 sq. m ./g . for 
the area, taking k to be 4 .06.

The Adsorption of Hydrogen.— In previous investiga
tions1-3 on a sample of this catalyst, it was reported that the 
adsorption of hydrogen thereon was practically nil below

Fig. 1.

to) Baly, Phil. Mag., 49, 517 (1901).
(6) Brunauer, Emmett and Teller, J. Am. Chem. Soc., 60 , 309 (1938).
(7) Harkins and Jura, ibid., 66, 1366 (1944).

2 00 °. The present preparation, however, showed some- 
w-hat more active properties. The evacuated sample ad
sorbed in 24 hours 0 .6 , 0.64 and 0.75 cc. at 5 3 °, 76° and 
134°. In the neighborhood of 186°, there was a marked 
increase in the volume adsorbed.

Figure 1 depicts the observations made in a typical T aylor- 
Liang experiment in which the progress of adsorption was 
continually noted as the temperature was varied stepwise, 
in the order 134°, 186°, 250°, 340° and 375° and back to 
134° in the reverse order.

The rates of adsorption were also determined separately 
at 186°, 250 °, 300° and 350°. the catalyst having been evacu
ated for 10 hours at 400° prior to each experiment, at a given 
temperature. The rates of adsorption are shown graphi
cally in Fig. 2.

Time in minutes.
Fig. 2.

Discussion
It has been established by the earlier investiga

tions of Taylor and his co-workers2-3 that even at 
temperatures as low as 0°, van der Waals adsorp
tion of hydrogen on zinc oxide-molybdenum oxide, 
as also on the relatively active zinc oxide and zinc 
oxide-chromium oxide catalysts, becomes almost 
negligible. In the present investigation there
fore, it has been deemed unnecessary to prove 
experimentally that in the range of temperatures 
at which the measurements of hydrogen adsorption 
have been carried out, viz., 134° to 375°, no ad
sorption by van der Waals forces is involved to any 
appreciable extent. The entire amount of gas 
adsorbed is to be considered as chemisorbed on the 
surface, with, as we shall see later, an activation 
energy of over 20 kcal. entering into the Boltzmann 
factor of the velocity of adsorption.

The amounts of gas desorbed at each increase of 
temperature and readsorbed on reversing this 
temperature change are deduced from Fig. 1 and 
presented in Table I. Below 250° no desorption 
was observed on increasing the temperature, there 
being only a smooth increase in adsorption. Cor
respondingly there was no increase in adsorption
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on cooling from 250° downwards. Above 250°, 
on the other hand, every increase in temperature 
is attended by an instantaneous desorption, giving 
way subsequently to a readsorption. It is to be 
noted that each of the two cooling shifts between 
375° and 250° is attended by a spurtive increase in 
adsorption.

T able I
A mounts op H ydrogen D esorbed on R aising the T em
perature and R eadsorbed on Lowering the T empera

ture

Temperatures, °C.
r°i t ° 2

Volume desorbed 
on raising from 

Ti to Ti, cc. S.T.P.

Volume adsorbed 
on lowering from 

To to Ti, cc. S.T.P

134 186 Nil Nil
186 250 Nil Nil
250 340 0 .2 4 0 .5 9
340 375 0 .3 8 0 .2 2

It is hard to conceive that a simple molecule 
like hydrogen can be chemisorbed in more than one 
way on the surface, within such a restricted range 
of high temperatures, or that chemisorbed hydrogen 
is both desorbed and readsorbed at the same 
temperature on one and the same group of ad
sorptive sites. The conclusion therefore seems 
inescapable that the desorption processes noticed 
on changing the temperature from 250° to 340° 
and from the latter to 375° (Fig. 1, FG and HJ') 
occur on parts of the surface, different from those 
on which the subsequent slow adsorptions at 340° 
and 375° (GH and J'K) take place. Undoubtedly, 
the two processes proceed independently of each 
other. The hydrogen is adsorbed on separate 
groups of centers at the various temperature in
tervals, viz., below 250°, 250° to 340°, and 340° 
to 375°, respectively, each group having its own 
characteristic temperature of maximum adsorption.

Fig. 3.

The increases in adsorption observed on decreasing 
the temperature from 375° to 340° and thence to 
250° (KLL'M and MNP) represent a reversal of 
the desorption phenomena (FG and HJ') and must 
have taken place on precisely those sites from which 
gas was desorbed immediately after the temperature 
was raised through each of these intervals. The 
absence of any desorption on changing from 134° 
to 186° and from the latter to 250°, coupled with 
the fact on the cooling range, the adsorption has 
remained constant from 250° to 134°, suggests that 
the active centers responsible for adsorption 
between 134° and 250° have fairly uniform charac
teristics.

The adsorption isobar in Fig. 3, drawn from the 
equilibrium values of adsorption at each of the 
temperatures between .134° and 375°, shows that 
as the temperature is increased the over-all ad
sorption increases, while on the cooling side, the 
adsorption increases only from 375° to 250°, and 
remains constant thereafter. This emphasizes 
the salient fact that only above 250°, desorption 
phenomena typical of surface heterogeneity are 
noticeable. The constancy of adsorption from 
250° to 134° on the cooling branch, confirms the 
absence of any .desorption on raising the tempera
ture between these limits.

The main points of distinction among the various 
groups of sites must be with regard to their activa
tion energies (E) and heats (X). Taylor8 has en
visaged even in his earliest exposition on the theory 
of activated adsorption, the possibility of a con
siderable part of the surface remaining bare at a 
given temperature, as a direct consequence of the 
magnitude of (E +  X). In another review,9 
he has shown schematically that, with increasing 
adsorptions, (E +  X) could increase, or decrease, 
or pass through a minimum value, depending upon 
the relative slopes of E vs. adsorption and X vs. 
adsorption.

Taylor and Liang1 have endeavored to explain 
the desorption-readsorption phenomena, observed 
by them on zinc oxide surface, with the help of a 
simple picture of a hypothetical adsorbent surface, 
containing only two types of active centers, A and 
B, with Ea and Eh as their respective activation 
energies of adsorption, and with Xa and Xb, as their 
respective heats of adsorption.

The processes of desorption and adsorption, 
occurring independently on the sites A and B, and 
the net result emerging therefrom are illustrated 
clearly in Fig. 4. The values of Ea, Eh, Xa and 
Xb are such that at the lower temperature Th the 
site A becomes covered (curve A -l), while its 
counterpart B remains sensibly bare (curve B -l). 
Immediately on changing to a sufficiently higher 
temperature T2 at constant pressure, the gas de
sorbs from A, more or less rapidly (curve A-2), 
while B becomes progressively covered (curve B-2). 
If at the higher temperature, the rate of desorption 
from A is initially faster than that of adsorption 
on B, the net effect observed on changing from T, 
to T2 would be an immediate desorption, followed 
by a rise in adsorption (curve AB-2).

(8) Taylor, J. Am. Chem. Soc., 53, 578 (1931).
(9) Taylor, Chem. Revs., 9, 1 (1931).
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Let Fa be the volume of gas adsorbed on the 
surface A at the temperature Ti immediately before 
changing to T2 and Fa" the equilibrium adsorption 
on the same surface at the latter temperature. 
It is obvious that gas will desorb from A, on chang
ing from Ti to T°, only if Va> F a". In order that 
the surface B may remain relatively bare at the 
lower temperature T1; E\, Ea_, since the rate of 
adsorption on a sparsely covered surface is given by

A n / it — hie~ts/R T

The resultant effect of desorption from A and 
simultaneous adsorption on B at the temperature 
Ti (curve AB-2) is represented by

^  =  fc2wae -  (Pa +  X.) /R Ti (1 )

where va denotes the adsorption on A at any instant 
of time. The first term on the right-hand side is 
the rate of condensation on B (curve B-2) and the 
second term is the rate of evaporation from A 
(curve A-2) at temperature 7V 

Equation 1 will give a minimum value for the 
net adsorption, when the volume of gas remaining 
on A is given by

__ foe-Eb/RT,
Xa)/-K2’2 (2)

Both the terms on the right, may be obtained from 
the experimentally determined kinetics of adsorp
tion on the evacuated adsorbent (analogous to the 
curves of Fig. 2) at the temperatures 7/ and TV 
The numerator term may, without serious error, 
be taken as the x slope of the initial steep part of the 
rate curve at Ti. The denominator term can be 
calculated by applying the following equation 3, 
due to Taylor and Sickman,10 to the rate of adsorp
tion on the bare adsorbent at temperature 7V

log. ( IV  -  ¡.’a )  = log.IV -  E je - (E *  +  M / a n  (3)

or
lo g (I V  — iia) =  log Fa' — 0.4343 kite-lE* +  M /A n  (3a)

where Fa' is the equilibrium adsorption on A at 
Ti and ra the experimental value of the adsorption 
at time t. Assuming various values for Fa', log 
(Fa' — t>a) is plotted against time to see which value 
of Fa' gives a straight-line plot for the equation 
3a. The slope of this straight line is given by

Si =  0.4343 +  W i m  (4)

This gives the specific rate of desorption from A 
at Th whence one can calculate the corresponding 
rate at 7b, as

If S i =  0.4343 ly-dS. + M/A'r, ( 5 )
then

log Si =  log /Si +  0.4343 X  (6)

whence S2 and therefore he (E,X + x»Vkt2 can 
calculated, if the values of Ea and Xa are known. 
Substituting in equation 2, F* is obtained. The 
time taken for the gas on A to desorb from Fa to 
Fa can be found by integrating the equation for 
the rate of evaporation

dva/dt = + U )/R T i (7)

between the limits Fa and Fa*. Thus
2.303 (log Fa -  log V * )  log Fa -  log F*

kie~(.Ea +  \*)/RTi Si ( ’

The net minimum value of the adsorption on the 
composite adsorbent AB is given by

Fmin = V *  +  the-Eb/RTi (9)

Applying these equations to the observed kinetics 
of adsorption on the present sample of zinc oxide - 
molybdenum oxide at 250° and 350°, one can esti
mate the amount of desorption following an increase 
of temperature between these limits. Let A and 
B denote the parts of the surface which adsorb 
hydrogen at 250° and 350°, respectively.

log (4 — v&) vs. time gives a straight line for the 
observed rate of adsorption at 250°; its slope Si =
0.001.

Therefore, heSE* 1 m /rti = (>.0023 where T, 
= 5230 K. From the rates of adsorption at 1860 
and 250°, it lias been found (vide next section) 
that Ea = 22,000 cal. For the value of Xa, Taylor 
and Ogden2 have given a value of 22,300 cal. for the 
initial amount of adsorption at temperatures be
tween 677° and 717° K. For adsorption approach
ing saturation at 523° K., one may reasonably 
assume Xa = 12,000 cal., so that Ea +  Xa = 34,000 
cal. By equations 6 and 5, for the desorption 
rate at 350°, S2 = 0.1845 and h e -<*• + =
0.425, where 7 / =  623° K. The slope of the rate 
curve at 350° (Fig. 2, curve IV) for the first two 
minutes, i.e., he~~ Eb/RT* =  0.775. Therefore, the 
gas remaining on A at the point of minimum adsorp
tion, i.e., Fa* = 0.775/0.425 = 1.82cc.byE q 2.

The time taken for minimum point to be reached 
after the change from 250° to 350° is t = (log
3.7 -  log 1.82)/0 .1845 = 1.67 min. by Eq. 8.

The gas adsorbed on B during this time, TV* =
0.775 X 1.67 = 1.29, whence by Eq. 9, the total 
adsorption on the composite surface at the point 
of minimum adsorption at 350° is Fmin =  1.82 
+  1.29 = 3.11 cc.; the net desorption = 0.59 
cc. This result may be compared with the experi
mental observation (Fig. 1) that within 5 minutes 
after changing from 250° to 340°, the adsorption 
fell from 3.70 to 3.46 thus desorbing 0.24 cc. and 
on reversing this change of temperature there was 
readsorption of 0.59 cc. This close agreement 
between the calculated and experimental values 
emphasizes the correctness of the theory on which(10) Taylor and Sickman, J . Am. Chem. Soc., 54, 602 (1932).
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the calculation is based, in so far as it requires only 
a reasonable assumption of the value of Xa to give a 
satisfactory check up on the experimental result.

The Activation Energy of Adsorption.— Table II 
shows the values of the activation energy of ad
sorption for the three temperature ranges, 186- 
250°, 250-300°, and 300-350°, calculated from 
the rates of adsorption (Fig. 2), using the simple 
formula

log (k/ k )  = -  - f2)  (10)

where k and U are the times taken to adsorb speci
fied amount of gas at the temperature, T\ and 
%, respectively.

T a b l e  II

T h e  E n e r g ie s  o f  A c t iv a t io n  o f  A d so rptio n

Adsorption, Energies of activation keal.
cc. S.T.P. 186-250 0 230-300° 300-350

0 .5 20.19
0 .6 20.81
0 .7 22.00
1 .2 21.37
1 .3 20.22
1 .4 17.81
1 .5 16.27
1.6 14.46 26.80
1.7 13.01 24.84
l . S 12.36 22.87
1.0 20.42
2 .0 17.58
2.1 17.60

It will be seen that the values of the energy of 
activation also reflect the sharp difference between 
the behavior of the adsorbent below 250° and that 
above this limit. While the values for the lowest 
range show the normal increase, with increase 
in adsorption, tending to attain constancy at ca.
22,000 cal., the values for each of the higher tem
perature intervals show a decrease, with increase 
in surface coverage. Normally, the latter type of 
variation of the activation energy would lead to 
the untenable inference that the first portions of 
surface to be covered at high temperatures are the 
least active ones. A similar abnormal variation 
was reported by Tajdor and Ogden2 on the same 
adsorbent for the temperature interval 300-450°, 
but was then ascribed to the high rate of desorption 
at the upper limit of temperature (especially for 
large values of adsorption) and to the consequent 
inapplicability of the approximate formula 10, 
which completely neglected the rate of desorption 
in the calculation. Such an explanation, though 
valid in itself, will not be adequate to account for 
the variations observed in the present experiments 
(Table II) where, it will be noticed, the values for 
the intermediate temperature range are much 
lower than those for the higher temperatures. 
If the increased rate of desorption provided the 
complete explanation for the observed abnormali
ties the reverse would be the case.

The evidence of surface heterogeneity, obtained 
from the temperature variation experiments (Fig.
1), provides a fundamentally different approach 
to the problem. While almost the same centers 
come into play at 186° and 250°, those that absorb 
at each of the higher temperatures, 300° and 350°, 
have very high average values for E and X. The 
surface that gives, in Fig. 2, the curve II at 250° 
remains relatively bare at 300 °, curve III being the 
rate of adsorption on a. different set of sites. Simi
larly, the rate curve IV refers to a third group of 
centers. Thus, it would be logical to bracket only 
the rate curves for 186° and 250° to calculate the 
energy of activation. The other two curves per
tain to different parts of the surface, each being 
independent of the other, and cannot therefore be 
used in any way, for this purpose. In general, 
if it is first established by the Taylor-Liang type 
of experiment that raising or lowering the tem
perature within a particular range, at constant 
pressure, gives no evidence of desorption or re
adsorption, kinetic measurements carried out on 
cleared surfaces at any two temperatures, within 
this range, can be employed to deduce the energy 
of activation of adsorption. A judicious combina
tion of the two types of experiments may thus be 
fruitfully utilized to yield valuable information 
on the heterogeneous composition and the energetics 
of the adsorbent surface.

The Extent of the Active Surface.— The F m of 
nitrogen for 2.99 g. of the adsorbent was 7.75 cc. 
by the B.E.T. method. Using the value of an/ « n 
=  0.54, given by Livingston11 for the ratio of the 
sectional areas of adsorbed hydrogen and nitrogen, 
the volume of hydrogen required to form a com
plete unimolecular layer =  14.34 cc. By a sepa
rate experiment, it was found that the degassed 
catalyst adsorbed 4.6 cc. of hydrogen in 24 hours 
at atmospheric pressure and 375°, which is very 
nearly the temperature of maximum adsorption 
(c/. ref. 2). On the older views of the heterogeneity 
of catalyst surfaces, this upper limit for the adsorp
tion on the bare surface would be taken to imply 
that only about 30% of the entire surface is really 
active. The examination of the surface by the 
Taylor-Liang technique, on the other hand, has 
revealed that the active part of surface extends 
to about 40% of the total, corresponding to 5.70 
cc. of adsorption. Approximately one-fourth of 
the active area remains sensibly bare at 375°, 
because of a relatively high rate of desorption, 
though on the score of its lower activation energy 
of adsorption, it could be considered as more active 
than the area actually covered at the highest 
temperature.
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(11) Livingston, J. Colloid Set,, 4, 447 (1949).
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THE SPECTROPHOTOMETRIC DETERMINATION OF OVERLAPPING 
DISSOCIATION CONSTANTS OF DIBASIC ACIDS.1 THE ACID 

CONSTANTS OF ISOPHTHALIC, TEREPHTIIALIC AND 
CHLORANILIC ACIDS
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A spectrophotometric method is developed for determining overlapping dissociation constants for dibasic acids. The 
method is applied to the determination of the dissociation constants of isophthalic, terephthalic and chloranilic acids. The 
similar use of other properties is suggested as a possible alternative to the use of optical density.

Introduction
The ionization equilibria of a dibasic acid H2A in 

solutions of constant ionic strength and fixed 
temperature may be represented in the following 
manner

k\. aAK [IIA] 
ÏH.A]

and k-z
o_X[A]

[HA] (1)

where a represents the hydrogen ion activity and 
brackets indicate concentrations. Charges are not 
attached to the symbols H2A, HA and A because 
the “ dibasic acid”  H2A may be a conjugate acid of 
an ampholyte or base instead of being a dibasic acid 
of the usual type. The thermodynamic dissocia
tion constants, Ki and K 2, can be estimated fairly 
accurately from the constants, k i  and k 2, provided 
the value of the ionic strength is reasonably low. 
Thus

l u  = /HA X h  and K »  = y  (2)
7H2A 7  HA

The constants, ¿1 and k 2, are determined experi
mentally. They are related to the optical density

D  = L [H 2A]e, +  L [H A ]e  +  L[A]e, (3)

where L is the length of the absorption cell, and 
ii, e2 and e3 are the molar extinction coefficients of 
the forms H2A, HA and A, respectively. Repre
senting the total concentration of the acid in all its 
forms by c and combining equations 1 and 3, one 
can readily derive the relation

The quantities «i and e3 can usually be obtained 
by direct measurement at low and high pH values, 
respectively. If ki and k2 overlap and ki/k2 is 
therefore small, one can use optical density data and 
pH data with equation 4 to obtain e2, ki and k2 by 
successive approximations. However, the calcula
tions are very laborious. Vies and Gex approached 
the problem by using a function <f> =  D'/D where 
D' and D were to be taken at the same pH but two 
different wave lengths.3 Their method did not pro
vide a means for calculating overlapping values of 
ki and k2 without approximations. It should be 
noted also that a mistake was made in their deriva
tion of the basic equations to be used in obtaining 
ki and k2 for a dibasic acid having uncharged acidic 
groups. A derivation of the correct equations for 
their method has been placed in Appendix 1. A 
correction to a similar mistake in their treatment of 
ampholytes has been made by Hughes, Jellinek and 
Ambrose.4 A colorimetric method has been de
veloped by Sacconi for the separate determination 
of fci and k2 for a colored substance.6 Although the 
effect of overlapping constants is minimized in his 
method it is liable to be a serious source of error for 
values of ki/k2 less than 50.

The method that is developed and used in the 
following sections is designed specifically for the 
case in which ki/k*  is less than 1000. The method 
is free of the approximations that are inherent in 
the previously published methods.

Lc ki
D  =

. . k\kz ~1T----1 —r esa a2 J
ki
a

kikz (4)

If h  and k 2 differ greatly in magnitude they can be 
determined separately since then only one stage of 
ionization is operative at a given pH. However, if 
ki/k2 is less than 1000 the spectrophotometric de
termination of k i  and k 2 is rendered more difficult by 
the fact that no more than 94% of the acid can be 
obtained in the intermediate form HA at any pH 
and the extinction coefficient e2 cannot be estimated 
accurately from the experimental data. For ex
ample, if k i/ k 2 — 50 the maximum obtainable value 
of [H A]/cis 78%.

(1) Contribution No. 136 from the Institute for Atomic Research 
and Department of Chemistry, Iowa State College, Ames, Iowa. 
Work was performed in the Ames Laboratory of the AEC.

(2) Abstracted from a part of the thesis submitted by B. J. Thamer 
to the Graduate Faculty of Iowa State College in partial fulfillment of 
the requirements of the degree of Doctor of Philosophy.

Theory
In this method buffered solutions of the acid are 

scanned at constant concentration of the dibasic 
acid and constant ionic strength, temperature and 
cell length. The measured optical density is cor
rected for absorption by the solvent and buffer and 
plotted against pH at various wave lengths. A 
wave length is selected at which the plot of optical 
density versus pH gives a decided maximum (or 
minimum) in the pH range in which the HA species 
predominates.

A synthetic example of the type of curve sought 
is shown for the case in which a maximum is exhib
ited (Fig. 1). The curve was calculated from 
equation 4. For any such curve showing a maxi-

(3) F. Vies and M .  Gex, A r c h . P h y s . biol., 6, 69 (1927 ); ibid., 9, 171 

(1931).
(4 ) E. B. Hughes, H. H. G. Jellinek and B. A. Ambrose, T his 

J o u r m a l , 53, 414  (1949).
(5) L. Sacconi, i b i d M 54, 829 (19d0).
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mum (or minimum) the pH at any point on the 
curve can be expressed as:

pH =  pH» +  A and a =  ajlO A (5)
where pH0 = — log a0 is the pH at the maximum 
(or minimum) of the curve and a0 is the hydrogen 
ion activity at that point. This pH is experiment
ally measurable as is the optical density Dm at this 
point. From equations 4 and 5

Dra

j r . v  . k\k«Lc ei --- e; H----- v É3L ao_____ «o2 _
l + fc + fefe 

ao ao2
( 6 )

Lc fa
D =

ei +  -  10+Ae, +  
Oo

fafa
ao2

10+2Ac3

1 +  ^  10+A +  M ?  10+2A a o ao2

( 12)

Combining this with equations 6 and 7 gives the 
following expression for ki

fa =  aa_  ^  [ (D  -  A )1 0 -a - D m +  Di +

[ ( D - D 3)10+A-Dm+ D 3] ^ 2l  (13)
ao" J

The substitution of equation 10 into 13 yields the 
expression

, a»[(Dm -  D3)(D -  DO 10~A +  (Dm _  D,)(D -  D3)10+A- 2(Dm -  A )(D m -  D:,)] , , AS 
h  = --------------------------------------W ^ A X D ^ D ) ----------------------------------------(U)

At the left-hand and right-hand limits of the curve 
the optical densities are, respectively

Di = Leei and D3 = Lees (7)
Putting dD/da equal to zero from equation 4 yields 
the following relation obtained at the maximum (or 
minimum)

-  -  l +  f  i -  - )  +  2 -
62 ao2 V e-2 /  On V (8)

The combination of equations 6, 7 and 8 leads to the 
following

(fafa)2 + no ĵ fa + cio ( l  — ——dp)

— do j)  ' _  2)* F  flo) =  0 (9)

Equation 9 can be factored to give the two roots 
and

fafa (10)m J-'Z
and

fafa — —tfo(fa Oo) (11)

Equation 11 has no physical meaning since kh ki and 
tZi are all positive quantities. Equation 10 is phys
ically valid since either a maximum or minimum 
will make (Hm — Hi) / (Hm — B:i) a positive quantity.

Fig. 1.—Plot of optical density vs. pH: K, =  5 X 10~5; 
K, =  2 X  10-6. The values of Lee,, Lct«_, and h e , are 
0.300, 0.800, 0.400, respectively, for which dotted horizontal 
lines have been drawn.

A combination of equations 4 and 5 gives the 
following expression for the optical density at any 
point on the curve

Since every quantity on the right-hand side of equa
tion 14 is experimentally measurable, it can be 
used for the evaluation of kx. Using equation 10, 

can then be determined.
If Hi and Hs are equal it can easily be shown that 

the curve of H versus pH is symmetrical about its 
maximum or minimum. In this case equations 10 
and 14 can be put in the simpler forms

fafa = ao2 (10')

fa =  , n 2a° m  [(D -  D ') cosh (Ain 10) -  (D m -  D ')]

(14')

where H' = Hi =  H3.
Having obtained average values for ky and k2 

from the plot of experimental values of H versus pH, 
these average values can be used in the following 
two equations in order to calculate a curve through 
the experimental points

(i5)

D — Di -f- (Z)m — Di)
r  h

ao + 2+ ( £ > £ ) 10+A

- -  +  1 0 -A  +  10+A-«0 \Dm -  D s/
(16)

It sometimes happens that no single wave length 
can be found at which the plot of optical density 
versus pH gives a satisfactory maximum (or mini
mum). In such cases it is often advantageous to 
combine the data at different wave lengths into a 
composite, C, in the following manner

c  = OH
i

where i represents the wave lengths used and the gf’s 
are weighting factors arbitrarily chosen to give the 
most favorable maximum (or minimum) in the re
sulting plot of C versus pH. Such composites can 
be used in the same manner as optical densities to 
yield the equations

fafa = a2( ^ £ - - g )  (18)

otnKCm -  r,vr ('i)lO  ~a +  (C'ro - r LX C  -  CHIODA _ 2 (  r q ( f h  -  C»)| 
(Cm -  C,)(Cm -  C ) " (19)
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Even if favorable maxima are obtained at several 
wave lengths, the use of a composite and equations 
18 and 19 usually will afford the maximum accu
racy in ki and k2 for the least amount of calculating.

Experimental
Matched silica cuvettes were used in all measurements and 

the light path was 50 m m . except as otherwise noted. A  
Model 12 Cary Recording Spectrophotometer was used in all 
measurements except those at fixed wave lengths for tere- 
phthalic acid which were made on a Beckman Model D U  
Spectrophotometer. Each spectrophotometer was zero 
adjusted immmediately before each measurement. The pH  
measurements were made with a Beckman Model G pH  
Meter equipped with that company’s N o. 290 glass electrode 
and N o. 270 calomel electrode. The pH values of scanned 
and unscanned portions of the same solution always fell with
in 0.02 pH  unit of one another and the pH of the scanned 
portion was taken as the correct value. The standardiza
tion of the pH meter was checked before and after each 
measurement using a Beckman buffer of pH 4.00 or 10.00.

All solutions were prepared in conductance water. The 
determinations of the dissociation constants were made at 
constant ionic strength, the values of which are noted later. 
Formate and phosphate buffers were used in the study of 
isophthalic and torephthalic acids. Chloranilic acid was 
studied in unbuffered perchloric acid-lithium perchlorate 
solutions because its acid constants were desired entirely 
in terms of concentrations for use in other studies. All 
acids, salts and buffers were of at least C .p . grade. The 
stock solutions of these substances were filtered if necessary 
in order to remove slight turbidities or small amounts of 
foreign matter. For each solution measured correction 
was made for the optical density of the constituents other 
than the dibasic acid by means of a separate measurement.

A  pure grade of isophthalic acid was obtained from the 
Genesee Research Corporation. Using the method of 
Baeyer and Villiger6 it was further purified by metathesis 
with barium carbonate which produces the soluble salt of iso
phthalic acid and insoluble barium terephthalate. After 
removing the barium as barium sulfate, the isophthalic acid 
was finally precipitated from a 0 .05 molar solution with 
dilute hydrochloric acid, thoroughly washed and dried at 
105°. Eastman terephthalic acid was purified in a manner 
similar to that used by Scheurer and LeFave7 except that, 
the metathesis to barium terephthalate was accomplished 
with barium carbonate instead of barium chloride.

“ Practical grade”  chloranilic acid was obtained from the 
Eastman Kodak Company and purified in the following 
manner. Flight grams of the acid was dissolved in a liter of 
distilled water at the boiling point and filtered. The filtrate 
was extracted with two 200-m l. portions of benzene in a 
separatory funnel at 5 0 °. The benzene phases, containing 
only a little chloranilic acid, were discarded. The aqueous 
phase was cooled in an ice-bath yielding bright red crystals 
of chloranilic acid which were filtered off and washed with 
three 10-ml. portions of water. The crystals were dried at 
115° in order to expel the water of hydration.8 The over
all yield of chloranilic acid was approximately 5 0 % . Its 
purity was determined by electrometric titration using car
bonate-free sodium hydroxide, standardized against G . F . 
Smith potassium acid iodate.9 The purities of two different 
preparations were found to be (99.8  ±  0 .3 % )  by weight.

Isophthalic Acid.— Solutions of isophthalic acid are prac
tically colorless but absorb strongly in the ultraviolet, due to 
the presence of the benzene riDg. Absorption curves (Fig. 
2) indicated that the species H A (the predominant species 
of curve C) absorbed either more or less than the species 
HSA (curve A) and A  (curve B ) only in the region of 2450- 
2500 A . Consequently subsequent measurements were con
fined to this wave length interval.

The data have been summarized in Table I . The ionic 
strength was maintained at 0.0302. The corrections 
applied to the measured optical densities tor absorption by

(6) A. Baeyer and V. Villiger, Ann., 276, 256 (1893).
(7) F. G. Scheurer and G. M. LeFave, J. Am. Chem. Sac., 72, 3308 

(1950).
(8) C. V. Graebc, Ann., 263, 26 (1891).
(9) I. M , Kolthoff and V. A. Stenger, “ Volumetric Analysis," 2d. 

ed., Vol. 2, Interscience Publishers, Inc., New York. N. Y ., 1917, pp. 
100- 101.

Fig. 2.— Absorption curves fo r 9.5 X  10 3 fo rm a l iso
phthalic. a rid  in  a 20.00-mm. cuve tte : A , p H  1.92; B, pH  
11.01; G, pH  4.10.

the buffers were always less than 1 0 %  of the measured 
values. The band w id th  was the same fo r each measure
ment, a t a given wave leng th. I ts  value was approxim ate ly  
12 A. The tem perature du ring  scanning and p H  measure
ments was 25 ±  1°. “ S po t”  readings and au tom atic  
scanning gave the same values, thus ind ica ting  that, the 
au tom atic  scanning apparatus was function ing  sa tis fac to rily .

T arli; I

( h'Tic'Ai. D e n s it ie s OF IsOPHTH ALIO A d i)
c  =  8.0 X  10 : L  =  50 mm. '

n  at O  at .
pH 2176.0 A. 2 1 0 0 . 0  A. Hi ilici-

1.58 0.987 1 .298 (MUK).,)
1.585 .991 1 .297 (HClO-i)
1.585 .988 1 .302 (IIC IO 4)
2 .49 1 .007 1 .318 Phosphate
2.725 1 .016 I 324 Phosphate
3.03 1 003 1 .365 Forma t e

3.12 1.076 1 .375 Phosphate
3.175 1 .081 00 OO CO Form ate
3.37 1 .109 1 .408 Form ate
3 37 1.108 1.412 Form ale
3.50 1 .134 1 435 Form ale
3.575 1 .141 1 436 Form ate

3.75 1 158 1 151 Form ate
3.90 1 .160 1 .447 Format e
3.90 1 .167 1 .451 Formate
3.90 1 165 1.440 Formate
4.18 1.152 1.421 Form ate
4.33 1.142 1 .395 Form ate

4.34 1.136 1 .391 Form ate
4.515 1 . 1 1 0 1 .341 None (N a ( 'l)
4.535 1.107 1 .350 Form ate
4.55 1.104 1 .346 Form at e
4.715 1.078 1 .294 Form ate
4.91 1.056 1.256 Form ate

5.095 1.036 1.233 Form ate
7.90 0.982 1.149 Phosphats
7.98 .989 1.151 Phosphats
8.72 .982 1.146 Phosphate
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pH.

Fig. 3.— Isophthalic acid at 2476.0 A : «¡roles, experimental 
points; solid curves, calculated as shown later.

Figure 3 shows the plot of optical density versus pH at 
2476.0 A . where Di =  D¡ — D ' =  0 .984 and D m =  1.164. 
Equations 10' and 14' were applicable. The quantity pH 0 
probably could have been estimated to within 0.05 pH unit 
by an inspection of the points at the top of the curve. 
However, pHo was determined by the following method 
because it used more points for this purpose and appeared 
to be more accurate. The method is based upon the fact 
that the true value of ki should be independent of the value 
of A used in measuring it. The values of fci/ao calculated 
from equation 14' (or 14) are very sensitive to variations in 
pHo because of its direct effect on values of A. Hence if 
calculated values of ki/ao are plotted against A for a trial 
value of pHo, the best straight line through the points cal
culated by the method of least squares should have a definite 
slope if the trial value of pH0 is in error, but zero slope if 
the trial value of pH 0 is the true value. Representing the 
equation of the least-squares straight line by

— =  y  =  a  +  foA ao
the formula for the slope is

, nS(A?/0) — 2A2?/o
~nX (A)2 -  (2A Y

where n is the number of points used, NA the sum of A over
all of the points and y<, is the value calculated for ki/a0 at 
each point that is used.10 All reliable points are to be used 
for this purpose except those where d D /d p H  has a low value 
as at Da, or near ¿h or D3. A  few trial values of pHo suffice 
lo locate the best value of pH0 within 0.005 pH unit. 
Hence for isophthalic acid at 2476.0 Á . the best value of 
pH» was found to be 3.9435. The resulting values for ki, 
h  and their standard deviations were

k, =  (3.24 ±  0.56) X  10~4 
k-2 =  (4.00 ±  0.69) X  1 0 "5

Only points between D  =  1.036 and D  =  1.158 were used in 
calculating the above values. The other points appeared 
to be inaccurate or were too close to the limits (D it D m or 
Ds) to be used. 0

The plotted data at 2460.0 A . (Fig. 4) gave D\ =  1.295, 
Dm — 1.451 and D 3 — 1.149. These values together with 
equations 10 and 14 and the above least-squares method 
yielded the following values:

pH 0 =  3.843
kt =  (2.67 ±  0.28) X  10 ~4 
hi =  (4.00 ±  0.42) X  10~6

The grand mean values obtained from the values at these 
two wave lengths were

ki =  (2.78 ±  0.25) X  10“ 4 
ki =  (4.00 ±  0.36) X  1 0 - ‘

(10) A. G. Wort-ilng and J. Geffner, “ Treatment of Experimental 
Data,”  1st ed., John Wiley and Sons, Inc., New York, N. Y ., 1943, p. 
239-40.

These values were used with equations 15 and 16 to calcu
late the solid curves shown in Figs. 3 and 4 . The final 
values of ki, ki and their standard deviations were taken as

ki =  (2.8 ±  0.4) X  1 0 -4 
k, =  (4.0 ±  0.6) X  1 0 -5

thus giving ki/h -  7.0 ±  1.4 where an additional error of 
5 %  was added in order to take into account uncertainties 
in the values of pH».

Fig. 4 .— Isophthalic acid at 2460.0 A.: circles, experimental 
points; solid curve, calculated as shown later.

The following form of the Hückel equation was used in 
estimating activity coefficients

log y;
-  0 .5 0 9 ^  v F  r ,

1 +  0.330 â V m M

where & was assumed to be 5 A. for each ion and 6 "  was as
sumed to be the same for each of the species H 2A, H A  and 
A :11 The values thus obtained for isophthalic acid at p =  
0.0302 were

7  HA
7 lI  A =  0.854 ± 0 .0 1 4  

^  =  0.022 ±  0.030

where a 1 0%  error was included in estimating the values of 
y H A  t  a

log A and log The estimated values of the ther

modynamic dissociation constants and their standard de
viations were therefore

A'i =  (2.4 ±  0.3) X  1 0 -"
K t =  (2.5 ±  0.4) X  10“ 5

thus giving

=  9.5 ±  2.0K2
Values of the first dissociation constant of isophthalic 

acid have been found to be 3.2 X  10-4 (m =  2 .5  X  10-4 ) by 
Salm12 using an auxilliary dye indicator and 2.87 X  10 -4  
(at low ft) by Ostwald13 using conductance measurements. 
Their values probably would have approximated K i except 
that since the second ionization was ignored, they were 
probably too high. Chandler used Ostwald’s value for 
h  and partition studies between water and diethyl ether to

obtain — =  10.8 at p =  0.001 to 0 .002 .14 One of the

(11) S. Glasstone, “ Introduction to Electrochemistry/’ 1st ed,, D. 
Van Nostrand Company, Inc., New York. N. Y., 1942, Ch. 5.

(12) E. Salm, Z. physik, Chem., 63, 105 (1908).
(13) W. Ostwald, ibid., 3, 376 (1889).
(14) E. E. Chandler, J. Am. Chem. Soc.t 30, 694 (1908).
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sources of error must have been the solubility of ether in the 
aqueous phase which amounted to 7 .8 %  by volume. M ax
well and Partington determined fa and fa by means of elec
trometric titration. They obtained the following values: 
fa =  2 .0  X  10~4 and fa =  2 .0  X  10~6 at p =  10“ 316; fa =  
3.5 X  10~4 and fa =  3 .5  X  10~6 at p =  0 .0 3 .15 16 A  source 
of error, particularly at p — 10 ~3, was the effect of inconstant 
p. If the same precision is assigned to the values of other 
investigators as is given to those of the present paper, the 
present values appear to agree with previous values within 
experimental error.

Fig. 5.— Absorption curves for 2.3 X  10 -5 formal tere- 
phthalic acid in a 50.00-m m . cuvette: A , pH 1.60; B, 
pH 7.79; C, pH 4.06.

slight solubility in aqueous solution. Absorption curves 
(Fig. 5) indicated that the best wave lengths to use were 
from 2575 to 2625 A . Measurements were made at six 
wave lengths in this range. The best single wave length 
appeared to be 2590.0 A . and the data at the other five 
wave lengths (Fig. 6) were combined in a composite optical 
density by means of equation 17. Since the upper curves 
of Fig. 6 showed good values for the region between D m and 
Dz and the lower curves for the region Di to D m a composite 
of all five curves was calculated. The weighting factors g 
of equation 17 were each taken as + 1  in order to have favor
able values for both (C m — Ci) and (Cm — C3).

The data have been summarized in Table I I . The band

T a b l e  II

V a l u e s  o f  D  a t  2590.0 A . a n d  C fo b  T e r e p h t h a l ic  A cid

pH
D at

2 5 9 0 .0  A . C Buffer
1 .585 2 X  0 .31 2  = 2 X  1 .512  = (HCIO,)

1 .62
0 .624

0 .62 2
3 .02 4
3 .025 (H C104)

2 .675 .642 3 .1 0 8 Phosphate
3 .02 5 .666 3 .236 F ormate
3 .0 3 .662 3 .2125 Formate
3 .11 .675 3.271 Formate
3 .3 8 .6915 3.341 Formate
3 .5 8 .701 3.3995 Formate
3 .7 6 .7105 3.4365 Formate
3 .975 .712 3 .453 Formate
4 .1 9 .709 3 .428 Formate
4 .3 5 .700 3 .38 4 Formate
4 .5 4 .686 3.3235 Formate
4 .7 3 .672 3 .25 8 Formate
4 .9 2 .659 3.2055 F ormate
7 .92 .637 3 .09 4 Phosphate
7 .92 .639 3 .09 7 Phosphate

Fig. 6.— Terephthalic acid: 0 ,  at 2575.0 A.; O, at 2580.0 A.; O, at 2585.0 A.; • ,  at 2610 .0À .; +
at 2625.0 A.

Terephthalic Acid.— Terephthalic acid was studied at a 
concentration of 2 .3  X  10_6 molar made necessary by its

(15) W . R. Maxwell and J. R. Partington, Trans. Faraday Soc., 31, 
922 (1935).

(16) W . R. Maxwell and J. R. Partington, ibid., 33, 670 (1937),

width was 30 A ., the temperature 25 ±  1° and the ionic 
strength 0.0300. The solution at the lowest pH (1.585) 
was made up at half the usual strength of terephthalic acid. 
Its values of D  and C when multiplied by two agreed well 
with those of the usual full-strength solution at pH  1.62, 
indicating that terephthalic acid was completely in solution
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at pH 1.62. Since its solublity would be the least at the 
lowest pH  values, it could be considered to be in solution at 
the other p H ’s as well.

Fig. 7.— Terephthalic acid at 2590.0 A .: circles, experi
mental points; solid curve, calculated as shown later.

The plot of the experimental data at 2590.0 A . is shown in 
Fig. 7 . Equations 10 and 14 were used with the previously 
described least-squares method and Hi =  0 .621, Hm =  
0.714 and D s =  0 .638 to give

pffo =  3.9028 
fa =  (3.43 ±  1.04) X  1 0 -“ 
fa =  (5.59 ±  1.70) X  lO -5

The composite optical density data are plotted in Fig. 8.

Fig. 8.— Use of composite optical density for terephthalic 
acid: circles, experimental points; solid curve, calculated 
as shown later.

Equations 18 and 19, the least-squares method, and fai =  
3.016, Cm =  3.455 and fas =  3.096 gave the following values

pH0 =  3.9038 
fa =  (3.46 ±  0.87) X  1 0 - ‘ 
fa =  (5.51 ±  1.38) X  1 0 -5

The grand mean values obtained from D at 2590.0 A . and 
C were

fa =  (3.44 ±  0.67) X  10~4 
fa =  (5.54 ±  1.07) X  10~5

These values used with equations 15 and 16 and their fa- 
analogs gave the solid curves shown in Figs. 7 and 8. The 
final values of fa, fa and their estimated standard deviations 
were

fa =  (3.4  ±  1.0) X  1 0 -4 
fa =  (5.5 ±  1.6) X  1 0 -5

where an additional 1 0%  error was added in order to take 
into account uncertainties in the values of pH 0. The 
Hiickel equation was used in the same manner as previously 
to give the values

and

^  =  0.854 ± 0 .0 1 3  

y  A-
~  =  0.623 ±  0.030  THA

K i =  (2.9 ±  0.9) X  10~4 
Ko =  (3.5 ±  1.0) X  1 0 -s

K,
P  =  8.5 ±  3.5
A  2

The first, dissociation constant of terephthalic acid has 
not previously been determined in aqueous solutions because 
of the very low solubilility of the undissociated form. Kuhn  
and Wasserman determined the second dissociation constant 
in aqueous solutions by potentiometric measurements.17 
Due to errors in measuring e .m .f .’s in the dilute solutions 
that were necessary, they did not claim much accuracy for 
the determination. They found fa to be approximately 
3.5 X  10“ 5 at an ionic strength of 0.12 and a temperature 
of 16°. They calculated K? to be 1.5 X  10“ 6 at 16° but 
the expressions used for activity coefficients do not appear 
to be correct. For these reasons and others it is felt that 
the present value and that of Kuhn and Wasserman are in 
reasonable agreement, with the limits of error of the present 
value being somewhat less than theirs.

Chloranilic Acid.— The constants hi* [H + ][H A -]
[H2A]

and

fa* =  — p - . — r—=■ for chloranilic acid were desired in con-[HA-]
nection with studies being conducted on the formation con
stants of zirconium chloranilate complexes.18 These were 
being determined in terms of concentrations in perchloric 
acid-lithium perchlorate solutions of constant ionic strength 
in order to have constant activity coefficients. Conse
quently fa* and fa* were studied in perchloric acid-lithium  
perchlorate solutions of the same ionic strength, namely, 
2.002 molar.

Chloranilic acid’s absorption curves (Fig. 9) were quite 
favorable for the application of the method compared with 
those of isophthalic and terephthalic acids. The values of

Wavelength in Angstroms.

Fig. 9.— Absorption curves for 1.033 X  10~4 formal 
chloranilic acid in 50-mm. cuvettes: A , 2.00 M  [H + ]; B 
5.0 X  10“ 11 M  [H +]; C, 2.00 X  10“ -2 M  [H+],

fa* and fa* were determined at 4960 A . Control of the hy
drogen ion concentration was obtained by including the 
appropriate amount of perchloric acid or lithium hydroxide 
in the preparation of the solutions. The data have been 
summarized in Table IH . Equations 10 and 14 were used 
with the true hydrogen ion concentration in place of the 
quantity “ a .”  A  few successive approximations were re
quired in correcting the hydrogen ion concentration for 
contributions from the chloranilic acid and in estimating the 
value of Hi from the optical densities of the two most acidic 
solutions. The plot of optical density against —log (true 
[H +]) is shown in Fig. 10. The values Hi =  0 .075 , D m =

(17) R„ Kuhn and A, Wasserman, Helv. Chim. Acta, 11, 44 (1928).
(18) B. J. Thamer and A. F. Voigt, J. Am . Chem. See., 73, 3197 

(1951).
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T a b l e  III
O p t i c a l  D e n s i t i e s  o f  C h l o r a n i l i c  A c i d

' ’ oncentration of Chloranilic Acid,

ToXccCOo

T , 28
Added Added True — log: D at
[H +} [OH- ] [ H I (true [H H) 4960 A.

.002 2.002 -  0.3015 0.091

.4004 0.4004 +  0.3975 . 126

.2002 .2002 .6985 .168

.08008 .08014 1.0962 . 232

.04004 .04012 1.3966 .282

.01802 .01811 1.7421 . 298

.01001 .01013 1.9944 .289

.002 X IO- 3 2.109 X 10 -3 2.6637 . 194

.004 X 1 0 -“ 5.928 X 10 3.2271 .120
0.0200 5.05 X 1 0 “ 3 12.297 .077

0.298 and D 3 =  0.077 were used with the points on the 
straight line portions on the side of the peak to calculate 
the value

— log (true [H+]n) = 1.759
Fig. 10.— Optical densities of chloranilic acid at various

acidities: circles, experimental points.

The points at optical densities of 0.282 and 0.289 were not 
used in calculating the average values of ki* and ht* because 
they were too close to the maximum optical density (0.298) 
to give accurate values. The values found for ki*, k3* and 
their standard deviations were

/ , - ,* =  0.082 ± 0 .0 0 4  
ki* =  0.0038 ±  0.0002

The values of ki*  and fe* were also calculated from the 
same data using the analog of equation 4 and a long series 
of successive approximations. The final values so obtained 
were

7,-i* =  0.084 ±  0.004 
=  0.0038 ±  0.0001

Lcei

ki*
h* 22.1

0.394, D i =  0.075 (and O s =  0.077)

The latter values were used to calculate the solid curve 
shown in Fig. 10. The agreement of the latter values of 
ki* and k-* with the values calculated from equations 10 
and 14 provided a check on the validity of the method em
ploying these two equations.

Schwarzenbach and Suter19 20 determined k, and of chlo
ranilic acid by studying its reduction potential as a function 
of pH and also by spectrophotometric measurements. The 
values that they found were ki =  0.14 and k3 — 0.00066. 
They did not specify the ionic strength but it was presum
ably less than two. In a resonating system such as chlo
ranilic acid, it is difficult to predict the effect of large changes 
in ionic strength. Judgment on the disagreement between 
the results of Schwarzenbach and the present results is with
hold until something more is known about this effect.

Discussion
If the acidic groups of an uncharged dibasic acid are 

equivalent and do not interact by means of resonance or 
hydrogen bonding, the following equation by Bjerrum® 
relates K i / K 2 to the distance r (A .) between the groups

log y , =  log 4 + 3.08
r

The equation is based on electrostatic effects. Knowing 
r, an approximate value for K i/K -i  can be calculated and, 
conversely knowing K i / K 2, r can be estimated. For ex
ample, values calculated for r in isophthalic (I) and tere- 
phthalic acid (II) are thus (8.2 ±  2.0 A .) and (9.4 ±  5.1 
A .) which are reasonably close to accepted values, Reso

(1 9 ) G . S c h w a r z e n b a c h  a n d  II . S u te r , IIeh> . C h im . A c t a ,  2 4 , 617 
(1 9 4 1 ).

(2 0 ) N . B je r r u m , Z . p h y s i k .  C h e m .,  10 6 , 2 1 9  (1 9 2 3 ).

nance interact ion between the acidic groups in these examples 
do not appear greatly to affect the values of K \ / K 2.

CO»H
T

COoTI
I

/ K  /H  
•c c /

1
H \  / ° \  / H

x c  < y
\ II \ ii

•c c v
\ c /  X COkH

/C  c x
H /  \ c /  X H

I
I-I c o 2h

I II

However, K i/ K z  for chloranilic acid may be influenced by 
the relative resonance stabilization of the undissociated 
form (III), the singly dissociated form (IV) and the doubly 
dissociated form (V).

Since K i/ K i , the ratio  o f the therm odynam ic constants, 
would be larger than ki*/k3* =  22 observed a t  the ionic 
strength of 2 , the value calculated for r  would be less than 
4.2 A . H ence, if the application of the B jerrum  form ula is 
valid  in this case, the calculated value of r is definitely less 
than the true distance betw een the tw o para hydroxy 
groups ( ~  6 A .) . I t appears th at the resonance effect pref
erentially stabilizes the interm ediate species. T his must 
be due p artly  to the fact th a t the right-hand resonance form  
of (IV) effectively  reduces r  and allow s strong hydrogen 
bonding to  the n egatively  charged oxygen atom .

T h e spectrophotom etric m ethod described in this paper 
is capable of yielding the m ost accurate results when the 
curve of optical den sity, or com posite op tical den sity, versus 
pH  shows a m axim um  or m inim um  for which |Dm — D\ j 
and | D m — D, |, or |Cm — C. | and |Cm -  CV, have large
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ing appropriate units for the weighting factors ¡¡¡, g2, etc. 
The composite could be used in equations 18 and 19 pro
vided that a maximum or minimum was obtained in the 
plot of the composite versus pH.

Appendix I . Vies and Gex’s Method
VISs and Gex3 represented the ionization of a dibasic acid 

in the following manner

h 2a  H +  +  h a -
1 — ai a i( l  — a2)

h a - ^ = ± : h + +  a - 2
ffi(l — a2) aid}

Their first equation involving pki, namely

pH  =  pki +  log 0111 -- «1
should have been

pH  =  p h  +  log ■gl(1- - - ^ -)i — ai
Consequently their equations for <t>, ki and fc2 were incorrect 
and unnecessarily complicated.

From equation 4 their <f> function should have been

values. Errors in points close to Hi, D m and B 3 give rise 
to inordinately large errors if they are used in calculating 
values for ki instead of only being used to estimate the values 
of Hi, B m, Di and pH0. It seems advisable to use points 
near B m only for estimating the values of B m and pHn. 
W ith favorable absorption curves the accuracy of the deter
mination of ki and k2 should be limited only by the accuracy 
of the pH measurements.

There are many compounds having small values for kt/fa.

, , k[ f . kik2 f
ei +  o +  Ifl “  

hi hhei i ----«  H------r- Oa a2

Putting the latter equation in the form

=  ejlQrfci-pH +  €2 +  63lO’,H~Pti 
^ eilOr‘ 1 “pH +  «2 +  e310pH-p*2

Examples are crystal violet (fa /fa =  4 ) ,21 phenolphthalein 
{k\/kt — 4 )22 23, p-dihydroxyglutacondianil (ki/k2 =  0 .31 6 ),23 
5-pyridinium-gIutacondialdehyde-perchlorate (ki/k2 <  l ) 24 25 
and certain amino acids such as tyrosine26 and 1-dihydroxy- 
phenylalanine.26

Any one of several other measurable properties such as 
optical rotation, intensity of fluorescence or magnetic sus
ceptibility might be used in equations 10 and 14 in an an
alogous manner provided that the requisite maximum or 
minimum was obtained in the plot of the property versus 
pH . It. is similarly possible to combine the same or different 
properties in a composite according to an analog of 
equation 17. Different properties would arbi
trarily be brought to the same unit by choos-

(21) E. Q. Adams and L. Rosenstein, J . Am. Chem.
Soc., 36, 1452 (1914).

(22) L. Rosenstein, ibid.. 34, 1117 (1912).
(23) G. Schwarzenbach and R. Sulzberger. Helv.

Chim. Acta, 26, 453 (1943).
(24) G. Schwarzenbach, ibid. ,  26, 418 (1943).
(25) G. Florence and G. Schapira, Bull. Soc. Chim. biol., 27, 293

(1945).
(26) G. Florence and G. Schapira, ibid., 28, 657 (1946).

and rearranging terms, one obtains 
10pfc'(ei — 0ei)lO_pH +  10_pfc2(e3 — 0e3)lOpH =  0£2 — 4

The latter equation is valid at any measured value of 4>. 
Hence at values <t>i and <f>2 corresponding to pHi and pH 2, one 
has the equations

10pll(ei — <f>iei)10~pn‘ -j- 10~pt2(e3 — 0ie3)lOpHl = 0ie2 — 4
10pil(«i -  </>2ii)1 0 -pH2 +  1 0 -p*<e3' -  0 2e3)lOpH2 =  0 2e2 -  4

On solving the latter pair of equations for lOpfci =  1 /k\ and 
10 p̂ 2 =  k2, one obtains

The latter pair of equations can be used to calculate hi and 
k2 provided that the extinction coefficients are obtainable. 
As previously implied, successive approximations would be 
necessary if k\/k% were small and the extinction coefficients 
«3 and e2 could not be estimated accurately.

h = (e f  — <ftici)(c3 — <¿>2 6 3 ) 1 0  jHi+pR» — ( e [  -  0 2tt)(e3 — 0:e3)lO  pHi +pH 1
(01*2 — £2) (4  — 0 2€3)lOpH2 — (0 2€2 — C2)(c3 — 0l€3)lOpHl

, (4 ~ 0iti)(4>2e2 — c2)lQ~pHl — (4 — 02<h)(0ie2 ~ t2)10~pHl
2 (ei — tj> iei)(e3 — 0 2e3)lO _pHl+pHl — (e( — 02ei)(e3 — 0ie3)lO _pH2+pHl
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OF2 was prepared and purified. Iodometric and infrared analyses showed substantially 100%  purity. The vapor pressure 
of OF2 was measured from — 195 to — 145° and its boiling point shown to be — 145.3°

The preparation and purification of oxygen 
fluoride was undertaken to obtain the pure com
pound whose physical properties could be deter
mined. The method of purification used by early 
workers1,2 was repeated as a preliminary step, but 
further purification followed.

Experimental
Fluorine was generated in a Harshaw low temperature 

cell5 at a rate of 2 -6  liters of gas per hour. This gas was 
passed through a 3 %  solution of N aO H  which had been 
previously cooled in an ice-bath. The basic solution was 
continuously changed in the reaction vessel at the rate of 
1-2  liters/hour (Fig. 1). The gaseous products were passed 
through a series of bubblers and traps and the partially en
riched OF2 was finally collected in a transfer ampoule (K  in 
Fig. 2 ). These ampoules were then inserted into the vacuum  
line at C (Fig. 3) for transfer to the storage bulbs 1 -6 .

Fig. 2 .— A , Sodium hydroxide solution bubbler (see 
Fig. 1 ); 1, fluorine inlet (copper tube); 2, sodium hy
droxide solution inlet; 3, sodium hydroxide solution outlet; 
4, siphon interrupter; 5, analysis outlet; B, water wash 
bubbler; C, carbon dioxide-acetone trap ( — 7 8 °) ; 6, analy
sis outlet; D , column trap (approx. — 130°), 7, analy
sis outlet; E , column trap (approx. — 160°); 8, outlet for 
collection in ampoule K ; G , liquid nitrogen trap ( — 196°); 
H , liquid nitrogen trap ( — 1 96 °); K , transfer ampoule.

Preliminary purification was carried out by cooling the 
storage bulbs in liquid nitrogen and then aspirating with a 
water-pump. Iodometric analysis of the residual gas 
showed 9 6 %  purity.

Final purification was achieved by distilling through a 3- 1 2 3

(1) Lebeau and Damiens, Compt. rend., 185, 652 (1927); ibid., 188, 
1253 (1929).

(2) Ruff and Menzel, Z. anorg. chem., 190, 257 (1930); ibid., 198, 39 
(1931).

(3) Pinston, Ind. Eng. Chem., 39, 255 (1947).

ft. glass column tightly packed with Vs-in. single turn glass 
helices, and surrounded by a strip silvered evacuated jacket. 
The temperature of the distillation vessel was controlled by 
surrounding it with an asbestos jacket containing a nichrome 
heating element of 10 ohms resistance. This system was 
then surrounded by a large glass test-tube and the whole 
assembly then immersed in liquid nitrogen in a dewar flask. 
The top of the column was surrounded by a hollow copper 
head which was automatically cooled by liquid nitrogen.

In practice the still was allowed to come to equilibrium 
and the OF2 was distilled until the temperature became con
stant at — 144°. Approximately 1/t of the remaining liquid 
was distilled at — 144° and discarded. About ’ A  of the 
remaining liquid was distilled and collected. Finally, most 
of the remaining liquid was distilled at — 144° and collected, 
and the residue discarded. Two iodometric analysis of the 
“ middle cut”  showed 9 9 .6 0 %  and 1 00 .02%  purity, re
spectively.

The infrared spectrum (Fig. 4) of this sample showed less 
than 0 .1 %  SiF4 (probably from the reaction of OFs with 
glass) and 0 .0 0 2 %  CF4 as the only impurities.

W ave length in microns. 
Fig. 4.

Vapor Pressure Apparatus.— The purified sample was 
condensed in an ampoule (Fig. 5) with a centered thermo
couple well and a magnetic stirrer. A  nichrome wire heater 
around the ampoule immersed in liquid nitrogen controlled 
the temperature to ± 0 .2 ° .  Temperatures were measured 
with a 5-junction copper-constantan thermocouple and a 
Leeds and Northrup potentiometer with a supplementary 
galvanometer.

Pressures on the manometer were observed with a cathe- 
tometer, and were held constant 5 -1 2  minutes for each point 
recorded in Table I. Purity of the sample was checked 
several times during the vapor pressure measurements by
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distilling off portions of the liquid and redetermining the 
vapor pressure at various temperatures. In no case was 
there any change.

Results
Vapor pressure data for pure OF2 are listed 

(Table I) and shown graphically (Fig. 6). Plotting 
the logarithm of the vapor pressure against the 
reciprocal of the absolute temperature (Fig. 7) 
indicates a linear relationship for pressures greater

Temperature, °C.
Pig. 6 .

T a b l e  I

V a p o r  P r e s s u r e s  o f  OF,

Temp.,
°C.

Pressure,
mm.

Corr.
obsd. Caled.

Devia
tions, %  
(Exptl.- 
Caled.

Temp.,
°C.

Pressure,
mm.

Corr.
obsd. Caled.

Devia
tions, %  
(Exptl.- 
calcd.)

-1 9 5 .4 1.4 -1 6 9 .6 72.2 72.1 +  0.14
-1 9 5 .3 2.1 -1 6 9 .6 73.0 72.1 +  1.25
-1 9 3 .9 1.7 -1 6 9 .5 73.5 73.0 +  0.68
-1 9 2 .1 2.9 -1 6 9 .5 73.9 73.0 +  1.37
-1 9 0 .1 4.7 -1 6 9 .5 75.0 73.0 + 2 .7 4
-1 8 5 .7 7.6 -1 6 3 .2 140.2 148.0 - 4 .5 9
-1 8 5 .6 8.0 -1 6 3 .2 142.8 148.0 -3 .5 1
-1 8 5 .5 8.1 -1 5 7 .3 273.0 267.8 +  1.94
-1 8 4 .0 11.6 -1 5 7 .0 279.1 275.6 +  1.27
-1 8 1 .7 14.3 -1 5 2 .0 422.7 434.3 - 2 .6 8 '
-1 8 1 .3 15.4 14.9 + 3 .3 5 -1 5 2 .0 424.4 434.3 -2 .2 8
-1 8 0 .9 16.3 15.9 + 2 .5 2 -1 5 1 .4 471.9 457.5 +  3.15
-1 7 9 .9 18.3 18.4 - 0 .5 4 -1 5 1 .4 472.9 457.5 + 3 .3 7
-1 7 9 .8 18.5 18.7 - 1 .0 7 -1 5 1 .2 471.3 465.5 +  1.25
-1 7 9 .3 19.4 20.1 -3 .4 8 -1 4 8 .4 577.0 591.5 - 2 .4 6
-1 7 9 .1 20.6 20.7 - 0 .4 8 -1 4 7 .9 618.8 615.2 +  0.59
-1 7 8 .1 24.1 23.9 + 0 .8 4 -1 4 6 .0 735.0 715,0 +  2.80
-1 7 2 .7 47.3 49.2 -3 .8 7 -1 4 5 .3 740.0 755.5 -2 .0 5

l/T, ° A .  d e g . “ 1.
F i g .  7 .

than 15 mm. Calculation of the constants by 
the method of least squares gives the relation

I D  n n n . n  5 5 5 .4 2  
l o g  Pmm. — 7 .2 2 4 2  y , W

This equation gives —145.3° as the boiling point 
of OF2.
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Values of densities and equilibrium surface tensions for solutions of the butyl alcohols in water, have been determined at 
intervals of concentration throughout the solubility ranges of these alcohols. The viscosities of various aqueous solutions 
of these alcohols have been determined. An attempt has been made to correlate the data from these studies and to show that 
the variations of these physical properties are in mutual agreement. The validity of a new experimental method for the 
determination of diffusion coefficients has been tested. Experimentally determined values of the diffusion coefficients of the 
butyl alcohols are in close agreement with calculated values and of the same order as values recorded in the literature.
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A new method for the determination of diffusion 
coefficients in solution has been described recently.2 
Data used in the calculations were based on studies 
of n-butyl alcohol in aqueous solutions. In an ex
tension of this study the diffusion coefficients, and 
some other physical properties, of the other butyl 
alcohols have been determined.

In this method for the determination of diffusion 
coefficients the solute particles diffuse through a 
column of liquid contained in the calibrated capil
lary of a manometric capillarimeter. As shown in 
the preceding article, an approximate expression 
for the diffusion coefficient is

D  =  ( V  X  dc/df)/2(C „ -  Ch)
where

Co =  concentration at end of capillary (g ./c m .3)
Ch =  concentration at the hypothetical plane (g ./c m .3)
m =  distance of the hypothetical plane from the end 

of the capillary in direction of diffusion (cm.)
D  =  diffusion coefficient.

It was shown that the value of the diffusion co
efficient calculated from this expression was the 
same as that calculated with the series solution of 
an analogous problem in heat flow as derived by 
Ingersoll and Zobel.3

Certain other properties of these solutions were 
also determined.

Instruments.— -For all measurements the temperature 
was controlled by immersion of the apparatus in a water- 
bath having opposing plate-glass windows. When the me
chanical stirrer was in operation the temperature was main
tained at 25.00 ± 0 . 0 1 ° .  All temperatures reported in 
this paper are based on comparisons with thermometers 
calibrated by the United States Bureau of Standards.

The values of equilibrium surface tension were deter
mined with a closed capillarimeter constructed by Transue.4 5

The diffusion studies were conducted with a modified 
form of the manometric capillarimeter described by D eW itt 
and Roper.6 The instrument was modified as follows for 
the diffusion studies: (a) The capillary was calibrated 
throughout its length so that any desired length of capillary 
could be used and was incorporated into its container so 
that the capillary and container were replaceable at a ground 
glass joint to facilitate cleaning and to make it possible to 
have the entire pressure system submerged in the water- 
bath. (b) The pressure was controlled by raising and low
ering a bob in a U-tube filled with water. The bob was 
powered by motor for gross adjustments and by hand crank 
for delicate control.

(1) E. 1. du Pont de Nemours Fellow, 1948-1949; Standard Oil Co. 
Fellow, 1949-1950.

(2) Washburn and Dunning, J. Am. Chem. Soc., 71, 1311 (1951).
(3) Ingersoll and Zobel, “ Heat Conduction," McGraw-Hill Book 

Co., Inc., New York, N. Y ., 1948, p. 127.
(4) Transue, Washburn and Kahler, J. Am. Chem. S ee ., 64, 274 

(1942).
(5) DeWitt and Roper, ibid,, 64, 445 (1932),

The radius of the capillary as determined by measuring 
the capillary rise of purified water was 0.02515 ±  0.00003 
cm. The radius determined by the rise of purified benzene 
was 0.02517 ±  0.00003 cm. The radius of the capillary 
determined by the method of weighing mercury threads 
was 0.0251 ±  0.0002 cm.

For dilute aqueous solutions, using water in the ma
nometer, keeping hw  small, and using 0.0012 g./cm .3 as the 
density of vapor above the liquid phases, an expression for 
surface tension is

T — 12.28 (/? man — b cap) +  0.1
where

T = surface tension (dynes/cm.)
liman = difference in levels of manometer arms (cm.)
/¡ca|J = distance of large meniscus above capillary menis

cus (cm.).
The use of this instrument in the determination of dif

fusion coefficients has been discussed in the preceding arti
cle.

Materials.—Eastman Kodak Co. best grade of butyl 
alcohols were purified by drying, fractional distillation, 
azeotropic distillation, and in the case of /-butyl alcohol by 
fractional crystallization. The physical constants of these 
alcohols appear in Table I.

T a b l e  I

S o m e  P h y s i c a l  P r o p e r t i e s  o f  t h e  P u r i f i e d  B u t y l  

A l c o h o l s

Alcohol Density26!
Ref.

index
7l25D

Surf.
tension

(dynes/cm.)
Freezing
point,
°C.

?i-Butyl 0.8058 1.3974 23.7
¡-Butyl .7982 1.3939 22.4
s-Butyl .8024 1.3950 23.0
/-Butyl .7806 1.3851 20.1 25.53

Experimental and Results
The densities of various dilute aqueous solutions 

of the four butyl alcohols were determined.
It was observed that the density-concentration 

curves were nearly linear in dilute solutions and 
showed positive deviations from the corresponding 
curves calculated on the basis of additivity of densi
ties in weight per cent, solutions. These positive 
deviations indicate a small volume decrease when a 
given alcohol is mixed with water.

Equilibrium values of surface tensions of aqueous 
solutions of the butyl alcohols, at intervals of con
centration throughout the solubility ranges of 
these alcohols, were measured with the closed cap
illarimeter. The results of these measurements are 
recorded in Table III.

To ensure that values of surface tension deter
mined with the manometric capillarimeter corre
sponded to values determined with the closed capil
larimeter, the surface tensions of the solutions of s-
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T a b l e  II

T h e  D e n s it ie s  o f  A q u e o u s  So l u t io n s  of  B u t y l  A lc o h o ls

wt. % Wt. %
alcohol d^. alcohol

(a) n- Butyl Alcohol (b) s-Butyl Alcohol
0 .0 0 0.9971 0 .0 0 0 .9971
0 .8 7 .9957 0 .8 3 .9959
1 .59 .9946 2 .4 3 .9935
2 .7 8 .9929 3 .7 3 .9916
3 .9 6 .9910 5 .04 .9897
4 .4 6 .9903 6 .39 .9879
5 .2 9 .9891 7 .6 5 .9862
6 .22 .9878 8 .4 2 .9852
6 .9 9 .9867 10.26 .9828
7 .3 2 .9862 10.72 .9822

(c) Isobutyl Alcohol (d) i-Butyl Alcohol

0 .0 0 0.9971 0 .0 0 0.9971
0 .3 6 .9966 0 .6 6 .9960
0 .8 9 .9958 1 .66 .9943
1.79 .9944 1 .97 .9936
2 .13 .9939 2 .9 2 .9921
2 .8 3 .9928 4 .1 2 .9904
3 .8 9 .9912 5 .6 7 .9881
5 .03 .9896 6 .7 5 .9866
6 .01 .9882 7 .41 .9856
6 .7 2 .9872 9 .19 .9832
7 .84 .9857 10.58 .9813

T a b l e  III

E q u il ib r iu m  S u r f ac e  T e n s io n s  o f  A q u e o u s  So l u t io n s

o f  t h e  B u t y l  A lc o h ols  (d y n e s / c m .)
Surface Surface

Wt. % tension Wt. % tension

n-Butyl alcohol s-Butyl alcohol
0 .0 0 72.1 0 .0 0 72.1

.25 6 4 .7 .25 6 5 .6

.45 5 9 .8 .50 61.1

.87 5 3 .0 1.11 5 4 .3
1 .59 4 5 .8 1 .48 5 1 .5
2 .7 8 3 8 .6 2 .3 7 4 6 .5
3 .9 6 3 3 .3 3 .2 0 4 3 .3
5 .29 2 9 .4 4 .3 2 3 9 .4
6 .22 2 7 .4 6 .35 3 3 .5
6 .99 2 5 .8 8 .8 6 2 9 .2

Isobutyl alcohol /-B utyl alcohol
0 .0 0 72.1 0 .0 0 72 .1

.25 6 4 .4 .25 6 5 .7

.51 58.1 .55 6 0 .4
1 .00 5 1 .0 1 .66 5 1 .6
1 .95 4 3 .6 3 .0 0 4 5 .9
2 .5 5 40 .1 4 .1 2 4 2 .8
3 .5 4 3 5 .8 6 .48 3 7 .8
4 .2 2 3 3 .8 9 .7 2 3 3 .0
5 .0 3 3 1 .1 15.65 2 7 .3
6 .10 2 8 .7 23 .22 2 4 .3
8 .10 2 5 .2 3 5 .4 4 2 3 .1

54 .9 4 2 2 .4
65.53 2 2 .0
72 .7 6 2 1 .8
78 .62 2 1 .5
82 .0 8 2 1 .4
85 .8 2 2 1 .2
89 .52 2 0 .9
94 .60 2 0 .5

100.00 20 .1

butyl alcohol listed above were measured with the 
manometric capillarimeter. In all cases the val
ues of surface tension determined by the two meth
ods corresponded within 0.1 dyne/cm.

With the manometric capillarimeter, using a 
length of capillary of 0.5 cm. or less, the equilibrium 
values of surface tension were established in less 
than ten seconds. Using the closed capillarimeter, 
a period of about 12 hours was required for the es
tablishment of the equilibrium values of surface 
tension.

The alcohols have similar surface tension-con
centration curves. A noteworthy difference in de
gree is that, in order of increasing effectiveness in 
reducing the surface tension of water, the alcohols 
may be arranged: tertiary <  secondary <  iso <  
normal. Thus, the most soluble alcohol is least 
effective in decreasing the surface tension of water. 
The surface activity of a butyl alcohol appears to 
be a reciprocal function of its solubility since in or
der of increasing solubility the alcohols may be ar
ranged : normal <  iso <  secondary <  tertiary.

As an example of the effect of increasing alcoholic 
concentration on the viscosity of aqueous solutions 
the viscosities of aqueous solutions of n-butyl alco
hol, at intervals of concentration throughout the 
solubility range of this alcohol, were determined 
with an Ostwald-type viscometer. The results of 
these measurements appear in Table IV.

T a b l e  IV

T h e  V is c o s it ie s  o f  A q u e o u s  S o l u t io n s  o f  N o r m a l  B u t y l  
A lc o h o l

Weight % alcohol Viscosity, poise
0.00 0.0089376
0.70 .00921
1.21 .00941
1.48 .00949
1.99 .00970
2.26 .00981
3.25 .01021
3.88 .01048
4.92 .01096
5.35 .01114
5.95 .01141
6.51 .01166
6.99 .01185

It was observed that the viscosity-concentration 
curve was nearly linear and that there was a posi
tive deviation from the curve calculated on the basis 
of additivity of viscosities in weight per cent, solu
tions.

The viscosities of solutions of the four butyl alco
hols at a concentration of 1.482 weight per cent, 
were determined. The values (in poise) observed 
were: normal 0.009494, iso 0.009517, secondary
0.009531? and tertiary 0.00963.9. Since the concen
tration of alcohol varies throughout the column in 
the diffusion experiments, there is some doubt as to 
the correct value of viscosity to use for a given solu
tion. For this reason values of diffusion coefficients 
will be calculated both by using the viscosities 
listed above and by using the viscosity of water in 
the Stokes-Einstein equation. This will give the 
limits within which the values of diffusion coef
ficients, calculated by this equation, should fall.
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T a b l e  V

D a t a  a n d  C a l c u l a t io n s  I n v o l v e d  in  D e t e r m in a t io n  o f  th e  D if f u s io n

Surface tension of water (dynes/cm .)
Slope of surf, tension-concn. curve, d c /d T (g ./c m .2 dyne X  10 -4 ) 
Length of diffusion column, m (cm.)
Concn. of bulk soln., Co (g ./c m .3)
Surface tension after diffusion for reference time (dynes/cm .)

Slope of surf, tension-time curve, d7’/d£ (dynes/cm. see. X  10 —3)

Concn. at hypothetical plane at ref. time, C i, =  AT X  dc/dT  (g ./c m .3)

Average concn. throughout capillary (g ./c m .3) 
dc/di =  dc/d7’ -d7'/d£ (g ./c m .s sec. X  10-7 )
Diffusion Coefficient, D  =  (m2-dc/d£)/2(Co — Ch) (cm .2/sec. X  10 6)

C o e f f ic ie n t s  of I so -, s- , a n d  î- B u t y l  A lc o h o l

Iso Secondary Tertiary

(a ) Experimental values
72.1 72.1 72.1
3 .21 3 .8 9 3 .8 5
0 .5 0 0 .5 0 0 .5 0

0 .01482 0 .01482 0 . 01482
66.8 6 7 .7 6 7 .7

(at 60 min.) (at 56 min.) (at 56 min.)
2 .63 2 .0 5 1 .98

(b) Calculated values

(at 60 min.) (at 56 min.) (at 56 min.)
0 .00170 0.00171 0. 00160

0 .0082 0 .0082  0 .0082
8 .44 7 .97 7 .62
0 .8 0 0 .7 6 0 .73

The data necessary for calculation of the diffu
sion coefficients of the butyl alcohols, both from an 
experimental method with our equation and from 
the classical Stokes-Einstein equation, has now 
been determined. The diffusion coefficients of iso-, 
s- and ¿-butyl alcohol were calculated using our 
equation. Pertinent data and calculations ap
pear in Table V.

For purposes of comparison, the diffusion coef
ficients of the butyl alcohols were also calculated 
from the Stokes-Einstein equation 

D  =  (kH ) /{Qnrnr) 

where
k  — Boltzmann’s constant, 1.380 X  10“ 16 (erg/deg.)
H  =  temperature, degrees absolute 
n =  viscosity (poise) 
r =  radius of particle (cm.)

Since this equation presupposes spherical particles, 
tertiary butyl alcohol should be best adapted to ap
plication of the equation with the other butyl alco
hols as a close approximation. The equation also 
presupposes large particles so that the solvent ap
pears as a continuous medium. However, the re
sults may be of interest in a qualitative way. The 
value of “ r”  used in each case was obtained by av
eraging the values determined by many measure
ments of Hirschfelder models, Pauling’s bond dis
tances, molar volume assuming cubic packing, and 
molar volume assuming hexagonal packing. The 
values of the diffusion coefficients of the butyl alco
hols calculated from this equation and from other 
sources are recorded in Table VI.

The positive deviations observed in the various 
physical properties from calculated values based on 
the additivity of these properties in weight per cent, 
solutions are indicative of an increase in complexity

T a b l e  VI

C o m p a r iso n  o f  t h e  V a l u e s  o f  t h e  D if f u s io n  C o e f f i
c ie n t s  of  t h e  B u t y l  A lc o h o l s , fr o m  S e v e r a l  S o u r c e s

A , Experimental values at average concentration 0.0082  
g ./c m .3 B , Calculated from the Stokes-Einstein equation 
using “ n ”  =  viscosity of solution of concentration 1.482 
wt. % ,  and using the following values of " r ”  =  av. radius: 
a-butyl 2.85 X  10 ~8, isobutyl 2.87 X  10~s, s-butyl, 2.87 X  
10-8 , and i-butyl 2.92 X  10-8 (cm .). C , Calculated from 
the Stokes-Einstein equation using “ n ”  =  viscosity of 
water,6 and above values cf radii. D , Listed by Stearn,
Irish and Eyring.7 E , 

Èyring7. F,
Calculated by Stearn, Irish and 

Other literature.8

Alcohol
Diffusion coefficient (cm.Vsec.)

A  X 10-* B X 10"* C X IO"6 D  X  10“‘

ra-Butyl2 0.81 0.81 0.86 0.88
Isobutyl .80 .80 .85
s- Butyl .76 .80 .85
¿-Butyl .73 .78 .84

¿ 'X 1 0 - 5 y x i o - 5

n-Butyl .34 ( .7 7  ± 0 . 0 5 )

of the alcohol molecules when they are dissolved in 
water. The order of arrangement in increasing the 
viscosity of water, as well as in the arrangement in 
increasing diffusion coefficients in water, indicates 
that the particles of ¿-butyl alcohol in solution are 
the most complex and that the complexity of par
ticles decreases until those of n-butyl alcohol, the 
least complex, are reached. Since this order of 
change in complexity is the same as the solubility of 
the alcohols, it might be postulated that the increase 
in complexity of molecules, evidenced by these 
various physical properties, is due to varying de
grees of association with the solvent molecules, wa
ter.

(6) Bingham and Jackson, Bull. Bur. Standards, 14, 75 (1918).
(7) Stearn, Irish and Eyring. T his Journal, 44, 990 (1940).
(8) Thovert, Ann. Phys.t 2, 369 (1914).
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( 'ataphoresis of a few organic and inorganic suspensions in a hydrocarbon oil of medium viscosity was investigated, lie- 
side the standard microscopic method a novel technique utilizing radioactive tracers (C-14) was developed and used. Label
ling was effected by adsorption of the tracer substance from the oil phase. The two techniques, while basically in agreement, 
complement each other in a useful manner. The chief results among others are as follows: The charge of the particles is 
negative, occasionally both signs are simultaneously present. Acids tend to reverse the sign of negative particles. The 
cataphoretic mobility increases somewhat with the electric field. The order of magnitude of the ¡"-potential is frequently 
between 150 and 200 millivolts. In general, a distinct deposit was formed on the electrodes. In oil of increased ionic con
ductivity the zeta-potential is marked!}' reduced, probably owing to compression of the double layer.

This paper describes the results of a study of 
cataphoresis of various organic and inorganic sus
pensions in hydrocarbon oil. The available quan
titative information in this field, which might he of 
value in understanding ionic processes in insulating 
liquids, is rathe r limited; the study was undertaken 
in order to enlarge this knowledge.

Experimental Technique
Two independent experimental techniques were used. 

One was the direct, visual microscopic method and lire 
other a novel technique utilizing a radioactive tracer. The 
results obtained from both methods are, as was expected, 
basically in agreement, yet in certain instances each supplies 
some information not obtainable by the other; thus, the 
two methods complement each other in a useful manner.

The microseop.c method was the same that the author 
had described in an earlier study.1 A flat glass cell is used, 
containing the suspension to be studied and two suitably 
formed wires as electrodes. The cell is observed under a 
microscope which is focused at the point of closest, approach 
of the electrodes where the electric Held is approximately 
parallel. The movement of the particles is directly ob
servable, and their electrophoretic velocity is measured 
by means of a scale in the ocular lens. Frequent reversal 
of the electric field permits many single observations.

The radioactive method employs an assembly shown in 
diagram form in Fig. 1. The cell consists of a cylindrical 
body C, made of bakélite, to which a metal plate, M , is 
cemented. A  glass dish, G , receives the overflow of the 
radioactive suspension, S, poured into the cell. The high- 
voltage lead, H , is connected to M  which is one of the elec
trodes. The other electrode is F , an aluminum foil about 
0.001-em . thick, which is placed on top of the suspension, 
trapping of air bubbles being avoided. A metal ring, R ,

Fig. 1 .--D iagram  of cataphoresis cell using radioactive 
tracers.

(1) Andrew Gemant, T h i s  J oujc xai ., 4 3 ,  7-to (1U3U).

keeps the foil in position, a thin window Geiger-Muellor 
tube G -M  being placed on top of this ring; G R  is the 
grounded lead of a d.c. voltage generator. Figure 2 is a 
photograph of the assembly.

Fig. 2 .— Photograph of tracer cataphoresis cell.

The particles of the suspensions used in this cell are 
labelled by a radioactive substance. The counts as regis
tered initially by the G -M  Counter are used as zero-value 
for the subsequent measurements. D .c . voltage is applied 
between M  and F . If the polarity is such t hat cataphoresis 
takes place in an upward direction, reduced absorption 
causes an increase of counts with time. The counts vs. 
time arc plotted, and from the curve the cataphoretic ve
locity computed as will be shown. The method is applic
able only if a deposit of the suspension is formed on the top 
electrode; in certain instances the particles do not adhere 
to the electrode and no increase of counts is observed.

Reversal of the voltage causes the particles to migrate 
downward and the counts then decrease until the original 
zero-value is reached. There are suspensions in which both 
positive and negative particles are present; in such eases 
reversal of the voltage produces first a dip in the counts 
followed by an increase.

The hydrocarbon oil was a transformer type, having a 
viscosity of 0.14 poise at 25° and a dielectric constant of
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2.18. Labelling of the suspension can be done in two ways. 
Either the tracer is introduced chemically into the solid 
material, or the tracer is dissolved in the liquid from which 
it passes onto the solid by adsorption. In this latter case 
the tracer technique yields not only the cataphoretic ve
locity, but also quantitative information on the adsorption 
of the solute upon the suspended particles. It is this latter 
technique that was used in the present study.

The following substances were used as suspensions: 
silver myristate, potassium tridecanoate, potassium acid 
tridecanoate, magnesium oxide, and graphite. Labelling 
was done by tridecanoic acid containing carbon-14 in the 
carboxyl group.2

Outline of Interpretation of Results.—Before pre
senting experimental results, it will be useful to re
view a few basic relations that were used in evaluat
ing test data.

The electrophoretic potential f  at the solid-liq
uid boundary responsible for cataphoresis is given 
by the Helmholtz equation.3

where rj =  viscosity of liquid, v = cataphoretic 
velocity, e = dielectric constant of liquid, E = elec
tric field intensity. Of these, rj and e are usually 
known; E is given as the ratio of applied vmltage 
to electrode separation. The velocity v remains to 
be measured. It has been mentioned previously 
how this is done in the microscopic method. The 
measurement of v in the tracer technique is now 
explained by means of two typical counts vs. time 
curves shown in Fig. 3. The counts increase lin
early, then a more or less sharp bend follows, and 
finally the counts seem to attain a constant value. 
This is what one would expect theoretically. The 
particles in the electric field are swept to one of the 
electrodes and when all particles are deposited, the 
counts reach their maximum value. The initial 
straight slope is extended until it crosses the hori
zontal branch of the curve. The abscissa of the 
crossing point marks the time needed for a particle 
to move at constant velocity across the entire gap. 
Since the latter is known (0.32 cm.), the velocity is 
known too, and the zeta-potential can be com
puted.

The mobility m is given by ,
m =  v/E (2)

The two different methods .yielded values of m that 
are in fair agreement. Absolute agreement cannot 
be expected since the field distribution differs con
siderably in the two cells. The field in the tracer 
cell is actually more free from disturbances than in 
the microscopic cell. Another reason will be men
tioned in a later section.

The thickness 5 in cm of the electric double layer 
at the boundary is for a hydrocarbon oil approxi
mately1

S =  0.5 X  10~»/V c  (3)

if c, the ion concentration, is measured in mole per 
liter. An increase of the ion concentration in the 
oil compresses the double layer so that its tail end 
in the liquid, representing the f-potential, is consid
erably reduced; this is the cause of the reduction of 
m with increasing concentration in aqueous sus-

(2) Edward Hines and Andrew Gemani, Science, 110, 19 f 10401.
(3) Samuel Glasstone, ' ‘Textbook of Physical Chemistry,” I). Van 

Nostrand Co., Inc., New York, N. Y., 1047, p. 1220.

Fig. 3.— Counts/min. vs. time for labeled silver myristate 
in oil. K O H : 0.6 millieqiuvalent/g. Ag salt; tridecanoic 
acid, 0.01 N.

pensions.4 Experimental evidence will be pre
sented to indicate a similar effect in hydrocarbon 
oil.

It was mentioned that the radioactive cataphore
sis technique permits an estimate of the amount of 
adsorbate on the suspended particles. Let a 
designate the number of grams of radioactive sub
stance per gram of suspended particles and <r the 
counts/min. for 1 g. of radioactive substance lo
cated directly below the top foil electrode. If D is 
the final value of the deposited amount and B is the 
final value of counts/min., then B =  aaD, or

a =  B /(aD ) (4)

This equation may be used for evaluating the 
amount of adsorbate. The values derived for a 
are approximate for reasons explained in the fol
lowing sections which present the experimental re
sults.

Silver Myristate Suspensions.— The silver my
ristate was prepared by precipitation from alcoholic 
solutions and subsequent washing in a Gooch 
filter. Its suspension in hydrocarbon oil is not 
very stable but sufficient for measurements of 
cataphoresis. The particles are irregularly shaped 
and judging from the microscopic picture, have an 
average linear dimension of about 1.3 X 10-3 cm.

The results from both the microscopic and tracer 
technique are presented in Table I. The samples 
for the microscopic tests were prepared with non- 
radioactive tridecanoic acid; a few comparative ob
servations with the radioactive acid showed that 
the cataphoretic velocity was unaffected by the 
presence of C-14. Each horizontal row of the table 
refers to a different solution in the oil phase, as spec
ified. The first four solutions contained an in
creasing concentration of acid, and show a corre
sponding small decrease of mobility and f-poten
tial. The values for the latter are somewhat higher

(4) Herbert Freundlieh, “ Kapillarcheniie,” Akad, Verl. Ges. Leip
zig, 1930.
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than those encountered in aqueous systems. The 
particles are negative which is also the prevalent 
sign in aqueous suspensions and colloids.

T a b l e  I

S il v e r  M y r is t a t e  S u s p e n s io n s  in  H yd r o c a r b o n  O il  
(M ig r a t io n  N e g a t iv e )

Acid
KOH, _ Mobility adsorbed,
milli- Normality of 10“* cm./sec. milli-

equiva- Tridee- Tri- per v./cm. f  equivalent
lent per g. 

Ag salt
anoic
acid

butyl
amine

o-
Cresol

micro
scopic tracer mv.

per g. 
Ag salt

0 0 0 0 3.9 280
0 0 01 0 0 2.9 210
0 .02 0 0 2 .0 150
0 .07 0 0 2.0 150
0 0 .08 0 2.4 170
0 .07 .08 0 2.4 170
0 0 0 .15 1 .8 130
0 .07 .08 .15 0.23 17

0 .3 .01 0 0 1.9 1.1 110 0.2
0 .6 .01 0 0 2 .7 1.5 150 .6
1.2 .01 0 0 2.2 1.8 150 .8
0.6 .05 0 0 2.4 170 .35
0.6 .07 .08 .15 0.42 31

The next four lines refer to the combination acid- 
amine-phenol which, as the author found,6 produce 
markedly high ionic conductivities in hydrocarbon 
oil. While neither an amine, nor a phenol in itself 
affects the cataphoresis of Ag mvristate, the three 
in combination lower the mobility markedly, as 
may be seen. Although no final conclusion can be 
drawn from this observation, it appears to be the 
analog of similar observations made in aqueous col
loidal solutions, and explainable on the basis that 
the electric double layer is compressed with increas
ing ion concentration.

The next solutions listed in Table I were pre
pared with radioactive tridecanoic acid. If such 
a suspension is introduced into the tracer cell (Fig.
2), no effect is observed. The counts remain the 
same, whatever voltage is applied across the cell. 
The reason is that the adsorption of the acid by 
the suspended particles is insignificant. In order 
to produce a measurable adsorption, a small amount 
of potassium hydroxide was added to the Ag myris- 
tate particles prior to their mixing with the oil by 
bathing them in a drop of alcoholic KOH solution 
until the alcohol evaporated. In this manner large 
effects in the tracer cell were obtained. The ap
proximate amounts of milliequivalent KOH per 
gram silver salt are listed in Table I. The mobility 
figures deduced from the tracer experiments are 
somewhat lower, but of the same order of magnitude 
as the microscopically determined figures. The mi
croscopic mobility figures show that the presence of 
KOH does not noticeably affect the cataphoretic 
process.

Figure 3 shows the results from the tracer experi
ments for one particular solution: counts per min. 
are plotted vs. time in minutes. The three curves 
refer to three different electric fields. Two anoma
lous features appear on the graph. One is that 
the slope of the lowest curve (630 v./cm.) is too 
small relative to the others. Another is that the 
final values of the two upper curves are not identi
cal as might be expected. Both these anomalies

(5) Adalbert Farkas, “ Physical Chemistry of Hydrocarbons,”  Vol. I,
Academic Press, Inc., New York, N. Y., 1950, Chap. 6.

are caused by the settling due to gravity of the sus
pended particles. The velocity due to gravity vg 
can be calculated from the equation

= 0.22 (5) 
v

(g =  gravitational constant, p =  density of parti
cle, po = density of oil, r = equivalent radius of par
ticle.) With p- =  2.7, po = 0.9, r =  0.65 X  10“ 3 
ri =  0.14, one has i>g = 1 X  10~3 cm./sec. The 
velocities for the two upper curves calculated from 
the intersection of the dotted lines, as explained in 
the previous section, are, respectively, 2.4 X 10~3 
and 1.3 X 10~~3 cm./sec. It can be seen that the 
settling rate must have interfered rather seriously 
with the lowest curve, causing it to be too flat. 
Only the two upper curves were used, therefore, for 
evaluations. Even these two are, of course, in
fluenced by the settling of particles which causes 
the 950 v./cm. curve, corresponding to a lower 
cataphoretic velocity, to reach a lower final value. 
The same effect is probably responsible for the fact 
that the values of m are altogether lower than those 
derived microscopically; in this latter technique 
gravity does not affect the data.

The last solution of the series in Table I contains 
the highly conducting combination acid-amine- 
phenol with KOH added to the suspensed parti
cles. The microscopically measured mobility is 
again markedly reduced, by a factor of 1:5. The 
tracer test, accordingly, showed a small effect only: 
in the first 2 minutes the counts/min. rose by about 
60, as compared with 500 with the preceding sample 
of low ion content.

The last vertical column gives the amounts of 
acid adsorbed, as estimated from Equation 4. The 
data are approximate, chiefly because the total 
amount D of Ag salt deposited at the electrode is 
not exactly known. The amount of Ag salt present 
in the cell was somewhat over 2 mg., and it may 
be estimated that half of this escaped deposition 
because of settling, hence D = 10~3 g. The value 
of cr was known by calibration to be 10 counts/min. 
per jig. Hence a =  10~4 B. The figures derived 
in this manner divided by 214, the molecular weight 
of the acid, are listed in Table I. It can be seen 
that these figures increase with the amount of KOH 
added, as would be expected.

T a b le  II

S il v e r  M y r is t a t e  S u sp e n sio n s  in  O il

KOH, milli- 
equivalent 

per g.
Tridecanoic

acid,
Field

intensity,

Mobility,io-«
cm./sec. Method

Ag salt normality v./cm . per v./cm, used
0 0 390 3 .4 Microscopic
0 0 580 3 .9 Microscopic
0 .01 390 2.6 Microscopic
0 .01 580 2 .9 Microscopic
0 .02 220 1 .5 Microscopic
0 .02 410 2 .0 Microscopic

.0 .01 940 1.4 Tracer

.6 .01 1570 1 .6 Tracer
1 .2 .01 940 2 .1 Tracer
1 .2 .01 1570 1 .6 Tracer

The mobilities as listed in Table I show only
little variation with field intensity. A few data iì-
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T a b l e  III

P o t a s s iu m  T b id e c a n o a t e  S u sp e n s io n s

KOH, milli- 
cqui valent 

per g. K salt

Normality of
Tridecanoic Tributyl- 

acid amine
0-

C resol
Polarity of 

particles

Mobility
10~fi cm./see. per v./cm. 
Microscopic Tracer

r,
mv.

Acid adsorbed, 
m illiequi valent 

per g. K salt
0 0 .01 0 0 Positive 2 .7  1 .4 200 0 .04

.3 .01 0 0 Positive 3 .2  2 .0 190 .3

.6 .01 0 0 Positive 2 .3  1.1 120 .25
1 .2 .01 0 0 Pos. and ncg.
0 .15 .17 .30 Positive 0 .15 11

lustrating this behavior are given in Table II for 
both techniques used. As a rule, the mobility in
creases somewhat with increasing electric field.

Potassium Tridecanoate Suspensions.— Results 
obtained from these suspensions are summarized 
in.Table III and shown for two particular in
stances in Figs. 4 and 5. The polarity of these 
suspensions is generally positive. The tracer test 
can be carried out even without the addition of 
KOH, although the amount of acid adsorbed (final 
value of net counts) is very little. The mobility as 
deduced from the two tests is of the same order of 
magnitude.

Fig. 4.— Counts/min. vs. time for labeled potassium tri
decanoate in oil. K O H : O.G milliequivalent/g. K  salt;
acid, 0.01 N.

An interesting effect takes place when the added 
KOH exceeds a certain amount : under the mi
croscope both positive and negative crystallites are 
observed and an accurate determination of the ve
locity is not possible. This is in agreement with 
the known reversal by OH ions of positive colloids 
in aqueous systems. If the suspension containing
1.2 mg. of IvOH is studied by the tracer technique, 
a result shown in Fig. 5 is obtained. Negative 
voltages (the sign refers to the high-voltage elec
trode) produce marked rises in the counts, whereas

reversed voltages cause first a sharp drop and then 
a slow rise. This behavior clearly indicates that 
both polarity particles are present with negative 
ones prevailing.
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Fig. 5.— Counts/min. vs. time for potassium tridecanoate in 
oil. K O H : 1.2 milliequivalents/g. K  salt; acid, 0.01 JV.

The last solution in Table III was of the conduct
ing type, acid-amine-phenol, and the cataphoretic 
velocity is again markedly reduced. This reduc
tion is thus observed with both negative (Ag salt) 
and positive (K salt) systems; this is further proof 
that the effect is not a discharge process but a com
pression of the double-layer due to the high ion 
concentration, as explained.

Table IV presents results obtained from potas
sium acid tridecanoate suspensions. These par
ticles, in contrast to the neutral salt, are negative. 
Apart from this difference the two compounds be
have similarly, the tracer test showing a measurable 
effect without any added KOH. Figure 6 gives the 
tracer test results with 0.01 N tridecanoic acid. 
The conducting solution markedly reduces the f- 
potential, as in the previous suspensions. The 
tracer test with such solutions indicated no measur
able increase of counts.

T a b l e  I V

P o t a s s i u m  A c i d  T r i d e c a n o a t e  S u s p e n s i o n s  

( M i g r a t i o n  N e g a t i v e )

KOH,
milli- Normality of

Mobility 
10-6 cm./sec

Acid
adsorbed

milli-
equiva- Tridec Tri 0- per v./cm equivalent
lent per anoic butyl Cre- micro * r per g.
g. K salt acid amine sol scopic tracer mv. K  salt

0 0 0 0 2 .0 150
0 .05 0 0 1.4 100
0 .01 0 0 2.3 170 0.05
0 .05 .06 .10 0.40 20

.6 .05 0 0 2.6 190

.6 .01 0 0 1.2 88 0.35



242 A n d r e w  G e m a n t Vol. 56

Fig. 6.-— Coum s/m in. vs. time for potassium acid tridec- 
anoate in oil. K O H : 0.6 milliequivalent/g. K H  salt;
tridecanoic acid, 0.01 N.

Magnesium Oxide Suspensions.— In contrast 
to the organic compounds discussed up to now, 
an inorganic substance, MgO, is dealt with in this 
section. The results are summarized in Table V. 
The migration is negative throughout. The sus-

pension is remarkably stable and the settling rate 
low, probably because of the fluffy structure of the 
crystallites. Since the material is basic, the addi
tion of KOH is unnecessary for labelling with the 
radioactive acid. Figure 7 shows the results of the 
tracer test with 0.05 N tridecanoic acid. In spite

of the scattering of the counts, the sharp bend of 
the curve is conspicuous.

T a b l e  V

M a g n e s i u m  O x i d e  S u s p e n s i o n s  ( M i g r a t i o n  N e g a t i v e )

Norm
Trideca

ality of 
Tri o~

Mobility 
10 ~6 cm./sec. 

per v./cm.

Acid
adsorbed

milli-
noie butyl Cre- Micro r, equivalent
acid amine sol scopic Tracer mv. per g. MgO

0 0 0 1.8 130
.01 0 0 1.9 2 .0 140 0 .5
.05 0 0 2 .9 1.7 210 .55
.05 .04 .20 0.80 58
.15 .17 .30 .47 34

Using the conducting combination acid-amine- 
phenol, the reduction of the ¿"-potential is again 
noticeable. In spite of this reduction, the tracer 
test should have shown an effect, even if reduced' in 
magnitude. There was, however, no increase in 
counts observed. After disassembly of the cell, no 
deposit upon the foil was found, whereas in the solu
tions containing the acid alone a white deposit 
formed on the aluminum foil. This shows that the 
absence of an effect in this case was caused by a 
non-adherence of the magnesium oxide particles at 
the electrode.

The magnitude of the ¿"-potential is very similar 
with such dissimilar substances as Ag myristate and 
MgO. This again is in keeping with observations 
in aqueous systems where the potential is often 
around 50 mv. independent of the nature of the 
solid phase. The reason of this is that the ¿"-poten
tial is determined by the structure of the double 
layer in the liquid phase, hence it is frequently inde
pendent of the chemical nature of the solid, except, 
of course, for its sign.

Graphite Suspensions.— Colloidal graphite con
tained in Oildag6 was used after separation from 

the liquid phase by repeated washing with 
toluene and centrifuging. The average par
ticle size of this graphite is about 1 micron. 
The polarity of these particles in hydrocarbon 
oil is negative, but the sign is easily reversed 
by acids. The migration of the particles 
under the microscope is somewhat turbulent. 
When the vicinity of the negative electrode 
has been cleared of particles, their motion 
stops altogether, probably because of distor
tion of the electric field. For this reason the 
tracer test cannot be used for quantitative 
evaluations.

Table VI gives the data of the microscopic 
observations. The cataphoretic mobilities are 
lower than with the other suspensions investi
gated. This is an instance in which the chem
ical nature of the solid markedly influences the 
potential. Acid in higher concentrations re
verses the polarity, as may be seen. In the 
highly conducting solution the motion was 
regular, without signs of turbulence.

The results from tracer tests are shown in Fig. 
8, taken at a field intensity of 950 v./cm . The 
lowest curve has no potassium hydroxide added, the 
other two in the amount indicated. While the total 
increase of the lowest curve is only about 40 counts/ 
min., this figure reverts to a rather small amount of

(6) Acheson Colloids Corp., Port Huron, Michigan.
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Fig. 7.— Counts/min. vs. time for labeled magnesium oxide; acid,
0.05 N.



Feb., 1952 St u d y  of  t h e  F is c h e r - T k o psch  R e a c t io n  U s in g  D e u t e r iu m  G a s 243

T a b l e  VI

G r a p h it e  S u s p e n s io n s  (M icr osco pio  O b s e r v a t io n s ) 
Normality of Mobility

Tridec
anoic

Tri
butyl 0-

Polarity 
of cm

10 -«
./sec. per r

mvKOI I acid amine Cresol particles v./cm .

None 0.01 0 0 Negative 0 .4 8 35
None .05 0 0 Positive .66 48
None 0 .08 0 Negative .95 69
None .05 .05 .10 Positive .47 34
Present 0 0 0 Negative .95 69
Present .01 0 0 Negative .54 39
Present .05 0 0 Positive .66 48

graphite; the total amount present in the cell was 
only about 0.5 mg., and of this only a small fraction 
was deposited because of the incompleteness of the 
cataphoretic motion. From the writer’s study7 on 
diffusion of tridecanoic acid in oil, a figure of 0.2 
milliequivalent of acid adsorbed per g. graphite can 
be derived. From this a = 0.04, and from Equa
tion 4 with B = 40, D =  10~4 g. follows. This 
means that about 20% of the graphite was depos
ited by eataphoresis. While this figure could not 
be determined experimentally, it appears of the 
right order of magnitude, judging from the micro
scopic observations.

The amphoteric nature of carbon, as found in
(7) Andrew Gemant, T h is  Jo u r n a l , 54, 569 (1950).

Fig. 8.— Counts/'min. vs. time for labeled graphite in oil; 
acid, 0.01 normal; field, 950 v./'cm.

this study, is in agreement with corresponding ob
servations from aqueous systems.

STUDY OU THE EISCIIER TROPSCH REACTION USING DEUTERIUM GAS1
By S y d n e y  O. T h o m p s o n , J o h n  T u r k e v i c h  a n d  A. P. I r s a

Department of Chemistry, Brookhavrn National Laboratory, Upton, Long Island, New York
Received January 30, 1951

A description is given of an apparatus for tlie production of deutero carbons from deuterium and carbon monoxide. The 
various deutero carbons and waxes are examined for their mass spectrum patterns and infrared spectra.

Introduction
The Fischer-Tropsch reaction is important not 

only from an industrial point of view but also from 
the scientific viewpoint in that it offers in its com
plex but flexible features a challenge to the theory 
of heterogeneous catalysis.

In this paper we shall present the study of the 
interaction of deuterium and carbon monoxide over 
a Fischer-Tropsch cobalt catalyst and the infra
red and mass spectral data of the deuterated prod
ucts.

Apparatus.— The apparatus (Fig. J) was designed 1« 
sludy the reaction both under straight flow conditions and 
under conditions in which the exit gas was recycled. The 
latter procedure was used in the work with deuterium in 
order to conserve this gas. For the flow experiments the 
apparatus consisted of a gas mixing section (not shown in t he 
figure), a reactor (1 ), a series of traps (2), (3), (5) and a cir
culating system consisting of a pump (7) and ballast cham
ber (6) and (8).

For the recycle experiments the gas mixture was intro
duced from the storage bulb (9) and recycled by the pump

(1) Research carried out. under the auspices of the Atomic Energy 
Commission. Presented at symposium on the Use of Tracers in the 
Petroleum Industry at the Chicago Meeting of the ACS, September,
1950.

(7) using ballast chambers (0) and (8). The pressure was 
determined by mercury manometers, the flow rate by ro
tameters; and the temperature was monitored by thermo
couples placed in the heating jacket and in the catalyst bed.

Tin* reactor was a glass tube 35 m m . diameter and about 
30 cm. long. Two wells extending from the top to the 
midpoint of the catalyst, bed were used for a bimetallic ther
moregulator and a chromel-alumel thermocouple. The 
reactor was charged with 20.5 g. of catalyst and occupied 
a space of 65 cc., the actual volume of the catalyst being 42 
cc.

The trap system consisted of one at 0 ° (2 ), another at 
Dry Ice temperature (3 ), and a third one (5) at liquid air tem 
perature. The first two were constructed so that one could 
syphon off the liquid products without opening the system 
to air. The contents of tin liquid air trap, when brought, 
to room temperature, were stored over water in a gas reser
voir. A  gas pipet (4) was used for intermittent sampling 
of the recycled gas.

The recycling pump was constructed of bronze sylphon 
bellows and valves of stainless steel ball bearings.2 The 
pump was driven by a 0.1. horsepower Boston Ratio Motor 
Type M B  and gave a displacement of approximately 90 
liters per hour. A  5-liter ballast bulb before the pump and 
the 3-liter bulb after the pump was used to increase the gas 
capacity of the system and to even out the pressure varia
tions during the pumping cycle. An 18-liter reservoir tank

(2) B. B. Corson and W. J. Cerveny, Ind. Eng. Cltcm., Anal. Ed., 
14, 899 (1942).
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I REACTOR

Fig. 1.— Apparatus used in the Fischer-Tropsch process.

was used to introduce the synthesis gas through a bleeder 
valve into the recycling system to maintain atmospheric 
pressure within the system. The drop in pressure of the 
tank was used as a measure of the progress of the reaction.

Materials.— Tank hydrogen and tank carbon monoxide 
were used directly. The carbon monoxide gas has the 
following impurities: 0 .3 6 %  C 0 2, 0 .9 7 %  H 2, 1 .0 %  N 2, 
0 .9 %  saturated hydrocarbons, 1.9 mg. per liter of iron and 
0.32 m g. per liter of sulfur. The deuterium gas was ob

tained from the Atomic Energy Commission and its deu
terium value fluctuated from 98.5 to 9 9 .4 %  D 2.

The catalyst was the standard cobalt-thoria-magnesia 
kieselguhr material.3

In the initial stages of the investigation the deuterium gas 
was generated by' electrolysis of heavy water.

Procedure.— The reduction schedule used to activate the 
catalyst was identical to that described by the Bureau of 
¡Mines group.3 For the deuterium work the reduction was 
carried out with deuterium on a catalyst that had been pre
viously evacuated at 250°.

For the operating conditions a space velocity of 150 per 
hour and a temperature of 200° was used with protium syn
thesis. For deuterium synthesis two temperatures, 192 and 
227°, were used, and products were discarded until the 
analysis of the water produced indicated a light hydrogen 
impurity of less than 2 % . A  typical run consisted of eight, 
hours of synthesis followed by 16 hours of standing in deu
terium gas at the synthesis temperature. When the rate of 
product formation fell off, the catalyst was purged with 
deuterium at a space velocity of 2000 per hour for eight hours.

The products obtained from the various traps were dis
tilled either through a Podbielniak low temperature column 
or a highly efficient high temperature fractionation column. 
The gaseous products were examined in a General Electric 
Mass Spectrometer. Infrared spectra were obtained on 
all products with the Baird Double Beam Recording Infra
red Spectrometer.

Results
Typical data on the process are given in Table I, 

while Table II gives the distribution of the con
verted deuterium between the liquid, gaseous and 
aqueous phases.

The gas phase was analyzed during the course of 
reaction by an Orsat apparatus. Typical results

T a b l e  I

F isc h e r - T ro psch  D a t a  fo r  D e u t e r iu m  a n d  C a r b o n  M o n o x id e  (2:1 Vol.) on  C o b a l t  C a t a l y s t

Run
no.

Tine,
hr.

Temp.,
°C.

No. of moles'1 
of synthesis 

gas used Water

No. of moles of product 
Deutero- 
carbon Gas

Input,
moles

deuterium

Output,
moles,

deuterium

i 36.5 190.2 3.11 1.26 0.045 0.22 1.97 2.20
2 57. 192. 1.78 0.69 .036 .06 1.07 2.21
3 45 192. 1.32 .56 .027 .035 0.79 0.93
4 42 192 1.37 .52 .038 .085 0.85 1.09
5 63 227 2.48 .96 .045 .20 1.65 1.86
6 20 227 1.67 .58 .031 .13 1.1 1.17
4 24 225 1.62 .47 .030 .20 1.1 1.20
8 30 225 1.64 .48 .033 .13 1.1 1.1
9 20 227 1.64 .19 .035 .17 1.1 0.91

10 53 227 1.63 .36 .014 .32 1.1 1.15
11 56 232 1.64 .42 .029 .13 1.1 1 .0

° Synthesis gas is deuterium and carbon monoxide (2 :1  vol.).

T a b l e  II

Y ie l d s“ o f  F is c h e r - T ro psch  P ro d u c ts  fo r  D e u t e r iu m  
a n d  C a r b o n  M o n o x id e  I n p u t

Run Liquid, % Gas, % Aqueous, %

1 23 20 57
2 33 10 57
3 38 7 55
4 53 30 17

5 27 22 52
6 28 22 49
7 28 33 39
8 30 24 46
9 42 37 21

10 13 55 32
11 32 20 42

Based on input D 2.

are presented in Table III. The residual gas from 
the Orsat was dried, examined in the infrared spec
trometer and found to be primarily deuterometh- 
ane. Gases obtained from run to run were col
lected and separated into Ci, C2, C3 and C4 cuts by

T a b l e  III

A n a l y s is  o f  G a s  P ro d u c ts

Temp., COj, CO, Deutero Dî, Sat., Unsat.
°C. % % carbon % % %
190 7.0 11.5 81.5 1 .0 75.5 6.0
192 14.9 25.0 59.9 54.0 5.9
192 11.5 25.7 61.8 2.0 58.0 3.8
227 9.2 26.4 61.6 1.9 57.2 4.6
227 13.4 21.1 03.2 2.3 03.2 6.0
227 9.2 27.8 02.5 0.2 54.5 8.0
(3) R. B. Anderson, A. Krieg, B. Seligman and W . O’Neill, Ind. 

Eng. Chem., 39, 1548 (1948).
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WAVE LENGTH IN MICRONS,

Fig. 2.— Infrared spectra of methane-di and methane.

distillation in a Podbielniak column. The degree 
of unsaturation was determined either by catalytic 
deuteration or by absorption in fuming sulfuric 
acid. Table IV gives typical analyses. It is seen 
that methane is the main gaseous product and the 
per cent, unsaturated in the C2 and C3 fractions is 
between 20-30%.

T a b l e  I V

A n a l y s is  op  t h e  D e u t e r o c a r b o n  G a s  P ro d u c ts

Cl, % C«, % c., % C,. %

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

D e g r e e  of U n s a t u r a t io n  in  F is c h e r - T ro psch  P ro d u c t

Cs Sat., % Unsat., % Sat., % C3 Unsat., %

79 21 69 31

The infrared spectrum of deuterated methane is 
given in Fig. 2 and Table V. The mass spectrum 
is substantially the same as that of CH4 after due

T a b l e  V

/ n f r a r e d  A b so r p tio n  D a t a  fo r  M e t h a n e - ^
Sample Literature

Wave length in cm. reference“

2250 strong 2258 .2
2215 weak
2095 weak

995 strong 995 .6
968 weak
960 weak

“ G . Herzberg “ Molecular Spectra,”  Vol. I I , D . Van Nos
trand Co., New York, N , Y ,( p, 307.

allowance is made for the change in masses. The 
sample contained 5.4% CD3H indicating a 1.3% 
protium impurity in the product.

T a b l e  V I

M a s s  S p e ct r u m  o f  M e t h a n e

m/e Methane-44 m f e Methane-d* Methane
20 100.0 16 7 . 8 100.0
19 5.4 15 0 . 3 80.9
18 81.5 14 3 . 5 10.3

13 4.7
17 2.4 12 1 . 3 1.5

T a b l e  V II

I n f r a r e d  A b so r p tio n  D a t a  (W a v e  L e n t g h , c m ! *) for  
E t h y l e n e - ^  a n d  E t h a n e - ^

Ethane-d
and Ethane- Ethylene- Ethane- Ethyl-

ethylene-d d d db en e-db

2345 shoulder 2345 shoulder 2345
2200 strong 2200 strong 2200 strong 2236 2200

2110
2080 medium 2080 medium 2087
2060 medium 2060 medium

1907 weak 
1654 weak

1595
1510 weak 1510 weak 1510
1480 weak 1430 weak 1495
1470 weak 
1090 medium 1095 medium

1470 weak
1102

1480

1080 strong 1073 strong 1080 strong 1072 1079
1045 medium 1045 medium
993 strong0 
718 strong

993 strong“
718 strong 723

720

“ Absorption wave length for methane-d. 6 G . Hertz- 
berg, “ Infrared and Raman Spectra,”  p. 344, et,hane-d«; 
p . 326, etbylene-dj,
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WAVE LENGTH IN MICRONS.

Fig. 3.— Infrared spectra of ethane-d6, ethane and ethyl ene-<ii.

The infrarec. spectra of the deuteroethane-ethyl- 
ene, deuteroethane and protium ethane are pre
sented in Fig. 3 and in Table VII. The agreement 
with published data is satisfactory. The mass 
spectrum of the deuterated ethane is given in Table 
VIII. The light ethane is given for comparison. 
It is seen that there is about 8.2% C2D 6H in the 
product corresponding to 1.3% protium impurity.

T a b l e  V III

M a ss  S p e ct r u m  o f  E t h a n e  a n d  D e u t e r o e t h a n e

m/e Deuteroethane m/e Deuteroethane Ethane

36 100.0 30 147.9 100.0
35 8 .2 29 11.9 92 .4
34 8 8 .6 28 9 5 .8 4 41 .8
33 16 .3 27 11.1 143.6
32 561 .3 26 2 7 .0 9 5 .8
31 2 5 ,2 25 0 .1 19.2

24 0 .3 4 .1

The agreement between the C2D6 spectrum and the 
C2H6 spectrum after due allowance is made for mass 
changes, is satisfactory except for the case of the 
removal of two hydrogen atoms giving ions of 
masses 32 and 28, respectively.

The deuterated propane-propylene mixture, the 
deuterated propane and ordinary propane infrared 
spectra are given in Fig. 4 and Table IX . It is 
seen that the completely deuterated propane has 
two bands in the 2-16 g region, one at 4.6 ju and an
other at 9.3 n, both corresponding to an isotopic 
shift from 3.4 and 6.8 fi, respectively. The com
pletely deuterated propylene spectrum is character
ized in part by a band at 6.3 g and a broad band 
from 13 to 15 n which definitely disappear on bro
mine treatment and distillation of the deuterated 
propane-propylene mixture. The mass spectrum 
of the deuterated propane is given in Table X . The 
concordance betwen the mass spectra of the C3D 8 
and C3H8 is not as good as in the case of the ethanes
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T a b l e  I X

I n f r a r e d  A b so r p tio n  D a t a  ( W a v e  L e n g t h , cm . -1 ) for  
PROPANE-cis AND PROPYLENE-rfe

Propane-d and Propylene-d
propylene-d Propane-d (partial spectrum)

2860 weak 
2320 shoulder 
2180 strong 2220 strong
2070 medium 2094 medium

1590 strong 
1580 strong

2085 medium 
2070 medium

1580“
1450 medium 
1430 medium 
1380 weak 
1175 medium 1200 weak
1145 medium 
1055 strong“ 1073 medium
1043 strong“ 

868 medium
992 weak6

808

783 shoulder 783 shoulder
730 strong 720 weak 730
705 strong 705

668 weak

“ Absorption frequencies for ethane-rfc. b Absorption 
frequency for methane-d*.

and methanes, particularly for the positive ions of 
masses 34, 32 and 28. This is undoubtedly due to 
either an air contribution to masses 32 and 28 or to 
C2D 6 and C4D10 components not completely re
moved by fractional distillation.

The deuterated butane was recovered by the sta
bilization of the liquid product to give a gas boiling 
— 9 to 0°. The butenes were separated by bromine 
treatment. The infrared spectrum shows three 
bands at 4.6, 4.8 and 9.5 as shown in Fig. 0 and 
Table XL The mass spectra are given in Table 
X II. The concordance between the protium and 
deuterium spectra is reasonably good among the C4 
fragments. However, in the C3 and C2 region the 
deuterium compound .snows considerably higher
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Fig. 5.— Infrared spectrum of butane-dw and butane.

currents which may be due either to impurities or 
greater ease of fragmentation of the deuterated bu
tane.
NfeThe infrared spectra of the liquid phase deutero 
carbons before stabilization, after stabilization at

room temperature to remove dissolved gaseous 
products, and after catalytic deuterization are given 
in Fig. 6. Figure 7 gives the spectra of the hydro
carbons for comparison. It is seen that removal of 
dissolved gases clears up the spectrum considerably

WAVE LENGTH IN MICRONS.

Fig. 6,— Infrared spectra of liquid hydrocarbon product.



Feb., 1952 St u d y  of  t h e  F is c h e r - T ro psch  R e a c t io n  U s in g  D e u t e r iu m  G as 249

Fig. 7.— Infrared spectra of the liquid deutero deuterocarbon product.

T a b l e  X

M ass  S p e c t r a  op  D e u t e r a t e d  P b o p a n e  a n d  P r o p a n e  
(G e n e r a l  E lec tric  M a ss  S p e c t r o m e t e r )

m/ e
Deuterated

propane Propane
52 100.0
51 9.9
50 86.6
49 5.2
48 15.9
47 2.0
46 47.1
45 1.8
44 19.6 100.0
43 3.0 102.0
42 52.7 17.9
41 2.6 55.1
40 14.3 9.2
39 1.0 67.1
38 8.3 20.7
37 13.6

m/e
Deuterated

propane Propane

33 30.4
32 446.8
31 19.0
30 208.2
29 5.0 403.0
28 71.4 242.0
27 2.5 146.5
26 9.5 33.0
25 4.6
24 1.4 1.0

20 3.2
19 0.4
18 23.9
17 2.9
16 12.7

36 26.7 2.1
35 11.7
34 472.1

2230 shoulder 
2200 strong 
2150 weak 
2115 shoulder 
2090 strong 
2050 shoulder

15 1.7 12.5
14 4.5 5.0
13 1.6
12 2.6 0.8

1210 weak 
1180 weak 
1150 weak 
1095 shoulder 
1065 medium strong

« Product is mixture of butane and isobutane.

while deuterization removes the bands at 6.3  ̂ and
14.2 ¡x due to deutero unsaturateds.

The wax products obtained both as solids during 
synthesis and from distillation of the liquid were

T a b l e  X I

I n f r a r e d  A b so r p tio n  D a t a  (W a v e  L e n g t h  c m . - -) fo r  
B uTANE-dio AND IsOBUTANE-dio 

Butane-d and isobutane-d“ Butane-d and isobutane-d“
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T a b l e  X II
M a s s  S p e c t r u m  o f  D e u t e r o b u t a n e  a n d  B u t a n e

m/ e
Deutero-
butane Butane m l e

Deutero-
butane Butane

68 100.0 43 8 .0 905 .0
67 10.9 42 214 .0 134.0
66 16.3 41 7 .3 321 .8
65 1 .5 40 48.1 16 .2
64 4 .6 39 1 .9 126.2
63 0 .4 38 2 7 .2 2 1 .4
62 4 .5 37 3 5 .2 14.5
61 36 4 .0 1 .3
60 0 .4 35 2 6 .4
59 34 1162.0
58 4 .0 100.0 33 7 8 .6
57 19.2 32 994 .0
56 0 .9 6 .8 31 5 1 .9
55 0 .8 8 .9 30 741 .0 9 .4
54 4 .6 1 .6 29 2 6 .2 457 .0
53 4 .0 6 .7 28 180.0 291.6
52 19 .7 2 .3 27 7 .3 310.0
51 5 9 .0 10.5 26 2 5 .0 5 4 .3
50 1521.0 13.9 25 5 .2
49 111.2 3 .9 24 4 .0 0 .8

48 235 .4 0 .5 20 10.5
47 2 9 .8 19 3 .4
46 501 .0 0 .8 18 5 9 .8
45 2 1 .8 17
44 12.8 2 8 .7 16

white in color and amounted to about 5-6%  of the 
liquid product. Their infrared spectrum showed 
bands at 4.6, 4.8, 9.15 and 9.4 and the spectrum was 
similar to that of the catalytically deuterated liquid 
deutero carbons. This is taken to indicate that 
they were relatively free of unsaturation.

Density determinations on the aqueous phase in
dicated 98% deuterium, and about 1% organic con
stituents. The latter were partially identified by 
distillation of the liquid between 60-100°, extrac
tion of the various fractions with carbon tetrachlo
ride and examination of the infrared spectra of the 
extract. Indications were obtained of the presence 
of OD and C = 0  bands.
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APPLICATION OF THE CATHODE-RAY OSCILLOSCOPE TO 
POLAROGRAPHIC PHENOMENA. I. DIFFERENTIAL CAPACITY OF 

THE ELECTRICAL DOUBLE LAYER
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A detailed description of an electronic circuit has been given whereby the differential capacity vs. potential curve may be 
obtained on the screen of an oscilloscope. The capacity current pattern consists of a charging current trace and a discharging 
current trace. Comparison of calculated capacity values with known values agree favorably for the five solutions investi
gated. The potentials of certain distinguishing points on the curves likewise are in agreement with known values. The time 
required is a fraction of that needed with other methods. The application of the circuit is useful for studying charging cur
rents at a streaming mercury electrode. Adsorption phenomena can be easily followed by the technique.

The application of the cathode-ray oscilloscope 
(CRO) to the measurement of polarographic phe
nomena has been reported by many investigators. 
A few have shown how the CRO may be used to 
study capacity phenomena at the mercury capillary 
electrode. Heyrovsky1 employed a sine wave 
voltage alternately to charge and discharge nega
tively a mercury capillary electrode. The voltage 
output from the polarographic cell was placed on 
the vertical deflection plates of a CRO. The 
horizontal sweep was synchronized with the 
frequency of the applied potential to give on the 
face of the oscilloscope a potential-time trace con
sisting of the charging and discharging branches. 
Reversible depolarization processes are accom
panied by definite kinks or time-lags situated sym
metrically on the two arms of the potential-time 
curve. Similar kinks result when various non
electrolytes are adsorbed and desorbed at the 
electrode. On adsorption of the non-electrolyte 
film the capacity of the film-electrode layer be

(1) J. Heyrovsk?, F. Sorm and J. Forejt, C o llectio n  Czechoslov.
C h em . C o m m u n 12 11 (1947).

comes smaller than that of the aqueous double 
layer, whereas, on desorption the film suddenly 
breaks up at a certain charge density of the polar
ized electrode.

Delahay2 developed an electronic saw-tooth 
voltage sweep for the purpose of studying reduction 
processes at the dropping electrode. The hori
zontal sweep of the CRO is proportional to the 
applied potential; the vertical deflection is propor
tional to the current flowing at the electrode. 
Because of the high rate of voltage change, ca. 
20 volts per second, a considerable capacity current 
flows. Delahay measured the capacity currents of 
a 0.5 molar sodium sulfate solution on both the 
positive and negative branches of the electro
capillary curve, the observed and calculated values 
of which differed by 12 and 17%, respectively.

Bieber and Trumpler3 described a method for 
studying polarographic phenomena using an isos
celes triangular voltage sweep to polarize the 
dropping mercury electrode (D.M.E.) alternately,

(2) P. Delahay, T h is  J o u r n a l , 63, 1279 (1949).
(3) R. Bieber and G. Trumpler, Helv. Chim. Acta , 30, 971 (1947).
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negatively and then positively. With depolarizers 
in solution, the potential-time relationship ob
tained on the screen of the CRO shows reduction 
on one arm of the sweep and oxidation on the other. 
The polarographic behavior of formaldehyde was 
studied in this manner. A similar triangular 
voltage sweep was applied by Sevcik4 to other 
systems to obtain current-voltage oscillograms. 
In the absence of depolarizers, the i-E  patterns 
show the charging and discharging capacity current 
curves as a function of the applied potential. 
Sevcik demonstrated this with a photograph of the 
current-voltage oscillogram of an “ empty”  elec
trolyte solution (one normal potassium hydroxide 
solution).

The most recent and most comprehensive in
vestigation on differential capacity at the mercury 
electrode has been reported by Grahame.5 His 
method of measuring differential capacity of the 
electrical double layer with great accuracy at any 
applied potential involves the use of an impedance 
type capacity bridge with a CRO as a null-point 
indicator. A synchronized timing mechanism in
dicates the age of the mercury drop at the instant 
the null-point is reached. From the age of the 
drop and the rate of flow of mercury, the area of 
the drop is calculated.

The present paper describes a circuit for pro
ducing i-E  oscillograms similar to those of Sevcik 
and demonstrates the usefulness of such oscillo
grams for studying electrocapillary phenomena.

Theory of Method
The equation relating differential capacity, C, to the sur

face charge density of the electrical double layer, Q, and 
applied potential, E , is

C = dQ/dE ( 1 )

Under the conditions of the experiment where a linearly in
creasing and decreasing potential sweep is applied to the 
D.M.E., the rate of change of voltage with respect to time, 
t ,  is equal to a constant, K ,  i . e .

dE/dt =  K  (2)
Substituting the value of dE  of equation 2 into equation 1, 
we have

C — 1 v  ^  
( ~  K X T t

(3a)

or
dQ/df = K C  = i , (3b)

In the latter equation, dQ/dt is the rate of flow of charge 
equal to the capacity current, ix, which is proportional to the 
differential capacity of the electrical double layer. Thus, 
as the applied potential increases linearly, the capacity cur
rent is proportional to the differential capacity over the po
tential range covered. The assumption is made that, the 
differential capacity as a function of applied potential is in
dependent of the rate at which the voltage sweep is applied. 
Since the electrical double layer is formed in a microsecond 
or less (ref. 7, p. 496) and sweep frequencies of much less 
than 100 c.p.s. are used, this assumption is considered to be 
valid.

Method of Measurement
Principle (Fig. 1).—To obtain a linear voltage sweep a 

square wave voltage is fed from a square wave generator 
(Block A) into an integrating circuit (Block B). The output 
from the integrator is a triangular voltage wave which after 
amplification (Block C) provides the potential sweep to the 
polarographic cell (P ) .  The same sweep is used to deflect

(■4) A . S e v c ik , Collection Czechoslov. Chem. Commun., 13 , 349 (1948)*
(5) D. Cj Grahame, A m C hem i Soci, 71, 2975 (1949),

Fig. 1.—Block diagram of the electronic apparatus.

the cathode-ray electron beam horizontally after passing 
through the amplifiers of the oscilloscope (Block D). The 
current which passes through the cell also passes through 
the current-measuring resistance (R ). The voltage de
veloped across R is proportional to the current passing 
through it. This signal is amplified (Block E) before being 
led to the CRO vertical amplifier (Block F). The output 
from Block F is used to deflect the oscillographic trace 
vertically so that the resulting trace has an i -E  relationship. 
A permanent record of the trace is obtained by photograph
ing the oscillographic pattern on 35 mm. Eastman Kodak 
Panatomic X film using a Du Mont 271-A camera.

Circuit Description (Fig. 2).—An 185-A Du Mont elec
tronic switch and square wave generator capable of giving 
30-volt square waves covering a frequency range of 7.5 to 
500 c.p.s. was used. A square wave signal of low frequency 
is fed through a d.c. blocking capacitor, C4, to the grid of 
one-half of a duo-triode, Ti, where it is integrated by a cir
cuit having a negative condenser feedback (through C2) 
which gives the amplifier great stability. By using re
sistive regeneration (through R4) practically perfect in
tegration can be obtained. The amplitude of the integrated 
signal is increased or decreased by varying the integration 
resistor R,. The coupling components C3 and R5 provide 
a large time constant for passing the low frequency signal 
without noticeable distortion to the grid of tube Ts. The 
potential sweep applied to the polarographic cell, P, is 
taken from the cathode follower resistor R6. The resistance 
of Re is low to provide an ample current supply for charging 
the D.M.E. without altering the shape of the voltage signal. 
To ensure exact reproduction of the applied potential on 
the horizontal axis of the CRO, the same potential which is 
applied to the cell is also applied to the horizontal d.c. 
amplifiers of the CRO. All leads to the cell and oscillo
scope are shielded. A 304-H Du Mont oscilloscope was 
used.

In addition to the alternating voltage occurring across Rj 
a direct voltage exists which must be compensated before 
connections are made to the cell. A bucking voltage is 
supplied by the battery, B«, and potentiometer, Rg, circuit. 
The starting potential of the voltage sweep is determined 
by the position of R.s. The plate B+ supply of 250 volts 
for tubes T,, T>, and T3 is supplied by a voltage regulated 
power supply having an a.c. ripple of about 0.01 volt. 
Filaments arc heated by a 6 volt battery.

The current passing through the cell, P, also passes 
through the current measuring resistance, R„, which is a, 
Leeds and Northrop No. 4748 decade box. The small 
voltage of about 0.001 volt developed across Its is amplified 
by a pentode, T.,. Because very small voltages are being 
amplified about 10* times, a plate and screen B+ supply 
with no ripple is required for the amplifier. For this pur
pose two 45-volt batteries, B< and B5, are used.

The voltage output of the pentode amplifier is transferred 
through shielded leads to the vertical amplifier of the os
cilloscope where, after further amplification, the signal is 
impressed across the vertical deflection plates. The sensi
tivity of the Du Mont 304-II oscilloscope with the pre
amplifier is 0.001 volt per inch. Although there was com
plete shielding of leads a small a.c. signal of about 10 micro
volts was picked up; however, the slight 60 c.p.s. fluctua
tions did not hinder observation of the traces.

Calibration.—Calibration marks are superimposed on 
the differential capacity curves by multiexposures. To
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z z'

Fig. 2.— Circuit diagram of the electronic apparatus, square wave integrator, voltage sweep generator, and “polarographic 
current” amplifier: B i, 15 volt dry cell, C supply; B 2, 4.5 volt dry cell, B  supply; B 3, 3 volt dry cell, C supply; B 4, B 5, 45 
volt dry cell, B supply; Ci, C4, 0.5 microfarad paper condenser; C2, 0.2 microfarad paper condenser; C3, 1.0 microfarad 
paper condenser; P, polarographic cell; R j, 3 megohm potentiometer; R 2, R 6, 1 megohm, 1 watt;; R 3, 200,000 ohms, 2 watt; 
R ,, 2,700 ohms, 1 watt; R 6, 3,600 ohms, 20 watt; R 7, 85 ohms, 2 watt; R s, 30 ohm potentiometer; R 9, 0 to 10,000 ohm 
Leeds and Northrop decade box, No. 4748; R l0, 150,000 ohms, 1 watt; Si, single pole, single throw switch; T i, T 2, 1 /2  6SL7; 
T j, 6V6 or 6L 6; T 4, 6SJ7; X ,  voltage sweep output to horizontal amplifiers of oscilloscope; Y , polarographic current signal 
output to vertical amplifier of oscilloscope; Z -Z ', connections to potentiometer for measuring cell potential.

bring out the detail of the traces against the plastic grid 
screen of the C R O , the following procedure is followed. 
After an exposure of the capacity trace, the trace is de
flected off the tube screen, the intensity turned up to give 
a slight glow to the tube and an exposure made for about 
five seconds.

To measure the applied potential, the square wave signal 
is disconnected from the apparatus which results in the ces
sation of the voltage sweep to the cell and to the C R O . A  
spot appears on the screen of the scope, the horizontal posi
tion of which is indicative of the applied potential relative 
to a pool of mercury. The applied potential is measured 
on a potentiometer at points Z.and Z ' (Fig. 2) to an accuracy 
of 1 millivolt and an exposure of the spot taken. The 
applied potential is changed to a new setting by potentiome
ter Rg, and another reading is made, and the spot is exposed 
again. Since d .c. amplifiers are used for the voltage sweep 
deflection, the distance between the two spots is propor
tional to the difference in potential between the two settings. 
Thus, two points are obtained from which the total voltage 
span may be calculated as well as the potential of the start
ing voltage sweep with respect to the reference electrode. 
The drift of the d .c. amplifiers is negligible during the time 
interval required to make the potential calibrations.

A  method for calculating the differential capacity from 
observed capacity current vs. potential curves involves the 
use of equation 3b as indicated previously. The constant, 
dE/dt, is determined by the frequency and the voltage span 
of the sweep. The capacity current is easily found by cali
bration of the vertical axis of the C R O  in microamperes. 
The differential capacity may then be calculated by

C (dE/dt X  A )
microfarads per square cm. (4)

where A  is the area of the mercury drop at the instant of ex
posure . This method was the one first used. It gave values 
of differential capacity accurate only for a small portion of 
the curve due, in part, to the slight non-linearity of the ver
tical amplifiers as well as the varying vertical sensitivity of 
the oscillographic trace at the outer round portions of the 
C R O  tube.

An improved calibration procedure of the vertical axis em
ploys the use of a known capacitor in place of the polaro
graphic cell. The same potential sweep conditions as em
ployed at the cell are maintained so that charging and dis
charging current traces are obtained, the distance between 
the two being proportional to the size of the capacity at a 
definite setting of Rs. B y increasing or decreasing the sen
sitivity, e.g., by varying R 9 at constant capacity, the dis
tance between the two calibration lines may be made to

coincide with those of the differential capacity lines. The 
calculation of differential capacity then involves (1) the 
ratio of the sensitivity settings of Ra, and (2) the ratio of the 
distance between the charging and discharging curves for 
the standard capacity and the distance between the same 
curves for the differential capacity. All calibrations were 
made with a 0.261 ±  0.001 microfarad capacitor previously 
calibrated on an impedance bridge. In all cases two sets of 
calibration lines were made, one to coincide as closely as 
possible to the lowest portions of the differential capacity 
lines and the other to correspond to the highest portion of 
the differential capacity fines, as may be seen in Figs. 3 and 
4 . In this manner any error due to the curvature of the 
CR O  tube becomes negligible. Also, since amplification 
characteristics are identical for both the differential capacity 
and calibration curves, any error due to non-linearity in 
amplifier response over the potential range covered becomes 
negligible.

The time interval from the moment the mercury drop be
gins to form to the time of exposure of the capacity pattern 
was measured by a stopwatch. The timing was accurate 
to ±  0.1 second. An exposure for less than 0.2  second was 
sufficient to give good detail of the trace. The calculation 
of the area of the drop may be in error due to timing and ex
posure by 0 .5  to 1 %  depending on the age of the drop; the 
longer the drop time, the less the error. To obtain a long 
drop time a capillary of 10 inches length was used. The 
application of such a long capillary resulted in large cell re
sistances of about 400 ohms with about one-half of this re
sistance being due to the solution and the other half to the 
thin thread of mercury in the capillary. In ordinary po- 
larography a cell resistance of 400 ohms produces a negligible 
iR  drop across the cell because only a few microamperes are 
passed by the cell. However, in oscillographic polarog- 
raphy where charging currents are of the order of 10 or more 
microamperes depending on the rate of voltage change, the 
iR  drop across the cell can be appreciable. T o minimize the 
resistance of the cell as much as possible, a low resistance 
electrode and fairly concentrated electrolyte solution, e.g., 
1 N , should be used. A  low resistance electrode was made 
from the long capillary without changing any of its charac
teristics by sealing into the capillary a platinum electrode 
about one-half inch from the tip. The resistance between the 
platinum electrode and the mercury in contact with the solu
tion was 9 ohms.

In order to test the applicability of our method for deter
mining differential capacity tenth normal solutions were 
used since the most recent data available for comparison 
cover solutions of this concentration. The resistance of the 
cell with tenth normal solutions was approximately 200 
ohms. (To calculate the iR  drop more accurately the re-
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Fig. 3.—0.1 N  KC1; Ex =  -0.293 v.; E2 = -1.429 v.: 
exposure time, 10.7 seconds; mass per second, 0.291 mg.; 
calibrating capacity, 0.201 ¿if.; sensitivity resistance, R,„ for 
differential capacity curve, GO ohms; for calibration, 00 and 
150 ohms; sweep frequency, 7.5 c.p.s.

sistance of the current measuring resistance should also be 
added to the resistance of the solution.) The Hi drop 
across the cell of this resistance is noticeable in all the i - E  
capacity current patterns observed. In Figs. 3 and 4, for 
example, the top differential capacity current or charging 
current produces an iR  drop which shifts the potential 
sweep to more negative values while the bottom, or dis
charging current curve, shifts the potential sweep to more 
positive values. A position midway between the two curves 
corresponds to zero current flow so that at this point there 
is no shift in the applied potential.

Discussion of Results Obtained
To determine the applicability of this technique 

to the measurement of differential capacity, five 
solutions were studied, all of which had been care
fully investigated by Grahame.6 These were tenth 
normal solutions of the chlorides of potassium, 
lithium, barium, magnesium and aluminum. All 
solutions were degassed for 15 minutes or until no 
oxygen ivave interfered. All solutions were in
vestigated at a temperation of 25 ±  1°. For each 
solution two exposures were made on different 
drops with all necessary calibration marks. The 
differential capacity was calculated at three specific 
points on the capacity current vs. potential oscillo
gram, represented by A, B and C in Figs. 3 and 4, 
where A and C are minima and B is a maximum in 
all of the curves analyzed. The calculated capaci
ties at the three specific points are tabulated in 
Table I under the appropriate headings of A, B 
and C, respectively. Adjacent to each of these 
columns are the corresponding averages of the two 
calculations for each solution and, for comparison, 
the values found by Grahame. The average devia
tion of the combined calculated values with respect 
to those of Grahame is 0.9%, with the largest in
dividual deviation being 2.0%.

(6) D. C. Grahame, Office of Naval Research Technical Report No. 
1 (1950).

Fig. 4.—0.1 N  MgCfi; Ei = —0.204 v.; E2 — —1.559 v.; 
exposure time, 11.9 seconds; mass per second, 0.291 mg.; 
calibrating capacity, 0.201 ,uf.; sensitivity resistance, R,*, 
for differential capacity curve, 50 ohms; calibration, 70 and 
150 ohms; sweep frequency, 7.5 c.p.s.

T a b l e  I
D if f e r e n t ia l  C a p a c it y  o f  0.1 A  So lu tio n s  in  M icro 

fa r a d s  p e r  Sq u a r e  C e n t im e t e r

0.1 A'
solu

CA
Gra-

Cb
Gra-

Ce
Gra

tion Caled. Av. hame Caled. Av. hame Caled. Av. hame
Li Cl 37.5

38.6
38.1 38.1 39.6

40.2
39.9 39.8 15.2

15.9
15.6 15.4

KCI 37.7
37.1

37.4 38.0 39.5
38.7

39.1 39.9 16.3
15.9

16.1 16.0

BaCIj 38.4
38.2

38.3 38.5 40.2
40.1

40.2 40.2 16.3
16.1

16.2 16.3

MgCli 38.4
37.9

38.2 38.4 40.7
40.0

40.4 39.9 15.7
15.8

15.8 15.7

AlCii
38.0
38.2

38.1 38.7 39.8
39.8

39.8 40.4 16.5
15.9

16.2 16.1

A further test of the validity of the method was 
made by comparing the observed potentials at 
which the maximum, C b , and minima, C\ and Cc, 
capacities occur with respect to those of Grahame. 
Potentials were obtained by drawing a straight 
line between corresponding maxima and minima 
points on the charging and discharging curves. 
The location where the mid-point or zero current 
point of this line cuts the potential axis, was taken 
to represent the potential of the particular maxi
mum or minimum capacity under consideration. 
These observed potentials are given in the first 
column under the corresponding headings of Ex, Eb 
and Ec in Table II. The average values for each 
solution are given in the second column and those 
of Grahame in the third. All voltages given are 
referred to the mercury pool in the same electrolyte 
solution, i.e., 0.1 N  chloride ion. In no case is 
there any large difference between the average 
observed potentials and those found by Grahame. 
The individual values never deviated more than
0.03 volt from the given values.

The authors believe that the method and appara-
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T able II
applied P otentials R elative to the M ercury P ool at 

W hich  M in im a  Ca and Cc, and M axim um  Cb Occur
0.1 A7 
solu
tion Caled.

LiCl 0.26
.27

KC1 .28
.25

BaGU .28
.28

MgCl* .28
.28

AlCli .28
.26

E  A
G ra-

Av. liarne ■
0.27 0.28

.27 .28

.28 .29

.28 .2 8 -
.29

27 .2 8 -
.29

E  B

Caled Av. 
0.41 0.41

.41

.42 .41

.40

.44 .44

.44

.42 .42

.42

.43 .42

.41

.Gra-
hame Caled. 
0.41 1.22

1.23 
.41 1.22

1.20 
.41 1.16

1.18 
.41 1.18

1.23 
.40 1.16

1.19

E c Ora- 
Av. harne
1.23 1.24

1.21 1.20

1.17 1 .1 6 -
1.18

1.21  1 . 20-  

1.24
1 . 18

tus described, which originally was designed to 
follow oxidation-reduction reactions at the D.M.E. 
has definite application to the study of capacity 
phenomena. Although the method may be some
what less accurate than the most accurate pro
cedures for calculating the capacity of the electrical 
double layer, it is well suited for obtaining an over
all picture of the relationship of differential capacity 
to the applied potential at the dropping mercury 
electrode. Moreover, the complete capacity spec
trum may be observed during the formation of each 
individual mercury drop. The time required is 
very much less than with other procedures.

The metlioo. is not limited to the use of the
D.M.E. Figure 5 shows the type of capacity 
current pattern obtained with a streaming mer
cury electrode (S.M.E.) of the general nature 
described by Heyrovskv.1 The S.M.E. consists of 
a capillary of about 0.1 mm. inner diameter, the 
tip of which s pointing upward at an angle of 
about 45° and at a point about 5 mm. below the 
surface of the solution. The mercury issues forth 
in a-fine unbroken stream, making an interface 
with the solution of constant area. The actual 
area can only be roughly estimated since the amount

Fig. 5.—0.1 Y  KOI; capacity curve for streaming mer
cury electrode; A', =  —0.578 v.; At = —1.309 v.; sweep 
frequency, 7.5 e .p .s.

of solution adhering to the stream of mercury as it 
breaks the surface of the solution is not known. 
The symmetry of the charging and discharging 
curves obtained with the D.M.E. has completely 
disappeared in the case of the S.M.E. The po
tentials corresponding to points B ' and C ' (Fig.
5) where changes of slope are most noticeable are 
almost identical to the potentials of maximum B 
and minimum C in the case of the D.M.E. (B' = 
— 0.45 volt and C' = —1.23 volts). The shape of 
the i-E  curve for the S.M.E. may be explained on 
the basis that the mercury stream carries away 
most of the surface charge accumulated at the 
mercury-solution interface so that additional 
current is required to keep the electrode fully 
charged. If the surface charge is carried away as 
fast as it accumulates, then the current required to 
charge the S.M.E. at any potential should be 
proportional to the surface charge density of the 
electrode at that potential over the potential span 
covered. In this case the current-potential oscillo
gram will appear to have the same general shape 
as a plot of the surface charge density vs. potential. 
This is found to be the case upon comparison of the 
observed curve with known surface charge density 
curves.7

The technique also may be applied to the study 
of film formations at the mercury electrode. 
This is exemplified by the capacity pattern ob
tained on a 0.5 molar sodium sulfate solution satu
rated with octyl alcohol (Fig. 6). The two peaks 
on the charging curve or top trace, indicate the 
formation of the alcohol layer about the electrode 
at a low applied negative potential and the desorp
tion of the layer at a higher applied negative poten
tial, while those on the lower or discharge curve,

Fig. 6.— Capacity effects of octyl alcohol in 0.5 .1/ Na.SOy  
Ex =  — 0.300 v .; Ei =  — 1.240 v .; exposure time, 11.0 sec
onds; mass per second, 0.291 mg.; vertical sensitivity. 
25.8 fin. per division; sweep frequency, 15 c.p.s.

(7) I). C. Grahanic, Chon, ficos., 41, 441 (1917).



Feb., 1952 Surface  C harge  D ensity  of th e  P olarographic  E lectrical  D ouble L ay e r  255

indicate the desorption of the film layer at a low 
negative potential and the adsorption at a higher 
negative potential. The voltage difference be
tween the two peaks is 1.20 volts corresponding 
closely to Grahame’s value of 1.23 as measured from

Fig. 21 of reference" which is a plot of differential 
capacity vs. E.

The authors wish to shank the Office of Naval 
Research for their support of the research project 
upon which the work described was done.

APPLICATION OF THE CATHODE-RAY OSCILLOSCOPE TO 
POLAROGRAPHIC PHENOMENA. II. SURFACE CHARGE DENSITY 

OF THE ELECTRICAL DOUBLE LAYER
By J. W est Loveland and Philip J. E lving

Department of Chemistry, The Pennsylvania State College, State College, Pennsylvania

Received M ay 8, 1951

Through the use of an additional amplifier and integrator circuit with a circuit described in a previous paper, differential 
capacity currents are integrated to give a surface charge density trace on the face of an oscilloscope. The accuracy obtainable 
is good when the values found are compared to those obtained by graphical integration. The method is rapid; a complete 
surface charge density relation can be observed and recorded on one mercury drop. Application of the technique is found 
in the study of film formation. The use of an additional integration circuit to the arrangement described will provide a 
means of obtaining the electrocapillary curve on the screen of an oscilloscope.

In a previous paper1 a description was given of 
an electronic circuit which produces on the screen 
of a cathode-ray oscilloscope (CRO) a complete 
spectrum of the differential capacity of the elec
trical double layer at a mercury solution interface 
as a function of applied potential. Basically, an 
isosceles triangular potential sweep is applied to a 
mercury microelectrode, and the charging and dis
charging capacity current traces as a function of 
applied potential are observed on the face of the 
CRO. Comparison of the distance between the 
two traces with the distance between the traces 
obtained with a known bapacity, permits evaluation 
of the differential capacity at any applied potential.

In the present paper a method is described for 
converting the differential capacity current vs. 
potential pattern obtained for a mercury-solution 
interface into a surface charge density vs. potential 
curve on the CRO screen. A further method is 
indicated for converting the latter curve to a plot 
of the electrocapillary curve relating surface tension 
and potential.

Theory of Method
The differential capacity, C, of the electrical double layer 

is related to the surface charge density, q, and applied po
tential, E, by the differential expression

C =  dq/dE ( l )

Inlegration of equation 1 results in equal km 2

J 'Ea
C d E  (2)

E  max

where the limits of integration are taken from the potential 
of the electrocapillary maximum {E max) since the charge on 
the mercury surface at that potential is zero with respect 
to Ed, which is the applied potential.

The capacity current has been shown1 to be equal to

<*>
where dE/dt was a constant, K, for the experimental ar
rangement . Comparison of this capacity current with that

(1) J, W. Luveland and P. J. Elving, T his .Iouh.n'Al, 56, 250 (1952.)

for a known standard capacity current provided a means of 
calculating the differential capacity.

Upon integration of the capacity current equation 3, q is 
obtained as a function of time, t

+-2k11 (4)

However, since I is a known function of E , it is possible by 
calibration procedures, described subsequently, to obtain 
q as a function of voltage; as in equation 2 , i.e .

r  C Eln  dE 1
q “  J ® , C - K + k

(5)

q =  ] '  C d E +  k 
J E :

(6)

Circuit.— The apparatus used to obtain differential ca
pacity patterns1 is employed in its entirety. For integra
tion of the differential capacity current, an integrating cir
cuit identical to that composed of tubes Ti and T 2 in Fig. 2 
(reference 1) was constructed. The integrated output signal 
voltage was found to produce too small an oscillographic 
trace. An additional 6SJ7 amplifier, similar in all respects 
to the circuit of T 4 (ref. i , Fig. 2) was adequate to amplify 
the capacity “ current”  signal output of T 4. The output 
signal of this second amplifier is then fed through the in
tegrating circuit just mentioned; the output from the in
tegration circuit is then passed on to the vertical deflection 
amplifiers of the C R O . The triangular voltage sweep 
applied to the polarographic cell is used for producing the 
horizontal sweep of the CRO  in the same manner as for dif
ferential capacity current patterns. The resulting oscillo
gram has a surface charge density vs. potential relationship.

Tlie solution-electrode arrangements used were the same 
as those previously described.1

Calibration.— The horizontal or voltage axis of the CRO  
screen is calibrated, as previously described,1 by photo
graphing on the voltage axis of the oscilloscope two spots, 
the potentials of which vs. a pool of mercury are known to 
±  1 millivolt. This permits the calculation of the voltage 
span used as well as the starting potential of the sweep. 
For calibration of the vertical or surface charge density axis 
the trace obtained by the integration of the charging-dis
charging currents of a known capacitor is used; the latter is 
inserted in place of the solution-electrode system. The 
total charge represented by the vertical height of the cali
bration trace may be found from the relationship

Q, =  Cc.V (7)
which holds for any capacitor of constant capacity, C'„, 
when a charge, Q0, accumulates due to a voltage, V, being
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impressed across the capacitor’s terminals. The value of 
V  used is equal to the applied potential span. The capacity 
of (7C was 0.261 microfarad in all of the calibration experi
ments of the work described in the present paper. Once 
the voltage span is calculated, Qc is readily determined.

Exposures of the surface charge density (S .C .D .)  trace 
were made at a known age of the mercury drop from which 
the area of the drop of mercury could be calculated. Long

Fig. 1.— Surface charge density relation for 0.1 Ar LiCl: 
Ei =  —0.488 v .; E , =  — 1.538 v .; exposure time, 10.4 
seconds; mass per second, 0.291 m g.; calibrating capacity 
0.261 /if; sensitivity resistance for surface charge density 
curve, 80 ohms; for calibration, 120 ohms; sweep frequency, 
7.5 c.p.s.

Fig. 2.— Surface charge density relation for 0.1 N  BaCk: 
Ei =  —0.277 v .; En =  — 1.533 v .; exposure time, 10.8 
seconds; mass per second, 0.291 mg. ; calibrating capacity, 
0.261 tii', sensitivity resistance for surface charge density 
curve, 90 ohms; for calibration, 150 ohms; sweep frequency, 
7.5 c.p.s.

drop times of about ten seconds were used and exposures of 
0.1 to 0.2 second were made. The error involved in the 
calculation of the area of mercury due to timing and length 
of exposure was of the order of 1 % . The total change in 
the S .C .D . of the electrical double layer, as indicated by the 
vertical length of the trace, is calculated according to the 
equation

f)   ElR-lQc / m

Qt ~  Ik liiA  (8)

where Qt is the difference in S .C .D . as represented by the 
points at the beginning and the end of the trace. lit and 
Ri are the resistance sensitivity settings for the surface 
charge and calibration curves, respectively, and D , and D> 
are the vertical distances between the ends of the S .C .D . 
and calibration traces, respectively. (3„ is determined from 
equation 7 and A  is the area of the mercury surface at the 
time of exposure of the surface charge density trace.

Discussion of Results Obtained
Surface charge density oscillograms were ob

tained in duplicate for tenth normal solutions of the 
chlorides of lithium, potasssium, barium, mag
nesium and aluminum. Typical S.C.D. curves 
with calibration traces and potential marks are 
shown in Figs. 1 and 2.

Due to a very small alternating voltage which 
could not be filtered out of the electronic circuit, 
the charging and discharging S.C.D. traces are not 
exactly superimposed on each other at all times. 
In the calculations made on the oscillograms, the 
points of measurement were made from a line which 
was the average of the two traces.

For a preliminary test of the applicability of the 
method to the determination of S.C.D., the total
S.C.D. difference represented by the vertical length 
of the trace was calculated; the values obtained 
are compared with Grahame’s2 results in Table I. 
Since Grahame’s values of S.C.D. are given for 
potential intervals of 0.05 and 0.10 volt, the values 
of S.C.D. used for comparison were obtained by 
interpolation in many cases. In the case of alumi
num chloride solution, the S.C.D. was calculated 
at an applied potential of —1.00 volt relative to
0.1 normal calomel since Grahame’s values for the 
solution were only given up to this potential. In 
every case except one, lithium chloride solution, the 
agreement between the present and Grahame’s 
values of S.C.D. is within 1 microcoulomb per 
square centimeter.

T able I

T otal Surface Charge D ensity  Change from Beginning 
to E nd of A pplied P otential Sw eep  in M icrocoulombs

per Square C entimeter
0.1 N 

solution Found Grahame

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

KC1 4 0 .7 4 0 .3
37.1 3 7 .5

BaCli 3 9 .6 3 9 .4
41 .1 4 2 .0

M gCl, 4 0 .9 41 .1
4 1 .5 4 1 .4

A i d , 2 7 .0 26.5
2 6 .8 2 6 .5

A more critical examination of the validity of 
the method was carried out by calculating absolute

(2) D. C. Grahame, Office of Naval Research, Technical Report No. 
1 ( 1 9 5 0 ) ;  D. C .  Grahame, Chem. Rev»., 41, 4 4 1 ( 1 9 4 7 ) .
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values of S.C.D. at —0.20 and —1.50 volts relative 
to the mercury pool after locating the point of zero 
charge from knowledge of the potential of the electro
capillary zero. The potential of the zero charge 
was taken to be —0.559 volt for the tenth normal 
solutions of lithium and potassium chloride, and 
— 0.558 volt for the tenth normal solutions of 
barium, magnesium and aluminum chloride, both 
values being referred to the mercury pool in the 
tenth normal solutions. The values of S.C.D. 
obtained in this manner for the five solutions are 
given in Table II as are the corresponding averages 
for each solution and, for comparison, the values 
obtained by Grahame. The largest deviation of 
the average value at low applied potential is 0.5 
microcoulomb while at the higher applied potential 
the largest deviation is 0.3 microcoulomb. The 
average value of 18.1 microcoulombs obtained for 
aluminum chloride solution at —1.50 volts is prob
ably high by about 0.5 microcoulomb on the basis 
of other S.C.D. values.

T able II

Surface Charge D ensity  at  —0.20 and —1.50 V olts 
R elative  to the M ercury  P ool in M icrocoulombs per 

Square C entimeter

0.1 N
.------------A t - 0 . 2 0  vc>lta------------

G r a -
n /--------A t — 1 .5 0  VOlt:3 G r a - ’

s o lu t io n F o u n d A v e r a g e h a m e 2 F o u n d A v e r a g e lia m e 2

LiCl 13.5
13.4

13.5 13.6 17.0
15.9

16.5 16.8

KC1 13.2
12.9

13.1 13.6 17.6
17.4

17.5 17.3

B a C h 13.6
13.8

13.7 13.7 18.3
17.6

18.0 17.9

M gClj 14.2
13.8

14.0 13.6 17.2
17.6

17.4 17.5

A 1 C 1 , 14.0
13.6

13.8 13.7 17.7
18.5

18.1

“ S .C .D . values at —0.20 volt are positive and at — 1.50 
volts are negative.

The presence of non-electrolytes in solution has 
appreciable effect on the surface charge density 
curve. Figure 3 shows the type of surface charge 
density curve obtained when a 0.5 molar solution of 
sodium sulfate is saturated with octyl alcohol (a 
saturated aqueous solution is about 4.5 millimolar 
in octyl alcohol). The formation of a film layer 
of the alcohol about the mercury drop produces a 
sharp increase in the S.C.D. at a low applied poten
tial designated at A in Fig. 3. This sudden in
crease is a result of the charging of the very high 
capacity encountered during the formation of the 
film layer. From potential A to potential B the 
mercury-film interface which exists is of much 
lovrer capacity than that of the mercury-solution 
interface. Because of this small differential capa
city due to film formation, the surface charge den
sity increases only a small amount as indicated by 
the relatively flat portion of the curve between 
points A and B. At potential B where the film is 
desorbed, the S.C.D. increases rapidly to the value 
it assumes for the aqueous solution alone. On the 
discharge cycle, potential B corresponds to film 
formation while potential A is indicative of film 
disruption. This surface charge density oscillo
gram may be compared with the charge-potential

Fig. 3.— Effect of octyl alcohol on the surface charge relation 
of 0.5 M  N a2SO,i: Ei —  —0.336 v . ; E2 =  —1.305 v . ; ex
posure time, 11.0 seconds; mass per second, 0.291 mg.; 
resistance sensitivity, 15 ohms; sweep frequency, 15 c.p.s.

curve estimated by Grahame3 for octyl alcohol in 
potassium nitrate solution.

An oscillogram of the capacity current trace 
obtained with a streaming mercury electrode is 
similar in shape1 to the S.C.D. curves obtained 
with D.M.E.

Integration of the capacity current traces of a 
streaming electrode results in a pattern character
istic of the electrocapillary curve, Figure 4, where 
the maximum occurs approximately at the elec-

Fig. 4 .— Integration curve of capacity currentusinga stream
ing mercury electrode in 0.1 N  KC1: E, =  —0.578 v. ;
E i  —  —1.369 v. ; sweep frequency, 7.5 c.p.s.

(3 ) D . C . G ra h a m e , J . A m . Chem . Soc., 68 , 301  (1 9 4 6 ).
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trocapillary curve. This suggests the use of an 
additional integration circuit to integrate the
S.C.D. curves obtained with a D.M.E. to secure 
electrocapillary curves. Such curves have been 
observed for chloride solutions. However, the 
curves are somewhat distorted and of small 
magnitude due to the fact that the amplification 
available was non-linear and insufficient in mag

nitude. Work on this aspect is being continued.
The time required to obtain S.C.D. curves by 

the method described is a fraction of that required 
by the method of graphical integration; the in
formation obtainable is comparable.

The authors wish to thank the Office of Naval 
Research for their support of the research project 
upon which the work described was done.

HYDROGEN EXCHANGE REACTIONS OVER IRON SYNTHETIC AMMONIA
CATALYSTS AT -195°

B y  J. T. K tjmmee a n d  P. H. E m m ett

G u lf R esearch  <fc D evelop m en t C o m p a n y ’s M u ltip le  F ellow sh ip , M ello n  In stitu te , P ittsburgh  13, P a .

R eceiv ed  F eb ru a ry  5 , 1951

The behavior of singly promoted and doubly promoted iron catalysts has been compared for the ortho-para hydrogen 
interconversion and for the hydrogen-deuterium exchange reaction at — 195°. The work of Emmett and Harkness1 on the 
ortho-para conversion over the doubly promoted catalyst has been confirmed by showing that the ortho-para exchange 
occurs rapidly on such a catalyst at — 195° but is very strongly poisoned by the presence of hydrogen chemisorbed at or 
about 100°. The hydrogen-deuterium exchangeover the doubly promoted catalyst has been found to be very slow at — 195°. 
Singly promoted iron catalysts, unlike the doubly promoted catalysts, rapidly catalyze the hydrogen-deuterium exchange 
at — 195° as well as the ortho-para hydrogen conversion. Furthermore, the latter reaction is not poisoned by hydrogen 
put on the catalyst at 100°. The existence of a third type of activated adsorption of hydrogen on a singly promoted catalyst 
is suggested by the high velocity for the H 2- D 2 exchange and by the appearance of the low-temperature adsorption isotherms 
and the adsorption isobar.

During the past twenty years, two reactions have 
been used very extensively in studying hydrogena
tion catalysts. One of these involves the inter con
version of ortho and para hydrogen according to the 
reaction

ihpara <  ̂ H2ortho (1)
The other is the reaction of hydrogen and deuterium 
to form HD

H 2 +  D 2 2H D  (2)

The only published work for these two reactions 
on iron catalysts1 showed that the ortho-para hy
drogen reaction at —195° over the surface of a 
reduced, doubly promoted iron catalyst proceeded 
rapidly, and that the reaction at —195° was pois
oned to a large extent by the chemisorption of Hy
drogen on the catalyst surface at about 100°.

Continuing our study of iron catalysts, we have 
recently made some observations on the rate at 
which reactions 1 and 2 take place both on doubly 
promoted catalysts of the type studied by Emmett 
and Harkness1 and on singly promoted catalysts 
containing aluminum oxide as promoter. These 
measurements have revealed a very unexpected dif
ference between the singly and doubly promoted 
catalyst that makes presentation of the results at 
this time seem desirable.

Experimental
The sample of doubly promoted catalyst N o . 931 that 

we employed was from the same supply from which samples 
used by Emmett and Harkness were taken. In addition 
to iron oxide, the doubly promoted catalyst contained 1 .59 %  * 73

(1 ) P .  H . E m m e t t  a n d  E .  W . H a rk n e ss , J. Am. Chem . Soc., 57, 1628 
(1 9 3 5 ). E. O g a w a , M .  T a d a  a n d  T . O k u n o  s tu d ie d  th e  c o n v e r s io n  a t
73 a n d  1 1 2 ° o v e r  an  ir o n  s y n th e t ic  a m m o n ia  c a t a ly s t  b u t  n o  d e ta ils  
w ere  g iv e n  as t o  p r o m o te r  c o n t e n t  o r  th e  extent- o f  p r io r  e x p o s u re  to  
c h e m is o r b e d  h y d r o g e n . See J. Soc. Chem . Ilid. Japan, 45, 3 87  (1 9 4 5 ).

K 20  and 1 .3 %  A120 3; the singly promoted catalyst contained 
2 .2 6 %  AljOa, 0 .2 %  S i02, and 0 .2 1 %  Z r0 2.

The experimental setup for studying the ortho-para-hy
drogen conversion was similar to that employed previously1 
and need not be described in detail. The hydrogen-deuter
ium reaction was studied by mixing pure hydrogen and pure 
deuterium2 in known proportions and passing the mixture 
over the catalyst at about — 195°. The exit gas was ana
lyzed by means of a mass spectrometer.

The iron catalysts were reduced in all cases at 500° in a 
stream of pure hydrogen at 1,000 to 5,000 space velocity. 
The samples were then evacuated at 500° and cooled to 
— 195° in the presence of a few mm. pressure of helium un
less otherwise noted. The rate of reaction 2 was critically 
dependent upon how well the sample was reduced, the rate 
being greatly retarded by any remaining trace of oxide.

Results
Doubly Promoted Iron Catalysts.— The conver

sion of ortho to para hydrogen according to reac
tion 1 over the doubly promoted catalyst was 
found to be similar to that observed on the sample 
employed by Emmett and Harkness.1 As can be 
seen from Table I, the reaction is rapid at —195°, 
the time of half conversion being approximately 0.4 
second. Furthermore, in agreement with the work 
of Emmett and Harkness, hydrogen adsorbed at 
about 100° was found to act as a strong poison for 
reaction 1 at —195°. In the experiment recorded 
in Table I, the addition of hydrogen slowed down 
the rate by a factor of about 20.

T able I
T im e  fo r  1/z 

S in g ly  
p r o m o t e d  
c a t a ly s t

c o n v e r s io n ,  s e c . 
D o u b l y  

p r o m o t e d  
c a t a ly s t

Reaction (1) sample cooled in He 0 .0 6 0 .4
Reaction (1) sample cooled in H 2 0 .0 6 8 .0
Reaction (2) sample cooled in He 3-10 ~ 1 0 0  min.

(2 ) T h e  h y d r o g e n  w a s  fr e e d  o f  t ra ce s  o f  O 2 a n d  N 2 b y  s lo w  p a ss a g e  
th ro u g h  a  la rg e  tu b e  o f  b a k e d -o u t  c h a r c o a l  a t  — 1 9 5 ° . T h e  d e u te r iu m  
w a s  p a ss e d  o v e r  h o t  P t  to  r e m o v e  tra ce s  o f  O 2.
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In view of the fact that reaction 1 with this 
doubly promoted catalyst is generally assumed3 to 
take place as a result of a magnetic perturbation of 
the molecules by the ferromagnetic iron, it was not 
surprising that the hydrogen-deuterium reaction 
was very slow at —195°. Precious studies had in
dicated that activated adsorption of hydrogen on 
this doubly promoted catalyst did not take place at 
temperatures lower than about —100°.4 It was 
therefore understandable that the hydrogen-deu
terium reaction involving, as is generally assumed, 
the dissociative or activated adsorption of hydrogen 
on the catalyst would necessarily have to be very 
slow at —195°. As can be seen from the last col
umn in Table I, the time for half conversion of reac
tion 2 over this doubly promoted catalyst at — 195 ° 
was about 100 minutes. In other words, the rate 
of reaction was slower by a factor of about 104 
than the ortho-para hydrogen interconversion.

Singly Promoted Iron Catalysts.—The results 
obtained on catalyst No. 423 which contained ir
reducible oxides but did not contain any potassium 
oxide were unexpectedly very different from those 
obtained on the doubly promoted catalyst. The 
only point of resemblance between the behavior of 
the singly and the doubly promoted catalysts was 
the fact that each of (hem was active toward the 
ortho-para interconversion at —195°. However, 
the singly promoted catalyst differed from the 
doubly promoted catalyst in two important re
spects. In the first place, the adsorption of hydro
gen at 100° had no detectable poisoning effect on 
the ortho-para hydrogen interconversion at —195°. 
Thus, as pointed out in Table I, the time for half 
conversion over the singly promoted catalyst was 
approximately 0.06 second when the sample ivas 
cooled from 500° either in hydrogen or in helium.

The striking difference between the singly and 
the doubly promoted catalysts was discovered 
when measurements were made for the hydrogen- 
deuterium exchange. The singly promoted cata
lyst, unlike the doubly promoted catalyst, was ex
tremely active for the reaction at —195°. Thus 
the time of half conversion over the singly promoted 
catalysts for reaction 2 was 3 to 10 seconds com
parecí to about 6000 seconds for the doubly pro
moted catalyst.

The very rapid hydrogen-deuterium exchange 
over the singly promoted catalyst at —195° raised 
the question as to the type of activated adsorption 
that was involved. In similar work on tungsten, 
Eley6 and Rideal6 had proposed that the conversion 
of a H2-D2 mixture to HD at —195 ° took place as a 
result of gaseous I);! molecules striking the bare 
tungsten surface adjacent to very strongly chemi
sorbed H atoms that had been left on the surface 
during the exposure of the tungsten catalyst to 
hydrogen at high temperature. The D 2 molecules 
were then postulated to interact with the adjacent 
H atoms to form adsorbed D atoms and gaseous 
HD. Previous adsorption work4 on iron catalysts

(3) A. Farkas, “ Light and Heavy Hydrogen,” Cambridge University 
Press, 1935, Chapter IV.

(4) P. H. Emmett and R . W. Harkness, ./. Am. Chem. Soc., 57, 1631 
(1935).

(5) D. Eley, Proc. Ron at Soc. (London), A178, 4.52 (1941).
(6) E. K. Rideal, Proc. Comb. Phil. Soc., 35, 130 (1939).

had suggested that two types of activated adsorp
tion existed. One of them, called Type A adsorp
tion, became appreciable at about —100° and con
tinued to occur at an increasing rate but in lower 
equilibrium quantities as the temperature was 
raised. At about 100° a second type of activated 
adsorption had been found to occur. This was 
designated as Type B adsorption. In the present 
work it became of interest to ascertain Yvhether 
either Type A or Type B adsorption could account 
for the rapid hydrogen-deuterium exchange ob- 
seiwed at —195° by analogy with the mechanism 
proposed for tungsten catalysts by Eley and by Rid
eal.

To establish this point, a large 25.2-g. sample of 
the singly promoted catalyst was reduced and 
evacuated at 500° and cooled slowly to —195° in 
hydrogen. It was then evacuated with a collection 
pump at —195°. The difference between the 
amount of hydrogen added to the system and the 
amount removed by pumping was 31.1 cc. This 
presumably was held on the catalyst surface as a 
combination of Type A and Type B activated ad
sorption. The catalyst was next exposed at —195° 
to 8.39 cc. of deuterium for about 40 minutes. The 
gas phase was then analyzed for the total content of 
light hydrogen. It was found that no increase in 
the light hydrogen content of the gas phase oc
curred. Thus the original deuterium sample con
tained 4% light hydrogen and the sample removed 
from the catalyst after 40 minutes contained 3.8% 
light hydrogen. It therefore appeared that deu
terium was unable to remove Type A or Type B hy
drogen from the surface of the iron catalyst at 
-195°.

To avoid the possibility that this result might be 
interpreted as due to an isotope effect, the experi
ment was repeated in the reverse order. The cata
lyst Yvas cooled in an atmosphere of deuterium, and 
then after evacuation at —195°, the sample with 
its layer of chemisorbed deuterium was exposed to 
an atmosphere of light hydrogen. An analysis of the 
hydrogen after one hour’s circulation showed no 
deuterium content. Presumably, therefore, nei
ther Type A nor Type B activated adsorption is 
capable of reacting with gaseous hydrogen or deu
terium at —195° to form HD. However, at the 
end of both of these experiments, the catalyst was 
found to be very active for reaction 2, being capable 
of rapidly converting 50 cc. of a 50-50 hydrogen- 
deuterium mixture into one containing nearly the 
equilibrium amount of HD in a period of about 5 
minutes.7

Since the rapid H2-D L> exchange at —195° appar
ently did not involve either Type A or Type B acti
vated adsorption, it seemed likely that for this 
singly'' promoted catalyst some new type of chemi
sorption was involved. Accordingly, adsorption 
isotherms at —195° and an isobar in the tempera-

(7) At the time this experiment was done the flow runs reported in 
Table I had not yet been made. Hence the exact value for the time of 
half conversion at this point cannot be given. Actually, there was 
some indication that the rate of reaction 2 was less (conversion was 
80%  of equilibrium in 5 min.) in this experiment in which the catalyst 
was covered with Type A and Type B hydrogen adsorption than in 
runs in which the catalyst was cooler: to —195° in helium after reduc
tion and evacuation at 500°. (Conversion was ~ 100%  of equilibrium 
in 5 minutes in this latter case.)
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ture range —195 to —78° were measured on the 
singly promoted catalyst. At the same time, a low 
temperature adsorption isotherm was made at 
— 195° on the sample of doubly promoted iron 
catalyst at —195°. The results of these adsorption 
measurements are shown in Figs. 1, 2 and 3.

Hydrogen pressure, mm.
Fig. 1.— Hydrogen adsorption at — 195° on 25.2 g. of 

sample of singly promoted iron catalyst 422. The CO chemi
sorption was 25 cc. and the volume of nitrogen for a mono- 
layer was 85 cc. on this sample. Curve 1, original adsorp
tion, sample cooled in H e; curve 2, adsorption made after 
sample evacuation for 1.5 hr. at — 195° immediately follow
ing the run given in curve 1; curve 3, adsorption made after 
the iron sample was saturated with 13.2 cc. of hydrogen 
at 100°.

Hydrogen pressure, mm.
Fig. 2 .— Hydrogen adsorption at — 195° on 12 g. of 

doubly promoted iron catalyst 931. The chemisorption of 
CO was 3.2 cc., and the volume of nitrogen in a monolayer 
was 10 cc. Curve 1, original adsorption on sample cooled 
in H e; curve 2, adsorption made after sample evacuation for 
one hour at — 195° immediately following the isotherm given 
by curve 1.

Curve 1 of Fig. 1 gives the hydrogen adsorption 
isotherm on the sample of singly promoted catalyst 
cooled, after evacuation, from 500 to —195° in he
lium. Curve 2 represents a repeat isotherm on the 
same sample after an evacuation of the hydrogen at 
— 195° following a completion of the run shown in 
curve 1. It is evident from the two isotherms that 
some type of activated adsorption of hydrogen is 
occurring at very low pressures even at —195 °. The 
presence of such an activated adsorption on the 
singly promoted catalyst was further confirmed by 
the one-atmosphere adsorption isobar shown in Fig.
3. Clearly, all of the low-temperature chemisorbed 
hydrogen does not desorb from the surface before a 
temperature is reached at which one of the known

Temperature, °C .
Fig. 3 .— Isobar for the adsorption of hydrogen on singly 

promoted iron catalyst 422 (25.2 g.) at 09 mm. pressure. 
The numbers opposite the points are the times in minutes 
allowed for equilibration.

types of activated adsorption (Type A) begins to 
occur.

It is interesting to note in curve 3 of Fig. 1 that a 
definite detectable amount of low-temperature ac
tivated adsorption of hydrogen occurs at —195° 
even on a catalyst on which a considerable amount 
of activated adsorption has already been allowed to 
occur at or above 100 °. These adsorption measure
ments on the singly promoted catalyst all indicated, 
then, the existence of a type of activated adsorption 
of hydrogen at —195 ° that probably is responsible 
both for part of the interconversion of para to ortho 
hydrogen over this catalyst and also of the hydro
gen-deuterium reaction.

The adsorption measurements on the doubly pro
moted catalyst showed a very small amount of ac
tivated adsorption at —195°. However, all of this 
activated adsorption was apparently rather tightly 
bound as evidenced by the fact that after the cata
lyst was evacuated at —195° following a low-tem
perature adsorption isotherm measurement, a re
peat isotherm showed substantially no chemisorp
tion of hydrogen. It is therefore not surprising 
that the low-temperature hydrogen-deuterium re
action over this doubly-promoted catalyst is ex
tremely slow at —195°.

It remained to establish in one final experiment 
that if the catalyst sample is cooled to —195° in he
lium, and is then exposed to an atmosphere of hy
drogen and later evacuated for a short time at 
— 195°, some of the hydrogen that remains on the
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surface is capable of exchanging with the gas phase 
to form HD. To prove this point it was convenient 
to use tritium8 instead of deuterium. Accordingly, 
16 cc. of hydrogen containing a small amount of tri
tium as HT was added to a 252.2-g. sample of re
duced, evacuated and helium-cooled singly pro
moted catalyst at —195°. The original activity of 
the gas was 15400 counts per minute per cc. Eight 
cc. was adsorbed leaving 8 cc. in the gas phase. 
The latter had an activity of 10700 counts per min
ute per cc. The sample was then evaluated for 1.5 
hours at —195° after which 15.5 cc. of hydrogen 
was added and left in contact with the catalyst for 
28 minutes. The gas phase then analyzed 2400 
counts per minute per cc. Because of the large iso
tope effect in runs involving tritium, it is not pos
sible to make accurate calculations as to the exact 
amount of tritiated hydrogen retained in the cata
lyst and exchanged with the added hydrogen at 
— 195°. The data do, however, unmistakably in
dicate that the several cc. of the sample of tritiated 
hydrogen left on the surface after evacuation were 
able to exchange with the added gas-phase hydro
gen.

From these results it is evident that the hydrogen 
which we consider to be chemisorbed at —195° on 
the sample cooled in helium does not behave the 
same as the hydrogen chemisorbed at the higher 
temperature. The former will exchange rapidly 
with the gas-phase hydrogen at —195°, whereas 
both Types A and B hydrogen placed on the cata
lyst at a higher temperature will not react at —195° 
with gaseous hydrogen. As a matter of fact, the 
experimental data show that the high-temperature 
chemisorption of hydrogen inhibits chemisorption 
of the type that is capable of taking place at —195° 
(curve 3 Fig. 1 compared to curve 1).

Discussion
The data recorded in Table I for the doubly 

promoted catalyst are not in the least surprising. 
The observations on the ortho-para hydrogen 
interconversion merely confirm the earlier work of 
Emmett and Harkness.1 The extremely slow rate 
of the hydrogen-deuterium interchange is consistent 
with the indications of the adsorption isotherm to 
the effect that very little if any readily reversible 
chemical adsorption of hydrogen occurs on the 
doubly promoted catalyst at —195°. Presumably 
the rapid ortho-para hydrogen conversion over this 
doubly promoted catalyst at this low temperature 
is, therefore, to be attributed to a magnetic per
turbation and not to a dissociative adsorption of 
hydrogen.

The experimental data on the singly promoted 
catalyst, unlike those on the doubly promoted 
catalyst, appear to show the existence of a third

(8) The tritium must be introduced into the counter tube in order 
to be counted since its radiation is so weak. A very satisfactory count
ing procedure consisted of filling the counter tube with 90 mm. partial 
pressure of hydrogen containing the tritium, 20 mm. partial pressure 
of isobutane and 50 mm. partial pressure of helium. The threshold 
voltage was —1200 volts in the tube used (cathode with 1 inch inside 
diameter) and the plateau was flat for 200 volts.

type of activated adsorption of hydrogen on the 
singly promoted catalyst at —195°. Little can 
be said as yet about the nature of this third type of 
activated adsorption except to point out that its 
heat of binding is apparently considerably greater 
than that of the heat of adsorption of physically 
adsorbed hydrogen, but at the same time is con
siderably smaller than the heat of adsorption of 
either Type A or Type B hydrogen adsorption. 
These conclusions as to the heat of adsorption can 
be drawn from the adsorption isotherms in Fig. 1. 
The heat of binding is high enough to cause a con
siderable adsorption at a very low partial pressure 
of hydrogen. At the same time, it is low enough 
to permit approximately one half of the tightly 
bound hydrogen to be removed by pumping for
1.5 hours at —195°. If one makes the usual 
assumption that the hydrogen-deuterium exchange 
is catalyzed only under those conditions in which 
dissociative adsorption of hydrogen occurs on a 
catalyst, then one must conclude that this new 
third type of activated adsorption is a dissociative 
type of adsorption, just as it is believed Type A 
and Type B adsorption are dissociative adsorptions.

It is well recognized that from a theoretical stand
point, the conversion of ortho to para hydrogen 
over a metallic catalyst at —195° would not neces
sarily have the same rate as that observed for ‘ he 
hydrogen-deuterium exchange. The zero point 
energy difference between deuterium and hydrogen 
is such as to lead one to expect that the hydrogen- 
deuterium reaction at a given low temperature 
might be considerably slower than the ortho-para 
hydrogen conversion, even though each of these 
reactions is assumed to take place as a result of the 
dissociative adsorption of hydrogen on the surface 
of the catalyst. Accordingly, the fact that the 
hydrogen-deuterium exchange reaction at —195° 
on the singly promoted catalyst is approximately 
one hundredth as fast as the ortho-para hydrogen 
interconversion is not unexpected. However, such 
a difference in zero point energy probably would not 
account for the observed factor of 15,000 between 
the half time for reaction 2 as compared to reaction 
1 over the doubly promoted catalyst.

In conclusion it may be pointed out that the 
present differences between the singly promoted and 
doubly promoted iron catalysts merely add one 
more example to the many differences that have 
already been noted between these two types of 
catalysts. It is already well known that in am
monia synthesis and decomposition9 and also in 
Fischer-Tropscb synthesis the singly and doubly 
promoted catalysts have very different properties.10 
In the present work, as in most of the previous 
work,11 the cause for the difference between the 
singly and doubly promoted catalysts is unknown; 
its elucidation will have to await further experi
mental work.

(9) K. Love and P. H. Emmett, J. Am. Chem. Soc., 63, 3297 
(1941).

(10) H. Koch and R. Billig, Brennstoff Chem., 21, 157 (1940).
(11) S. Brunauer and P. H. Emmett, J. Am. Chem. Soc., 62, 1732 

(1940).
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THE REAC TION OF FORMIC ACID WITH CARBOHYDRATES. I. THE 
REACTION OF FORMIC ACID WITH SUGARS1

By Harold Tarkow and Alfred J. Stamm 
United States Department of Agriculture, Forest Sere ice, Forest Products Laboratory ,2 Madison -5, Wisconsin

Received. February o, 1951

A  simple method for following the reaction of formic acid with alcohols is described. It is based on the conversion of un
reacted acid to carbon monoxide by means of acetic anhydride. Formic acid is shown to react only with the hydroxyls in 
positions 4 and 6 in glucose. It is pointed out that, wherever preferential reactivity has been reported for hydroxyls in posi
tions 1, 2 and 3, alkaline activation was required.

Introduction
The reaction between formic acid and acetic 

anhydride (equation 1) was shown by Schierz3 
to go to completion in a relatively short time at 
room temperature when catalyzed with tertiary 
amines.

O 0 0
/ '  . /  /

ho—on + c:iiso—o—c-■- on,—>
o

/ '
2CH;iC— OH +  CO (1)

He, as well as Behai,4 noted an evolution of heat 
on mixing, and suggested that the two reactants 
first form the rhixed anhydride (equation 2) which 
then decomposes according to equation 3.

O 0 0
, /  /  / '

t ic — o n  +  c i c e — o — c — c ir , — >
o o  o

//
TIC— 0 — C— CH, +  CILC— OH (2)

O O O

IIC— O— C— CHS —  CHSC— OH +  CO (3)

The over-all reaction (equation 1) has been found 
to go to completion in a relatively short time in the 
absence of a catalyst when carried out at the 
reflux temperature (^143°). However, if an 
alcohol is added to the formic acid before the 
anhydride is added, the volume of carbon monoxide 
collected is less than that eqidvalent to the weight 
of acid used. Evidently, some of the formic acid 
is consumed in esterifying the alcohol. It is only 
the unreacted formic acid that is converted to car
bon monoxide by the anhydride. The possibility 
of a transesterification reaction (equation 4) 
occurring, followed by the decomposition of the 
mixed anhycride (equation 3), is ruled out by the 
absence of carbon monoxide when methyl formate 
is treated with the anhydride. Thus, the volume 
of carbon monoxide collected when an excess 
amount of acetic anhydride is added to the mixture 
of alcohol and formic acid is a quantitative measure 
of the amount of unreacted acid in the mixture. 
If the amount of acid originally added is known, 
one can calculate the weight of formic acid that 
has reacted with the alcohol. Based on this an-

(1) Presented at the American Chemical Society, Chicago, 111., Sep
tember 3-8, 1950.

(2) Maintained at Madison, Wis., in cooperation with the University 
of Wisconsin.

(3) E. R. Schierz, J. Am. Chevi. Soc., 45 455 (1923).
(4) A. Behai, Compt. rend., 128, 1460 (1899).

alytical procedure, the interaction of formic acid 
with a number of hydroxyl-containing compounds 
has been studied at the Forest Products Laboratory. 
These have included alcohols, simple sugars and 
polysaccharides. The results suggest a marked 
specificity in reactivity of hydroxyl groups in 
sugars. They also suggest a rapid, simple method 
for determining the amount of readily accessible 
material in polysaccharides (see Part II of this 
report).

O O 0
/  /  /

IIC — OR +  O H 3C— 0 — C— C H 3 — >-
0  0  0

, /
C H SC - -OR +  H C — O— C — C H 3 (4)

Experimental Procedure
The substance whose reactivity with formic acid is to be 

measured is weighed out (0.1 to 0.2 g .) into a 7-eubic cen
timeter round-bottom flask (blown from the neck of a 19/24  
S .T . glass joint). If the substance is hygroscopic the flask 
and contents are set in a vacuum oven at 65° for 2 hours be
fore weighing to get the oven-dry weight. A  weighed 
amount of formic acid is added. The flask is stoppered and 
the reaction allowed to come to equilibrium. Before the 
acetic anhydride is added, the bulb of the flask is cooled in 
ice-water to reduce the loss of formic acid that may occur 
on removal of the stopper. The flask is almost completely 
filled with acetic anhydride, a small boiling chip is added, 
and a connector is inserted that leads through a short length 
of capillary tubing to a gas-displacing buret. The flask is 
immediately lowered into an oil-bath thermostated at 146 ±  
I o. The gas collected is transferred to an Orsat gas ana
lyzer and analyzed for carbon monoxide.

The weight of formic acid equivalent to the measured 
volume of carbon monoxide (equation 1) is calculated with 
the help of the ideal gas law. Subtraction of this weight 
from the weight of formic acid originally added gives the 
weight of formic acid that has reacted with the hydroxylic 
compound. The degree of esterification is expressed as 
grams of formic acid combined with 100 g. of original mate
rial .

Materials.— Materials used in these experiments were: 
d-glucose, sucrose C.p. grade, rhamnose, «-m ethyl glucó
sido, eellobiose, 2 ,3 ,4  - trimethyl -  a - methylglucoside,5 
menthol glucuronide (free acid) used as purchased from a 
commercial manufacturer without further purification, ethyl 
alcohol (absolute grade), anhydrous formic, acid shown by 
analysis to be 9 9 %  pure. All calculations were corrected 
for the 1 %  impurity.

Results
Ethyl Alcohol.— Kailin6 has shown that, in the 

absence of a catalyst, formic acid reacts more than
10.000 limes as fast with alcohols as does acetic 
acid. Forest Products Laboratory research has

(5) The authors are indebted to Prof. C. B. Pur ves, McGill Univer
sity, for a sample of the crystalline material, having a melting point of 
94°.

(6) A. Kailin, Monatsh., 62, 284 (1933).
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Fig. 1.— Reaction of ethyl alcohol and glucose with formic acid.

shown that formic acid comes to equilibrium rapidly 
with ethyl alcohol by the fact that, if the reaction 
mixture is kept at 25° for 2 hours before the an
hydride is added, the resulting values are indis
tinguishable from those obtained after the system 
is allowed to stand for 3 days. In the Forest 
Products Laboratory’s work with alcohol, however, 
reaction mixtures were kept overnight at room 
temperature. The following day acetic anhydride 
was added to determine the amount of unreacted 
formic acid. Figure 1 shows the relationship 
(reaction curve) between the initial concentration 
of formic acid in the acid-alcohol mixture and the 
corresponding combined formic acid content at 
equilibrium. The curve is of the type one would 
expect for an equilibrium reaction. Note that the 
combined formic acid rapidly approaches the value 
of 100%, which is the theoretical value for the 
monoformate.

Under the conditions used, the small amount of 
alcohol that did not react with formic acid may 
have reacted with the acetic anhydride at the 
reflux temperature. However, the carbon mon
oxide collected measures directly the amount of 
formic acid that did not react with the alcohol, and, 
therefore, indirectly the amount of formic acid 
that did react. It is not believed that the addition 
of anhydride upsets the equilibrium, since, if it 
did, all the formic acid originally added (if less than 
that required for complete reaction) would have 
reacted. This, according to Fig. 1, did not occur. 
The reaction :s not novel. It is presented to 
illustrate the method of following the reaction 
between formic acid and hydroxylic compounds.

Sugars.— To aid in understanding the reaction 
between formic acid and polysaccharides, the 
reaction with simple sugars and derivatives was 
studied. As with the alcohol, the mixture was 
kept in the small flask until equilibrium was ob
tained. It was shown that the degree of esterifica
tion is independent of temperature, at least in the

range 35 to 55°, with overnight treatment (Fig. 2). 
Reaction mixtures of sugars and formic acid were 
kept overnight at 55° before the acetic anhydride 
was added.

d-Glucose.— Figure 1 shows the reaction curve 
for d-glucose. With increasing concentration of 
formic acid, the resulting combined formic acid 
increases and finally approaches the value of 51%. 
This is also the calculated value for the diformate. 
Thus, only two of the five hydroxyl groups in d-

© C H ,O H

glucose arc capable of reacting with formic acid 
under the conditions previously described.

Rhamnose.— Rhamnose is a derivative of man
nose in which the primary alcohol group has been 
reduced to a methyl group. It forms the mono
formate, as is shown in Fig. 3. This fact, when

II H

coo * 0

© C H ,

considered with the results for d-glucose, suggests 
that in d-glucose the primary hydroxyl is capable 
of reacting with formic acid.

2,3,4-Trimethyl-d-methylglucoside.— To con
firm the finding that the primary hydroxyl does
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WEIGHT FORMIC ACID ADDED TO SUGAR (GRAMS PER IOO GRAMS SUGAR). 
Fig. 2.— Reaction of sucrose with formic acid.
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Fig. 3.— Reaction of rhamnose and «-methyl glucoside with formic acid.

200

react with formic acid, a glucose was used in which 
all but the primary hydroxyl was methylated.

OM e

© C H ,0 H

Unfortunately, there was insufficient material to 
obtain a complete reaction curve. It was observed, 
however, that when 102 g. of formic acid per 100 g. 
of this sugar derivative was used, the combined 
formic acid content was 19.4 g. per 100 g. of sugar 
derivative, and when 124 g. of formic acid per 100 
g. of derivative was used, the combined formic 
acid content was 18.9 g. The curve was therefore 
at the plateau. The theoretical value for the 
monoformate is 19.5 g. per 100 g. of sugar. There
fore, the free primary hydroxyl group of 2,3,4-
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Fig. 4.— Reactions of cellobiose and menthol glucuronide with formic acid.

trimethyl-j3-methylgucoside does react with formic 
acid. Thus, of the two hydroxyls in ©glucose 
capable of reacting with formic acid, one 
of them is definitely the primary hydroxyl.

a-Methyl-d-glucoside.— The maximum 
combined formic acid content of this sugar 
derivative corresponds to the diformate 
(Fig. 3). Considering this together with 
the result for ©glucose, it can be concluded 
that the hemiacetal hydroxyl (position 1) 
does not react with formic acid. Thus 
the remaining hydroxyl group capable of 
reacting with formic acid, other than the primary, 
must be attached to position 2, 3 or 4.

H Oil
! © I

©c----------0
© c h 2o ii

Menthol-d-glucuronide.— The observed maxi
mum combined formic acid content of this deriva
tive corresponds to a monoformate (Fig. 4). 
Again, when considered with the data for ©glucose,.

©C------- C

@¿OOH

it is concluded that in ©glucose, the reactive hy
droxyl, other than the primary one, must be 
attached to position 2, 3 or 4.

Cellobiose.— The maximum combined formic 
acid content of cellobiose corresponds to the tri

formate (see Fig. 4). It has been shown that the 
primary hydroxyl in ©glucose reacts with formic

@'CH,OII II OH

acid. Thus it is quite likely that two of the three 
reactive hydroxyls in cellobiose are the two primary 
groups. It has been shown that the hemiacetal 
hydroxyl does not react. Since the hydroxyls in 
each of the pairs 2,2' and 3,3' would be expected to 
have similar properties, it is improbable that hy
droxyls in these positions react with formic acid; 
that is, the third hydroxyl in cellobiose capable of 
reacting with formic acid would not be expected 
to be found among these two pairs. It is suggested 
that the free hydroxyl in position 4 of the non
reducing residue is the one capable of reacting with 
formic acid. It will be shown in the second paper 
that the hydroxyls in positions 2 and 3 in starch 
do not react with formic acid.

Carrying these results over to ©glucose, it can be 
concluded that the two hydroxyls in ©glucose 
capable of reacting with formic acid are those in 
positions 4 and 6.

Sucrose.— Sucrose is shown in Fig. 2 to form a
t.riformate. Sucrose has a furanoid fructose resi-
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due. The reaction of furanoid fructose and suit
able derivatives with formic acid was not studied. 
Therefore, it is not possible to state which of the 
hydroxyls in the fructose residue of sucrose do react. 
That the twc primary groups in the fructose 
residue have different reactivities is shown by 
recent work on the alkaline hydrolysis of sucrose 
octaacetate.7 It would be predicted that the 
hydroxyls in positions 4 and 6 of the glucose residue 
do react, leaving one hydroxyl in the fructose 
residue capable of reacting with formic acid.

Discussion
The reaction of glucose with formic acid has 

been shown to involve hydroxyls in positions 4 and
6. The literature contains some references to 
work done on the relative reactivity of the hy
droxyls in glucose. The reactions concerned, 
however, were generally those carried out under 
alkaline conditions: methylation in the presence 
of NaOH,8 and xanthation in the presence of 
NaOH.9 The evidence is strong that under 
such controlled alkaline conditions only those 
hydroxyls in positions 1, 2 and 6 react.10 Occa
sionally, reference is made to a similarity in re
activity of hydroxyls in positions 2 and 3.8’11 
The reactivity of the hydroxyls in positions 1, 2

(7) B. Rabino witch and A, Alexander, J . Am. Chem. Soc., 72, 293 
(1950).

(8) E. G. Pereival J. Chem.. Soc., 1160 (1934); 249 (1939).
(9) T. Lieser, et a l, Ann., 495, 235 (1932); 511, 121 (1934).
(10) T. Temell, ‘Studies on Cellulose Reactions,”  Esselte Ak- 

tiebolag, Stockholm, ¿950.
(11) E. .T. Lorand, Ind. Eng. Chem., 31 801 (1939).

and possibly 3, under alkaline conditions may be 
associated with their slightly acidic c h a r a c t e r .12'13 
The reactivity of the primary hydroxyl, on the other 
hand, is general and may be attributed to the 
greater reactivity of such groups in contrast to 
that of secondary groups. Because of this general 
reactivity, the primary hydroxyl would be ex
pected to react with formic acid. On the other 
hand, since the hydroxyls in positions 1, 2 and 
possibly 3 require alkaline activation for reaction, 
it is not surprising that they do not react with 
formic acid.

There are a few references in the literature 
suggesting the occasional similarity in reactivities 
of groups in positions 4 and 6. Thus, although 
tosylation of methylglucoside under mild conditions 
leads to the formation of the tetra derivative, 
under more drastic conditions 2,3-ditosyl-4,6- 
dichloromethylglucoside is formed.14 Sulfuryl chlo
ride reacts with a-methylglucoside to form the
2,3-sulfuryl-4,6-dichloro derivative.16 It is of 
interest to point out that reducing disaccharides 
containing aldose residues generally contain 1,4 
or 1,6 linkages.

With simple sugars there is no question concern
ing the accessibility of formic acid to the reactive 
hydroxyls. In the case of polysaccharides, this 
factor of accessibility is of great importance; 
it is considered in Part II of this study.

(12) P. Iiirsch and R. Sclilags, Z. physik. Chem., 141 A, 387 (1929).
(13) S. P. Sari and P. K. Schonfield, Proc. Roy. Soc., 185A, 431

(1946).
(14) K. Hess, Ann., 507, 48 (1933).
(15) B. Helferich, G. Sprock and E. Besler, Ber., 58, 889 (1925).

THE REACTION OE FORMIC ACID WITH CARBOHYDRATES. II. 
POLYSACCHARIDES: A NEW METHOD FOR DETERMINING

ACCESSIBILITY1
B y  Harold Tarkow and Alfred J. Stamm

United States Department of Agriculture, Forest Service, Forest Products Laboratory,2 Madison 5, Wisconsin
Received February o, 1951

The maximum degree of interaction of a polysaccharide with formic acid is shown to be a measure of the accessibility of 
the material. It is shown that the initial formic acid content at which the combined formic acid becomes constant is a meas
ure of the fiber-saturation point. For different polysaccharides, the moisture adsorption at a given relative humidity is pro
portional to the accessibility. On extrapolating these curves, the moisture adsorptions for 100%  accessible cellulose are 
calculated. Analysis of the moisture adsorptions for such a theoretical cellulose, shows that the adsorption of 3 molecules 
of water per available glucose residue is not complete even at 9 0 %  relative humidity.

The work described in the previous paper3 
showed that only those hydroxyls in positions 4 and 
6 of glucose are capable of reacting with formic acid. 
In the formation of polysaccharides (polyanhydro- 
glucose), the hydroxyl in position 4 is usually 
eliminated, while the one in position 6 (primary) 
usually remains free. Although it is free in the 
sense that it can be identified by chemical analysis, 
owing to the existence of crystalline and amor
phous zones, the primary groups within the crys-

(1) Presented at the American Chemical Society, Chicago, 111., 
September 3-8, 1950.

(2) Maintained at Madison, Wis., in cooperation with the University 
of Wisconsin.

(3) H. Tarkow and A. J. Stamm, T his J o u r n a l , 56, 262 (1952).

talline zones may not be reached by mild reagents. 
It has been shown that different polysaccharides do 
react to different extents «nth formic acid and 
that the variation in degree of reaction can be 
attributed to variations in the degree of accessi
bility.

Experimental Procedure
The experimental procedure was similar to that de

scribed in the previous paper.3 The material in the reaction 
flask was vacuum dried at 65° for 2 hours. After the mate
rial was cooled and weighed, anhydrous formic acid was 
added from a microburet. The flask was then set in an 
oven at 55° for about 15 hours. It was shown (Fig. 1) that 
equilibrium is attained under these conditions. After cool
ing and weighing, the flask was almost completely filled with
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Fig. 1.— Reaction curves for starch and high-tenacity rayon with formic acid.

acetic anhydride and set in an oil-bath at 146° and the gas 
was collected and analyzed for carbon monoxide.

Materials.— Starch, a commercial, purified starch; 
cotton, mercerized cotton, flax, high-tenacity rayon; fiber G : 
These were similar to those used previously in this Labora
tory in acid-hydrolysis studies; Cellophane, non-moisture- 
proof cellophane was thoroughly washed and air dried; 
W ood, sugar maple cross sections 1 millimeter thick were 
cut up into 2- by 2-millimeter squares; formic acid, 9 9 %  
pure. All calculations were corrected for the 1 %  impurity; 
acetic anhydride, C . p . grade.

Results
Starch.— Figure 1 shows the reaction curve for 

starch. The maximum combined formic acid con
tent is 28.7%. This agrees well with the value of 
28.4% calculated for the monoformate. Since 
the previous paper3 showed that in glucose only 
those hydroxyls in positions 4 and 6 react, it can 
be concluded that in starch only the primary 
hydroxyl reacts with formic acid. Hixon4 has 
shown that starch reacts with formic acid to form 
only a monoformate. On the basis of the amount 
of periodic acid consumed by the ester, he showed 
that the formyl group is attached in the primary 
position. The fact that the observed maximum 
combined formic acid content agrees reasonably 
well with the calculated value indicates that 
starch contains very few, if any, primary hydroxyl 
groups which cannot react with formic acid.

High-tenacity Rayon.— Figure 1 shows the re
action curve for a high-tenacity commercial rayon. 
The maximum combined formic acid content is 
about 21.8%. The fact that this value is smaller 
than the theoretical value (28.4%) suggests the

(4) D. Gottlieb, C. G. Caldwell and R. M. Hixon, J. Am. Chem. 
S o c .62, 3342 (1940),

presence of regions into which formic acid cannot 
enter, or in which the primary hydroxyls are in
volved in hydrogen bonding of such intensity as 
not to be broken by formic acid. The ratio 21.8/
28.4 X 100, or 77%, is, therefore, the per cent, of 
all the primary groups in this rayon accessible by 
formic acid.

Flax.—The maximum combined formic acid 
content is shown in Fig. 2 to be 8.4%. Evidently 
only a small fraction of the primary hydroxyls is 
accessible; that is, only 8.4/28.4 X 100, or 30%.

Cotton, Rayon and Cellophane.— Figures 2,3 and 
4 present reaction curves for native and mercer
ized cotton, Fiber G (a rayon), and cellophane.

If it is assumed that for every available primary 
group a glucose residue is made available, then the 
accessibilities of the primary groups are also the 
accessibilities of the glucose residues. It is not 
likely that chain degradation occurs. This is 
suggested by the inability of formic acid to break 
the glycosidic bonds in a-methylglucosice and 
in cellobiose.3 Furthermore, no harmful effect on 
toughness is observed on treating wood with an
hydrous formic acid. In the absence of chain 
degradation,5 recrystallization very likely does not 
occur. Table I lists the accessibilities of the 
various carbohydrates that were tested. Since 
the method depends on the reaction between formic 
acid and primary hydroxyl groups in pyranose 
residues, some doubt arises in the interpretation of 
the data for carbohydrates containing appreciable 
amounts of pentosans, polyuronides and lignin. 
For this reason, the value obtained for maple is not 
included in the table.

(5) V. J. Brenner, J. A. Frilette and H. Mark, ibid., 70, 877 (1948),,
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Fig. 2.— Reaction curves for flax and Fiber G with formic acid.

INITIAL FORMIC ACID CONTENT 
(PERCENT BY WEIGHT OF ORIGINAL MATERIAL).

Fig. 3.— Reaction curve for native and mercerized cotton with formic acid.

T a b l e  I

A c c e s s ib il it ie s  o f  V a r io u s  C a r b o h y d r a t e s  a s  D e t e r 
m in e d  fr o m  F orm ic  A cid R e a c t iv it y

Material Accessibility, %

High-tenacity commercial rayon 77
Cellophane 72
Fiber G 65
Mercerized cotton 52
Douglas fir holocellulose 48
Alpha pulp N o. 1 47
Alpha pulp No. 2 35
Flax 30
Native cotton 38

No attempt was made to convert these accessi
bilities to per cent, crystallinities since there is doubt 
about the size of the crystallites.6 TimelF has 
recently summarized and critically reviewed the 
various physical and chemical methods for measur
ing accessibilities. He concludes that native cotton 
is 30 to 40% accessible, while rayons are 60 to 70% 
accessible. The good agreement with the values in 
Table I is interesting in view of the fact that formic 
acid swells polysaccharides more than water does.

1,6) J. Howsmon, Text Res. J., 19, 152 (1949).
(7) T. Timell, “ Studies on Cellulose Reactions,“  Esselte Aktiebolag,

{Stockholm, 1950.
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Fig. 4.— Reaction curve for cellophane and sugar maple with formic acid.

(It swells cellophane in the “ cross-machine’ ' direc
tion 1.9 times as much as water, and it swells 
maple in the tangential direction 1.8 times as 
much as water does.) This suggests that beyond 
a certain degree of swelling in formic acid, no more 
primary hydroxyl groups are made available. 
This is clarified in the following discussion.

Consider the reaction curve for maple (Fig. 4). 
Unlike the reaction between formic acid and an 
alcohol, where all hydroxyls are immediately avail
able, the hydroxyls in polysaccharides become in
creasingly available as more formic acid is added; 
that is, as the wood swells. The curve shows that, 
when at least 38 g. of formic acid has been added to 
100 g. of wood, the combined formic acid becomes 
constant even though the wood is capable of 
taking up more than 38 g. of formic acid into its cell 
walls. ThisVeight corresponds to 31 cubic centi
meters if it is assumed that the initially adsorbed 
formic acid has its normal density. The wood sub
stance can be assumed to swell by 31 cubic centi
meters for this degree of adsorption. This, of 
course, is a rough approximation, as any adsorp
tion compression is neglected.8 It assumes the 
absence of submicroscopic voids within the cell 
wall9 and it neglects the small amount of formic 
acid vapor in the dead space of the flask.

As swelling continues beyond 31 cubic centi
meters, no additional reactive groups are exposed. 
It is of great interest that this value, 31 cubic 
centimeters, is approximately the generally ac
cepted value for the fiber-saturation point of wood; 
that is, it is the volume by which 100 g. of extrac
tive-free wood swells under stress-free conditions in 
water.10 It is therefore concluded that the maxi-

(8) A. J. Stamm and R. M. Seborg, T h is  J o u r n a l , 39, 133 (1934).
(9) P. H. Hermans, "Contribution to Physics of Cellulose Fibers,” 

Elsevier Publishing Co., Amsterdam, 1946.
(10) A. J. Stamm, Ind . Eng. Chem., Anal. Ed., 1, 94 (1929).

mum number of primary hydroxyl groups are 
made available when the degree of swelling in 
formic acid is equal to that by which the original 
wood swells in water. Swelling beyond this volume 
exposes no more primary groups. This means 
that either formic acid does not penetrate the 
crystalline regions, or that if it does, it does not 
break those hydrogen bonds involving primary 
groups. For polysaccharides composed of native 
cellulose, it may be the former, as the X-ray 
diffraction pattern of wood treated with formic 
acid is similar to that of untreated wood.

Further evidence that the abscissa of a reaction 
curve corresponding to the beginning of the plateau 
is a measure of the fiber-saturation point was shown 
in another manner. Consider the curve for cello
phane in Fig. 4. The combined formic acid content 
becomes constant when 73 g. or 60 cubic centimeters 
of formic acid has been added to 100 g. of cello
phane. From the previous discussion, it would be 
concluded that 100 g. of cellophane would swell 
by 60 cubic centimeters in water; that is, it would 
adsorb about 60 g. of water at 100% relative 
humidity.

A sheet of wet cellophane was suspended in a 
97% relative humidity room and weighed every 10 
minutes (Fig. 5). During the first 50 minutes the 
rate of evaporation was constant. The rate then 
decreased continuously and presumably would 
have reached the value of zero, when the equilib
rium moisture content for these conditions was 
reached. The linear portion is interpreted as 
being due to the evaporation of free water. When 
the free water has evaporated, further evaporation 
occurs from the swollen material. The point of 
intersection represents the weight of water in 100 
g. (dry basis) of swollen cellophane containing no 
free surface water. This value, 65 g., agrees
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Fig. 5.— Determination of the fiber-saturation point of cellophane hv meas

uring the rate of loss of moisture from the initially water-logged condition as 
a function of time at 9 7 %  relative humidity.

reasonably wel with the value 
the formic acid reaction curve.

determined from

swollen to make available all the 
non-hydrogen-bonded primary hy
droxyl groups.

Relationship between Accessi
bility and Moisture Adsorption.—
Howsmon6 has shown that a linear 
relationship exists between accessi
bility and moisture adsorption at 
58% relative humidity. He implied 
that other humidities could have 
been used. This is confirmed in 
Fig. 6 which shows the relationship 
between accessibility and moisture 
adsorption at 50 and 60% relative 
humidity. Considering the variety 
of carbohydrates, it can be con
cluded that moisture adsorption at 
some arbitrary relative humidity is 
a relative measure of accessibility.

The exact mechanism whereby 
this water is held is not clear. 
Purves11 believes that at 50% rela
tive humidity, every available glu
cose residue can adsorb 3 molecules 
of water. Hermans9 also postulates 
direct interaction and even proposes 
the structure of the two hydrates 
which, he claims, cellulose can form 
under certain conditions. One diffi
culty in the elucidation of the 
mechanism arises from the existence 
of accessible and non-accessible re
gions in carbohydrates. This diffi

culty can be avoided by extrapolating the curves to 
100% accessibility to determine the moisture ad-

lOO 120

Fig. 6.— Relationship between accessibility and moisture adsorption of the original material at 50 and 9 0 %  relative, 
humidity: high-tenachy rayon, (J); fiber G, Cellophane, 0 ;  alpha pulp No. 1, □ ;  alpha pulp No. 2, A; native cotton, x; 
mercerized cotton, O ; flax, V : cotton linter, © ;  highly beaten linter, z.

The term fiber-saturation point can thus be 
given a chemical interpretation: It is the minimum 
volume by which 100 g. of polysaccharide must be

sorption of a completely accessible cellulose. This
(11) A. C. Aïssaf, R. II. Haas and C. B, Purves, J. Am. Chem. Soc., 

66, 06 (19-14).
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has been done in Fig. 6. It will be noted that at 50 
and 90% relative humidity such a theoretical cellu
lose would adsorb 14 and 33% moisture, respec
tively. It is not known what fraction is held directly 
on hydroxyl groups and what fraction is held as 
water of condensation; however, it is reasonable to 
assume that a large fraction of the water adsorbed 
at 50% relative humidity is held directly by hy
droxyl groups. Assume all of it is held this way; 
then, according to the extrapolated value in Fig. 6. 
each glucose residue would adsorb i y 3 molecules of 
water at 50% relative humidity. This throws 
doubt on Purves’ contention that at this humidity, 
each available glucose residue adsorbs 3 molecules 
of water. At 90% relative humidity, some of the 
adsorbed water very likely is held as water of con
densation. According to Fig. 6, 100% accessible 
cellulose should adsorb 33% moisture at this 
humidity; therefore, the amount of water held 
directly on hydroxyl groups is somewhat less than 
33 g. per 100 g. of cellulose or somewhat less than 
3 molecules of water per glucose residue. The 
remainder of the sorbed water is present as 
capillary condensed water. Perhaps only at 100% 
relative humidity will each available glucose resi
due have adsorbed directly 3 molecules of water. 
This seems reasonable, considering the fact that 
swelling in water with its resultant exposure of 
new surface is completed only at 100% relative 
humidity.

Acknowledgment.— The authors are indebted 
to Prof. M. L. Jackson of the University of 
W isconsin Soils Department who placed at their 
disposal his department’s X-ray diffraction equip
ment.

Addendum
A recent paper by Nickerson12 on the accessibility of 

cellulose determined by formic acid esterification has just 
come to our attention. His values are appreciably lower 
than ours. He obtained a rapid initial rate of esterification, 
followed by a slow but continued reaction with time, even 
beyond the monoformate stage at room and slightly ele
vated temperatures. A t a given temperature and for 
various reaction times, he measures the ratio of combined 
formic acid in a cellulose to that in starch. On extrapolating 
these ratios to zero time, he gets an instantaneous ratio 
which he calls the accessibility of the cellulose. This ratio 
of reaction rates, however, increases with time and even
tually seems to level off. Roughly speaking, our work 
differs from Nickerson’s in that, we were interested in the 
final value of the ratio, whereas he was interested in the ini
tial value. Several questions can be raised concerning his 
treatment. His method assumes that the rate of reaction 
of starch with formic acid is equal to that of accessible 
cellulose. Starch is an a-glueoside with a zigzag chain. 
Celluloses are |3-glucosidcs with straight chains. D o  
these have similar rates of reaction? Starch contains 
branched chains -which make for a highly open structure. 
(A  comparison of the densities of starch and highly amor
phous cellulose might show this.) Would not the rate of dif
fusion of formic acid through the starch be greater than 
through the amorphous cellulose? Water is a reaction prod
uct and its accumulation would tend to retard esterification. 
Would not the more open structure of starch permit the 
water to diffuse out faster than out of cellulose? Some 
doubt is thus raised about identifying the initial ratio of the 
rate of reaction of a cellulose to that of starch as a measure 
of the accessibility of the cellulose.

In Nickerson’s work, the ratio of formic acid to carbo
hydrate was high, about 50 to 1. In our work it was rela
tively low (generally less than 1 to 1). When the combined 
formic acid (in our procedure) begins to level off, the activ
ity coefficient of the formic acid is still appreciably less than 
unity. (The cellulose is not in the completely formic-acid- 
swollen state.) Perhaps only when a large excess of formic 
acid is present so that the activity coefficient is unity does 
the reaction with secondary hydroxyls become significant.

(12) R. F. Nickerson, Text. Res. J., 21, 195 (1951).
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1. Brownian activity stops in the Taggart shallow cell when the electrolyte changes from alkali to acid, because the 
particles become attracted to the glass walls as a result of the changes in electrostatic forces. 2. In this connection a means 
of estimating the sign and intensity of electrical charge on a glass surface in the presence of different solutions of electrolytes 
is presented. 3. Even though a suspension is at the isoelectric point, flocculation may not happen. For instance, with 
sphalerite, flocculation did not occur in acid medium (even 0.1 M  H 2S04) or in concentrated NaCl, the suspensions being 
close to the isoelectric point. W ith aluminum chloride, flocculation occurred only in alkaline solution, not in distilled water 
or acid. 4. The Brownian movement of sphalerite particles was found to be different in one electrolyte medium compared 
with another. It was lowest in the alkaline aluminum chloride flocculating medium, the activity being l/3 that predicted 
by Einstein’s theory. In alkaline medium only, it was somewhat over 1/, that of Einstein, and in acid medium only, almost 
2/s. 5. The displacement due to Brownian movement of sphalerite particles in 0.001 M  Na^Cth medium is about lh  greater 
when measured in a shallow cell than when in a deep cell. 6. This enhanced displacement of sphalerite in the shallow cell 
along with the observations of Henri and Lucas indicates that the shallow cell serves to accentuate the effect of electrical 
charge on Brownian movement, for the walls of the cell are close to the particles. Thus, the variations in Henri’s results 
might be explained. 7. In samples of suspension of low electrolyte content and near the isoelectric point, particles (in the 
deep cell) were observed to have markedly different Brownian motion, as well as different eataphoretic velocities. Those 
particles with higher Brownian activities generally had a higher eataphoretic velocity (or zeta potential). 8. Likewise, 
qualitative observations in the shallow cell point to electrical environment affecting pedesis. Attraction forces or repulsion 
forces or a combination of both are seen to be involved with the Brownian activity, the effects acting over a relatively “ long 
range.” 9. A  reasonable agreement was found between the time-displacement data observed for sphalerite and the Einstein 
expression which theoretically relates time and displacement. Comparison of the data with that obtained by Henri for latex 
show's still closer correlation even though the systems and conditions under consideration are markedly different. 10. This 
research indicates that electrical forces influence the Brownian movement. Nevertheless, molecular collisions (density 
fluctuations) must be considered, and the Einstein relationships between the displacement and the time, the viscosity, the 
temperature and the radius hold at least roughly. But allowance should be made for the ionic content of the medium, and
the zeta potential of the particles and nearby walls.

Introduction
Reliable data on the quantitative aspects of 

Brownian movement are rare. The early experi
menters largely' concentrated their efforts in dem
onstrating the Validity of the Einstein equation.3 
Occasionally, however, there have appeared results 
which seemed to indicate that factors other than 
those envisaged in the classical equation might in
fluence the amplitude of the Brownian movement, 
notably the possible effect of electrolytes on aque
ous suspensions.

Unfortunately, none of the previous workers in 
this field have published data giving simultaneous 
measurements of size, charge and amplitude of 
Brownian movement on given particles under 
known conditions. The experimental part of this 
paper is an attempt to remedy this lacuna.

Admittedly, much more information is necessary 
before arriving at any final explanation. Never
theless, a very brief analysis of the various theore
tical possibilities has been appended herein.

Henri4-6 in 1S08, claimed that the pedesis of rub
ber latex globules varied in intensity depending on 
the presence and nature of electrolyte dissolved in 
the suspending medium. His particles were spher
ical, having a relatively uniform radius of about one 
micron. The greatest displacement was in distilled 
water. This activity was practically four times 
that calculated with the Einstein formula. When

(1) The data cited in this paper are from M. Bender, “ Brownian 
Movement— Electrical Charge— Flocculation,” Ph.D. Dissertation, 
New York University, 1949. See also this thesis for a comprehensive 
survey on Brownian movement literature relative to this work.

(2) Calco Chemical Division, American Cyanamid Company, Bound 
Brook, New Jersey.

(3) A. Einstein, Ann. Rhys., 17, 549 (1905); 19, 371 (1906); transla
tions by A. D. Cowper, in “ Investigations on the Theory of the Brown
ian Movement,” Methuen Co., Ltd., London, 1926.

(4) V. Henri, Corrupt, rend., 146, 1024 (1908)
(5) V. Henri, ibid., 147, 62 (1908).

the medium was alkaline, Henri observed a dis
placement one-half that which he found in distilled 
water and when acidic, it was one-ninth. Henri 
used a shallow cell.6

Henri’s experimental technique, involving cine
matography, appears to have been above any real 
important criticism. Actually, there was in his 
work an approximate check of the classical dis
placement-time relationship and the acknowledg
ment of this by Perrin,7 Chaudesaigues,8 and Sved- 
berg9 indicates approval of Henri’s methods. Bur
ton,10 refers to Henri’s “ very reliable results of the 
motion in pure solvents and also in these solvents 
after impurities were added.”

Despite the great amount of work by Perrin and 
his collaborators and by Svedberg,11 which tended 
to conform with the classical theory, Henri’s work 
was not actually disproven and we have Duclaux12 
as late as 1938 in his extensive review on Brownian 
movement pointing out in no uncertain terms the 
contradictions in the literature regarding the pos
sible effect of electrical charge on pedesis.

A recent disagreement with the classical ideas of 
Brownian movement was voiced by Taggart and

(6) Distinction should be made between shallow cell (generally pre
pared by placing a drop of the suspension being examined between 
microscope glass slide and cover-glass) and deep cell. From observa
tions, the shallow cell usually has an inside height no greater than 35g. 
Very often this height is considerably less depending on the investi
gator’s technique. The deep cell, on the other hand, has an inside 
height of over 100/u.

(7) J. Perrin, Ann. Chim. Phys., 18, 1 (1909).
(8) Chaudesaigues, Compt. rend., 147, 1044 (1908).
(9) T. Svedberg, “ Colloid Chemistry,” 2nd Ed., The Chemical 

Catalog Co., Inc., New York, 1928.
(10) E. F. Burton, “ The Physical Properties of Colloidal Solutions,” 

3rd Ed., Longmans, Green, and Co., London, 1938, p. 68.
(11) T. Svedberg, Nova Acta Regiae Societatis Scientiarum Up- 

saliensis Ser. IV, 2, NI (1907), or “ Studien zur Lehre von den Kolloiden 
Losungen,” Dissertation, 1907; translation in Ion, 1, 373 (1909).

(12) J. Duclaux, “ Traité de Chimie Physique,”  Tome II, Hermann 
& Cie, Paris, Chapitre V (1937) and Chapitre VI (1938).
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his collaborators13-16 in connection with studies per
taining to ore flotation. The claims were that the 
Brownian activity (of mineral particles like quartz, 
galena, sphalerite and pyrite, etc.) could be stopped 
or revivified at will by the addition of given elec
trolytes to the aqueous suspension, and that there 
was a region of solubility of the surface compound 
on the particle {i.e., between 1 and 40 mg. per liter) 
only within which, Brownian movement occurred. 
In this work Taggart took care to keep the suspen
sion sufficiently dilute so that there would not be a 
variation in actual particle size. His observation 
cell was shallow.

In 1945, Kellogg13 14 15 16 17 criticized Taggart’s view
points. This was based on qualitative experiments 
including comparative observations in both deep 
(500 ix) and shallow cells, the correlations he found 
between slime-coating and lack of Brownian move
ment in a shallow cell or at the bottom of a deep 
cell, and his observations of Brownian activity 
where the “ surface compounds”  were outside the 
limits of Taggart’s Brownian movement-solubility 
curve.

Finally, one more disagreement with classical 
theory can be given. Lucas18 in 1938 mentioned 
retarding the Brownian motion of Hevea rubber 
globules by diluting the latex with 7% sodium 
chloride solution. He made use of this effect in his 
ultraviolet photographic work. Since the particles 
were caused to be in subdued movement, he was 
able to obtain clear photographic images. The ob
servation cell was shallow, it being prepared by 
placing a quartz cover-glass over a drop of the sus
pension on a quartz slide, and blotting out excess 
liquid. Spence,19 in 1908, had made similar ob
servations of reduced Brownian movement activity 
of Hevea latex in saline solution.

Experimental and Discussion
Although most of this literature is consistent in the sense 

of pointing out the inadequacies of the classical theory of 
Brownian movement, nevertheless, it is difficult to deduce 
interconnecting theory (at least on a general basis) between 
the different authors. Much of it, as outlined above, is 
qualitative, and more quantitative displacement, and electri
cal charge data are now attempted to the solution of this 
problem.

The experiments in this work are grouped in several sec
tions. First, a resume of qualitative observations and tests 
made along the lines of previous workers is given. Second, 
the electrical charges were measured on particles and on cell 
walls under a variety of conditions. From these it also was 
possible to establish the necessary conditions of electric 
neutrality on the particles. Third, the amplitude of Brown
ian movement and the particle size were measured simul
taneously. Finally, qualitative experiments were carried 
out in order to help more fully develop the theoretical im
plications. One series of these observations shows connec
tions between the zeta potential of particles and their 
Brownian activity. Another series indicates how attraction 
forces and repulsion forces become interrelated with the 
Brownian movement.

(13) T. C. Fitt, “ The Brownian Movement and the Reactions at the 
Surface of Zinc Sulfide Particles in Solutions of Sodium Arsenate,” 
Doctoral Thesis, Columbia University (194-).

(14) T . C. Fitt, A. W . Thomas and A. F. Taggart, A .I.M .E . Tech. 
Pub. No. 1575 (1943).

(15) A. F. Taggart, J. Phys. Chem., 36, 130 (1932).
(16) A. F. Taggart, T . C. Taylor and A. F. Knoll, Transactions, 

A.I.M .E., 87, 217 (1930); or A .I.M .E . Tech. Pub. No. 312 (1930).
(17) H. H. Kellogg, A.I.M .E. Tech. Pub. No. 1841 (1945).
(18) F. F. Lucas, Ind. Eng. Chem., 30, 146 (1938).
(19) D. Spence, India Rubber Journal, 36, 233 (1908).

I. Preliminary Observations and Tests.— These were 
carried out in verification and extension of the work both of 
Taggart and of Kellogg. Preliminary tests showed that the 
finely divided particles of sphalerite conformed well to Tag
gart’s predictions; accordingly, this material was used in 
the later and quantitative parts of this research.

Numerous attempts showed that Taggart’s results could 
not be duplicated in deep cells. For example the Brownian 
movement of sphalerite particles could not be stopped under 
deep cell conditions by addition of dilute sulfuric acid— quite 
different to what is observed ir_ shallow cells. The solubility 
criterion advanced in the Taggart hypothesis fell down when 
applied to such simple suspensions as silver iodide or calcium 
sulfate, both having a solubility range outside the critical 
region. Furthermore, the typical adhesion to the glass 
bottom (and top) of a cel) could be demonstrated both by a 
simple flow technique and even by micromanipulation. 
Finally, it was observed that chemical treatment with di
ethyl germanium oxide20 of the glass cell surface delayed 
stopping of Brownian movement in the Taggart cell thus 
proving that the cell surface was involved in the reaction.

II. Electrokinetics, a. Particle Charge and Wall 
Charge.— Although the above observations point quite 
conclusively that adherence to cell walls (glass) is the cause 
for Taggart’s particles having ceased their Brownian move
ment, the phenomena involved can be better understood as 
well as confirmed if the electrical charge data are known for 
the particles and surface(s) under consideration.

It was decided to use the Northrup-Kunitz rectangular 
cell in this connection because not only could it be em
ployed to measure particle electric charge, but also hydro- 
dynamic theory (see Abramson)21 predicts that data per
taining to glass wall charge can be obtained by an analysis 
of the electro-osmotic flow occurring in such a cell. The 
direction and amount (or velocity) of the electro-osmotic 
flow naturally depends on the cell wall. B y algebraically 
adding the true particle cataphoretic velocity {i.e .,  that ob
served at the usual Smoluchcwski levels in the cell, which 
levels are at or near V , and i/h the cell height) and the ve
locity of the particles when they are close to the glass cell 
surfaces, it becomes possible to evaluate the direction and 
velocity of the liquid (electro-osmotic flow) at the walls, 
and accordingly obtain a relative idea of the sign and amount 
of charge on the glass. The direct values of these liquid 
velocities were used and no attempt was made to translate 
them to zeta potentials by means of any of the standard 
equations such as the Helmholtz equation.

After preliminary experiments showred that the usual 
hydrodynamics of a rectangular cataphoresis cell were being 
obeyed and that the amount of bow in the curve of a cell 
height vs. particle velocity was affected by the acidity of the 
suspension, it was considered valid to calculate velocity 
data of liquid at the glass surface due to electroendosmosis, 
and use this liquid velocity to show relative charge of the cell 
walls. The results of such calculations are given in Table I 
for six suspensions22 of sphalerite in alkaline (pH  10.1, 8 .9 ), 
distilled water (pH  6 .6 ), and acid (pH  4 .3 , 2 .9 , 2 .6) media. 
True average cataphoretic velocity (C .V .) is given for these six 
suspensions and also for two additional ones of greater 
acidity, namely, 0.01 and 0.1 M  H 0SO4. Zeta potential 
data are also contained therein.

Figure 1 represents a graph of this C .V . and liqu;d ve
locity data as a function of pH . Note how markedly the

(20) This material was contributed by Dr. H. H. Anderson of the 
Chemistry Department, N .Y.U., 1949.

(21) H. A. Abramson, “ Electrokinetic Phenomena, and Their 
Application to Biology and Medicine,” The Chemical Catalog Com
pany, Inc., New York, N. Y ., 1934-..

(22) All the suspensions employed in the research, contained 
0.0125% by weight of sphalerite in given electrolyte solution of given 
concentration. This gave an optimum number of particles in the field 
of the microscope for observing cataphoresis or Brownian movement 
displacement. Also, this concentration of particles was sufficient to 
clearly display flocculation phenomena.

In preparation, the 0.0125% suspension was formed by dilution of 
0.025% suspension in distilled water volumetrically in half with the 
requisite electrolyte solution. The distilled water suspension was ob
tained by grinding that weighed out quantity of powdered sphalerite 
necessary for 1 liter, in the “ Diamonite” mortar and pestle with a few 
drops of water. More water was gradually added and grinding con
tinued. Then the slurry was transferred to a volumetric flask and the 
balance of the water gradually added with shaking.
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T a b l e  I

A v e r a g e  C .V .,“ Z e t a  P o t e n t ia l a n d  A v e r a g e  L iq u id  V e l o c it y “ at D if f e r e n t  pH
pH

» Concn, 
i Electrolyte

10.1
(0.001 M) 
(Na,COj)

8.9
(0.0001 U)
(NaiCOj)

6.6
(Dist. H20)

4.3
(0.00006 M) 

(H2S04)

2.9
(0.001 -11) 

(H2SO4)
(0.002 AT)
(HsS04)

2 2
(0.01 M) 
(H2SO4)

(LISP  
(0.1 M) 
(H2SO4)

C.V . av. (true) -  2.11 -  2.09 -  1.51 -  2.10 — 1.12 — 0.08 —0.44 (0)
f  (m v.) - 2 7 . 5 -2 7 .2 -1 9 .6 -2 7 .3 —14.6 —1.0 —5 .8 (0)
Velocity II2Oc at glass -  2.95 -  3.54 -  2.71 -  2.48 -  0.38 +  1.28
“ ix/sec./volt/cm . at 25°. h The pH value given is probably approximate. e +  or — sign means that the glass is charged 

that way.
T a b l e  II

C h a n g e s  in  P a r t ic l e  C.V . ( T r u e ) a n d  L iq u id  V e l o c it y  a t  t h e  G la ss  S u r f a c e  as 0.002 M  H 2S 0 4 is A dded  to  S p h a l e r 
it e  in  0.001 M  N a2C 0 3

% H 2 S O 4
Molarity

H 2 S O 4
Molarity
NajCOi

Molarity
Na-jSOi C.V. true'1 X (mv.)

Liquid0’ b 
velocity

1 0 0 0.001000 0 - 2 .1 1 — 27.5 - 2 .9 5
2 20.0 0 .000400 0.000400 - 2 .3 1 - 3 0 .0 - 3 .9 8
3 33.3 0 0 .000667 - 1 .8 6 - 2 4 .2 — 1.12
4 50.0 0.000500 0 .000500 - 0 .7 6 -  9 .9 + 0 .8 3
5 6 6 .7 .001000 0 .000333 - 1 .4 9 - 1 9 .4 +  1.09
6 100.0 .002000 0 0 - 0 .0 8 -  1 .0 +  1.28

° |u/sec./volt/cm . 1 Positive or negative sign means that the glass is charged that way.

charges of both sphalerite particles and glass cell wall de
crease in negativity with increasing acidity below pH 4. 
Cell wall charge decreases faster than particle charge and 
even becomes positive while the particles still remain some
what negative. This immediately suggests electrostatic 
attraction forces at at least certain regions of H 2S 0 4 acidity 
which forces are capable of causing particles to adhere and 
stop their Brownian movement.

pH.
Fig. 1.— C. V . (true) of particles and velocity of liquid at 

glass surface vs. pH.

Y et another series of C .V . and cell surface liquid velocity 
determinations was carried out. This time the electrolyte 
content of each sphalerite suspension considered was repre
sentative of given proportions of 0.002 M  H 2S 0 4 to 0.001 
M  N a2C 0 3, thus duplicating conditions at different times in 
the original Taggart cell where the Brownian movement of 
particles in alkaline medium was stopped by addition of 
acid. The data are given in Table II and are plotted in 
Fig. 2 . Note how the wall charge becomes positive, the 
particle charge still remaining negative, when the suspen
sion has 5 0 %  or more of 0.002 M  H 2S 0 4, the balance being 
0.001 M  N a2C 0 3. There was no appreciable flocculation 
for any of the six suspensions and Brownian motion was 
vigorous for all.

Thus, Taggart’s results can be explained by the fact that 
in acid medium the negative particles become attached to 
the positive glass upon coming close to it as a result of their 
normal settling. Revivification occurs when alkali solution 
is added to the cell because the glass surface becomes nega
tive again and repels the particles, the smaller ones becoming 
resuspended (in the vicinity of the glass surface).

h 2s o 4, % .
Fig. 2 .— Particle C .V . (true) and liquid velocity at the 

surface for different mixtures of 0.001 M  N a2C 0 3 and 0.002  
M  H 2S 0 4.

b. Isoelectric Point.— W ith evidence at hand that the 
Brownian movement is not stopped by given electrolytes, 
the next step is to prove whether pedesis at least varies with 
the electrical environment. In making the comparison, 
it should be of advantage to consider at least one suspension 
where the particles are not charged, i .e ., they are at the iso
electric point ( I .P .) . Furthermore this system should be 
one where there is a tendency toward flocculation23 so that 
the differences in the suspensions being compared will repre
sent extremes (more than is the case if a non-flocculated 
isoelectric were used). Also, the presence of floccules 
would be a check on the isoelectric point having been deter
mined correctly by the cataphoretic measurements tech
nique used in this work.

None of the sulfuric acid suspensions considered so far 
(Tables I and II) showed flocculation- This was true even

(23) Flocculation (coagulation) is defined in all this work as the 
grouping together of the majority of the “individual” particles of a 
suspension, which are no greater than 1 micron in diameter and mostly 
submicroseopic in size, to become macroscopic in size. Actually the 
''individual" particles of all the suspensions were mostly aggregates 
judging from high resolution dark field microscope observations. In 
the work, care was taken to consider those particles only whose dark 
field haloes (at the lower microscope resolution where cataphoresis and 
Brownian displacement were measured) showed them to be fairly 
regular in shape.
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when the particle charge was prac
tically zero as for 0.002 M  and 0.1 
M  H 2SO4. Likewise, N aCl used by 
Lucas18 (see Introduction) to de
crease the Brownian activity of 
Hevea rubber latex, did not floc
culate the sphalerite particles even 
at the high concentration of 1 N  
where the suspension was practi
cally at the isoelectric point.

Aluminum chloride then was 
studied as a possible flocculent for 
the 0 .01 2 5%  sphalerite. Various 
aluminum concentrations were tried 
in basic medium (0.001 N  N a2C 0 3), 
in distilled water and in acid me- 
dium (0.001 M  H 2SO 4), the true cata- 
phoretic velocity being measured 
each time. N o flocculation was 
('vident in distilled water or in acid 
solution at any of the aluminum 
concentrations tried including those 
which brought the suspensions to 
(he isoelectric point. It was only' 
in alkaline medium that floccula
tion was apparent and this occurred 
sharply and only at the isoelectric 
point determined from the cata- 
phoretic measurements, namely, 0.000400 .V A lt  
pertaining to the N a2C 0 3-A lC l3 suspensions are given in 
Table III  and C.V.-AT A1C13 points line up as depicted in 
Fig. 3.

T able III

C.V. (T r u e) v s . N ormality A id s  in  A lk a lin e“ Solution

Fig. 3.— C .V . vs. ,\ AlCh in 0.001 V  N a 2CO» (Sphalerite).

Data

Normality 
AlCh ~ pH

C.V. 
(p /sec./ 

volt/cm.) i (mv.)
0.000100 9 .5 - 2 . 7 9 - 3 6 . 3

.000300 8 .5 - 1 . 0 4 - 1 3 . 6

.000360 7 .9 - 1 . 2 9 - 1 6 . 8

.000375 7 .9 - 0 . 3 0 -  3 .9

.000399 7 .8 - 0 . 1 2 -  1 .5

.000400 7 .7 + 0 .0 2 +  0 .3

.000425 7 .6 - 0 . 0 6 -  0 .8

.000480 6 .9 + 2 .3 1 + 3 0 .0

.001000 5 .3 +  3 .0 0 +  3 9 .0
« 0.001 V Na2C 03.

From a practical viewpoint the flocculated AICb-NnA X)3 
suspension was suitable for observations because an appre
ciable proportion of the sphalerite was in the form of “ in
dividual” 23 particles. Also, shaking tended to temporarily 
break up the floecules (which were loose in structure) and 
form more of these “ individual”  particles. This made it 
possible to compare Brownian movement displacement of 
particles in a flocculating medium with those in a non
flocculating medium as will be described in the next experi
mental section on pedetic displacements.

III. Brownian Movement Displacement.— According to 
Einstein3 the intensity of Brownian movement can be repre
sented in terms of the mean displacement D  in a given direc- 
tion (D x  in the x  direction) of a particle from its original 
position for a given time t. He gives the following formula 
which relates the displacement with the time t, the absolute 
temperature T, the viscosity of the suspending medium q 
and the particle radius r, if the particles are small rigid 
spheres

D̂ -R-IL  ( 1)
NSrrv ' ;

R  and N  are the gas constant and Avogadro number, re
spectively.

This equation does not take into consideration any pos
sible effect of electrical charge on the absolute displacement.

In this work the displacement which particles underwent 
in a given time, was measured and used as a criterion of 
Brownian movement intensity. All the data were placed 
on a comparative basis of the same temperature, viscosity 
and particle radius by using the proportionalities of equa

tion (J) for D and T, v, It was considered justifiable to 
make corrections in this manner even in the face of the pos
sibility of electrical environment influencing pedesis and 
altering equation ( 1 ). First, she correcting ratios obtained 
from the equation represent the best available approxima
tions. Second, they have been checked experimentally by 
Perrin and his collaborators,’ -8 Henri4 and others. And 
third, the range in temperature (viscosity) and particle size 
over which the adjustments were made was not too great.

Most of the displacement measurements were made in the 
deep Northrup-Kunitz cell where the particles are well re
moved from the walls. This eliminates wall effects (electri
cal), which, it has already been shown, may complicate 
Brownian movement studies. Also, with the particles 
being too small for their size to be determined by direct mi
croscopy, it. was at least possible in the deep cell to follow 
the settling of each with the microscope fine adjustment and 
determine its rate of fall. The rate of fall could then be 
converted to particle size by employing Stokes’ law.

Part icle size was chosen small enough to obtain measurable 
Brownian movement displacement in the period of time t. 
But the particle had to be large enough so that its displace
ment , as considered in an up or down vertical direction was 
relatively small compared to the distance fallen. Otherwise 
too great an error creeps into the rate of fall and therefore 
into the radius which is evaluated from it.

In order to study the effect of a continuously charged 
surface (glass) on the Brownian movement of particles 
which are close to the glass but are repulsed by it because 
they bear the same sign of charge, shallow cell24 displace
ment measurements were made in alkaline medium and com
pared with the deep cell data.

Since under these last circumstances, there was no ap
preciable cell depth in which to measure the rate of fall of a 
particle, individual particle sizes could not be determined as 
in the case of the deep cell and therefore displacements could 
not. be adjusted for comparison on an individual particle 
basis. Accordingly, an average radius was obtained for all 
the shallow cell particles and this along with the average 
temperature and average viscosity for the shallow cell ob
servations, was used to bring an average of the observed 
shallow cell displacements on to a comparative basis with 
the deep cell data. The average radius obtained was ioased 
on actual rate of fall data for particles of the same suspension 
in a deep cell, the particles in both deep and shallow cells 
having dark field haloes of abcut the same intensity. Light 
field (Leitz dark-and-light field condenser) filar micrometer 
measurements were also made on the particles for estimation 
of the average size.

Displacement measurements were made on sphalerite par
ticles in three different media, namely, in 0.000400 N  
A1C1HJ.001 N  N a2C 0 3 which is flocculating, the particles * 011

(24) Cover-glass sealed with paraffin over a drop of the suspension
0 1 1  a microscope slide.
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Table IV

B row nian  M ovement D isplacement o f  Sphalerite P articles ( I ndividual) in a F locculated“ System : 30 Seconds
Distance 
fallen in Radius T,

D x  or y  
Calc, at T°

300 sec. (m) M °K. M
1 52.0 0.155 296.0 9.44
2 46.0 .146 296.0 9.74
3 61.3 .168 296.0 9.06
4 56.3 .160 296.0 9.30
5 112.3 .230 295.5 7.70
6 146.5 .260 296.0 7.30
7 32.7 .123 296.0 10.61
8 26.7 .111 296.0 11.18
9 118.8 .234 296.0 7.67

10 114.5 .230 296.0 7.75
11 217.0 .324 294.0 6.35
12 80.6 .197 294.5 8.21
13 72.2 .187 294.5 8.42
14 92.0 .210 294.5 7.95
15 132.5 .252 294.5 7.24
16 72.7 .187 294.5 8.45
17 10C. 6 .229 294.5 7.61
18 3C.3 .137 294.5 9.83
19 78.0 .195 294.0 8.20
20 3C.0 .120 294.5 10.52
21 58.6 .168 294.5 8.90
22 271.0 .362 294.0 6.01
23 67.0 .179 294.5 8.61
24 52.3 .158 294.5 9.15
25 6C.0 .168 295.0 8.93
26 124.7 .242 295.0 7.45
27 182.0 .293 295.0 6.77
28 5C.3 .168 295.0 8.95
29 128.6 .246 295.0 7.38
30 108.7 .227 295.0 7.70
31 9C.5 .207 295.0 8.06
32 72.9 .187 295.0 8.48
33 32.6 .124 295.0 10.40
34 73.2 .186 295.0 8.49
35 118.2 .236 295.0 7.53
36 46.6 .149 295.0 9.50
37 56.6 .164 295.0 9.07
38 54.6 .161 295.0 9.14
39 254.0 .346 295.0 6.23
40 85.5 .202 295.0 8.17

Avg.
Avg.

8 0.000400 N  AlCla; 0.001 N  N a2C 0 3.

being at the isoelectric point; in 0.001 M  N a2C 0 3 which is 
alkaline and non-flocculating (Taggart); and in 0.001000  
M  H 2SO4 and 0.000333 M  N a2S0425 which is acidic and non
flocculating (Taggart). Displacements of particles in all 
these three suspensions were taken in the deep cell. Only the 
alkaline non-flooculated suspension was used for shallow cell 
data as well as deep cell data.

Two different times, 30 seconds and 300 seconds, were 
used in evaluating displacements. Both the flocculated 
suspension and the alkaline non-floeculated suspension were 
considered at each of these two displacement times. The 
acid suspension was measured for a time of 30 seconds only 
and shallow cell measurements were taken for the period of 
300 seconds

In the 30-second displacement measurements, the position 
of particles was located with the aid of a “ 100 square”  reti
cule in a 2 5 X  ccular.26 About 40 particles in each suspen
sion were followed for exactly 5 minutes, thus giving 11

(25) This acidic suspension is No. 5 in Table II.
(26) At 210-mtu. tube length with the Leitz U.M . 4 objective the

side of a reticule s-piare was 19.Ip.

Obsd. D  Stdized. to
Observed (A D x  Obsd./ D y  Obsd./ r = O.l/x; T  = 2 9 8 °K

D x Dll D x  Caicd. D y  Caicd. D x D y

2.7 3.4 0.28 0.36 3.4 4.4
4.0 2.1 .41 .22 5.0 2.6
3.2 2.5 .36 .27 4.3 3.3
4.0 4.2 .43 .45 5.2 5.5
3.1 2.1 .40 .27 4.8 3.3
4.4 2.7 .60 .37 7.3 4.4
3.1 2.5 .29 .23 3.5 2.8
3.6 3.8 .33 .34 3.9 4.1
4.8 1.3 .62 .18 7.6 2.1
2.9 3.4 .37 .44 4.5 5.4
3.4 2.7 .54 .42 6.5 5.1
5.5 3.4 .68 .42 8.2 5.1
4.0 3.3 .48 .39 5.8 4.7
5.0 2.9 .63 .36 7.6 4.4
3.1 3.6 . 4 2 .50 5.1 6.1
2.1 1.2 .25 .14 3.0 1.7
4.0 2.7 .53 .35 6.4 4.2
1.9 1.7 .19 .18 2.4 2.1
2.1 2.1 .26 .26 3.1 3.1
1.7 1.5 .16 .15 2.0 1.8
3.4 2.9 .39 .32 4.7 3.9
4.8 2.7 .80 .44 9.6 5.4
1.9 2.5 .22 .29 2.7 3.5
3.4 3.1 .38 .33 4.5 4.0
2.5 2.5 .28 .28 3.4 3.4
4.8 3.4 .64 .46 7.8 5.6
3.1 3.1 .45 .45 5.5 5.5
1.5 1.3 .17 .15 2.1 1.8
5.9 5.9 .80 .80 9.7 9.7
5.0 4.0 .65 .52 7.8 6.3
3.6 3.1 .45 .38 5.5 4.6
3.8 3.1 .45 .37 5.5 4.5
1.9 3.4 .18 .33 2.2 4.0
1.5 2.3 .18 .27 2.2 3.3
5.0 2.9 .66 .38 8.0 4.6
1.9 2.9 .20 .30 2.4 3.6
3.1 3.1 .34 .34 4.1 4.1
2.1 3.6 .23 .40 2.8 4.8
4.5 1.9 .72 .31 8.8 3.7
4.6 4.8 .56 .59 6.8 7.1

0.42 0.35 5.1 4.2
0.39 4.7

positions per particle or 10 horizontal displacements (s )  and 
10 vertical displacements (y ). These data, in each direc
tion, were averaged for each particle to give D x  and D y  
observed._ Timing was accomplished with the aid of a mech
anism which clicked every 30 seconds.

For the 300-second displacement measurements the posi
tion of particles was located with a Zeiss filar micrometer ocu
lar,27 it being possible only to make displacement measure
ments in the x  direction. About 20 particles in each sus
pension were followed exactly for 20 minutes, thus giving 
5 positions per particle or 4 horizontal displacements. 
These data were averaged to give D x  observed. An or
dinary laboratory timer graduated in intervals of 15 seconds 
magnitude was used for these measurements, filar microme
ter (and microscope fine adjustment) readings being taken 
after each 5 minutes elapsed.
_ Temperature was that of the room, at which all suspen

sions and apparatus were in equilibrium. One temperature 
was recorded for each particle when displacements were 30

(27) At 210-mm. tube length with the Leitz U .M . 4 objective, a. 
single division of the filar was 0.35/x.
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T a b l e  Y

Summary of Brownian M ovement D isplacement R esults

Suspension Cell
* t 
D  Obsd./i) Calcd.

30 sec.------------------—s
D obsd. (y ) 

r = 0 .1 m, T = 2 5 °

------------------- t = 300

D  Obsd./D Calcd.

sec.------------------
D obsd. (m) 

r «  0 .1 m, T  =  25°
.000400 N  A i d , Deep 0 .3 9 4 .7 0 .3 2 12.2
.001 N  N a2COs (flocculated)

.001 M  N a2C 0 3 (non-flocculated) Deep 0 .5 7 7 .0 0 .51 19.4

.001000 M  IT,SO, Deep 0 .0 6 7 .9

.000333 M  Na2S04 (non-flocculated) 

.001 M  N a2C 0 3 (non-flocculated) Shallow 0 .6 7 2 5 .7

seconds duration. 'When they were 300 seconds, the tem
perature was recorded at the beginning and end of following a 
given particle and averaged. Variations during this 20 
minutes usually were no greater than 0 .5 ° if at all. During 
any over-all period of making measurements, the room tem
perature varied but slightly.

Table IV  represents as an example the observational data 
and calculations relative to one of the series of Brownian 
movement displacement measurements, as labeled. From  
the distance fallen by the particle in a given time (rate of 
fall) the radius has been calculated and from this the dis
placement which the particle should have according to the 
Einstein formula (1) at the temperature of measurement. 
This calculated displacement is then divided into (com
pared with) the observed displacement. Some further 
comparison is also made by multiplying this ratio by the 
Einstein displacement for a particle of 0.1 y  radius at 2 5 °, 
which is 12.1 y  when the time interval is 30 seconds and 38.2  
y  when the interval is 300 seconds. It may be mentioned 
here that the greatest possible error in calculated displace
ment (D x  or y  calcd.) due to actual Brownian movement 
displacement on the rate of fall data for all the particles 
considered, was 1 7 % . But in the great majority of par
ticles it was well under 1 0 % .

In the various experiments, the ratios of D  observed to 
D  calculated were averaged for each set of data and also, 
averages were obtained for values of the observed displace
ment adjusted to 0.1 y  and 2 5 ° . Besides, x  and y  averages 
were averaged together. Table V  summarizes and com
pares the final figures.

According to these results:
1. The observed values are all considerably lower than 

those predicted by the Einstein formula.
2 . Displacement is not the same in the different elec

trolyte media studied. It is about one-third the Einstein 
value in flocculating mediuip where the particles are at the 
isoelectric point, and somewhat over half the Einstein value 
in alkaline non-flocculating medium. The acidic suspen
sion showed greater Brownian movement than the alkaline 
(non-flocculating) suspension even though it is less negative 
in zeta potential.28

3. Shallow cell displacement is about 3 0 %  greater than 
deep cell displacement for the same alkaline (non-flocculat
ing) sphalerite suspension.

4 . The Einstein time relation ( D i/D2)2 =  ti/U is reason
ably fitted by the data obtained for each of the two different 
sphalerite suspensions studied at the two displacement 
times which, incidentally, differed as much as tenfold.29

IV . Further Qualitative Observations.— The experimen
tal evidence presented, indicates strongly that electrical

(28) It should be mentioned here, that in this acid suspension the 
sphalerite (zinc sulfide) undergoes some decomposition. The odor of 
HsS was apparent.

(29) Let the relationship between the displacement (D ) and the 
time (() be written as (Di/Di)n =  U/ti. Then according to the Einstein 
theory the exponent “ 71” equals 2. Calculations based on the data of 
this paper result inti =  2.42 for the AlCls-NatCOa (flocculated) suspen
sion and n =  2.27 for the NaaCCh suspension. If Henri’s displacement 
data in distilled water are considered, n amounts to 2.38.

This agreement of the present results on sphalerite with Henri’s 
results on rubber is very interesting considering that (a) the suspended 
particles were altogether different in chemical and physical composi
tion; (b) the time periods involved were so far apart, i.e .f 4 /2 0 /: 1/20 
seconds for Henri and 300: 30 seconds for the present data; (c) Henri 
worked with a shallow cell whereas the sphalerite data in consideration 
were obtained from deep cell measurements; and (d) the comparison 
covers three aqueous media of different electrolyte content.

environment affects the degree of Brownian activity of a 
particle. Additional qualitative observations favor this 
view.

For instance, in the deep cell, sphalerite suspensions of 
low electrolyte concentration at or near the isoelectric 
point, were seen not to have either consistent cataphoretic 
velocity30 or Brownian activity from particle to particle, 
there being a correlation in these two properties, namely that 
the particles of low or zero zeca potential showed sluggish 
pedesis as compared to those of relatively high electrical 
charge whether +  or — . This was especially true in the 
flocculating medium 0.000400 N  AICI3-O.OOI N  N a2COj.

Meanwhile, Brownian activity seemed to be consistently 
vigorous when the electrolyte content of the suspending 
medium was high, for example in 0.1 M  IRSO, or 1 N  N aC l, 
even though the non-flocculated suspensions were close 
to or at the isoelectric point. In this case, the cataphoretic 
velocity, although low, was practically the same in sign and 
amount from particle to particle. Such constancy of cata
phoretic velocity was also observed when particle charge 
was relatively high (either +  or — ) in low concentrations of 
electrolyte.

A  glance at the displacement data for the flocculated 
sphalerite suspension in Table IV  shows the great non
uniformity in displacement values for a system of low elec
trolyte concentration at the isoelectric point. This being the 
case, one may infer that the mean displacement of particles 
at the isoelectric point (in the AlC l3-N a 2C 03 flocculating 
medium under consideration) is still lower than one-third 
the Einstein displacement, for in the measurements pre
sented, the particles were randomly chosen, whether they 
were sluggish or active.

Other qualitative observations which point to electrical 
environment affecting pedesis have been in the shallow cell. 
Here the neighboring electrically charged glass surface 
should represent an intensification of effects due to ions or 
charged particles in the vicinity of the particle under con
sideration. Attraction and repulsion forces become in
volved with the Brownian movement activity:

(1) If the shallow cell mount of 0 .01 2 5%  sphalerite in 
0.001 M  PESO* is kept under observation while the liquid 
between slide and cover glass is drying, air-liquid interface 
lines are seen to move across the field because the liquid 
is diminishing in quantity. But, particles, as large as 4 m 
although apparently attracted fast to the slide and not in 
Brownian activity, are not left behind in the air. They are 
carried in the liquid, for which they evidently have high 
affinity, as the interface shifts.

The fact that the particles readily leave their “ anchorage” 
as the liquid evaporates indicates that they are not actually 
touching the glass and therefore the forces of attraction, 
previously shown to involve electrostatics, are acting over 
“ long range”  and are sufficiently strong not only to keep a 
particle in one place but also stop its Brownian activity.

The idea of a particle in liquid medium adhering to a plate 
and still not touching it (no Brownian movement evident) 
is not unusual. A . von Buzfigh32 calculates this to be so on 
the basis of his “ adhesion-number”  and "adhesion-angle”  
experiments. Similarly, the individual particles of flocculus 
often do not appear to be in contact as seen under the mi-

(30) Some particles were fast and others even opposite in charge 
(to the majority). Sun31 mentions that he had noticed this for low 
zeta potential slimes (low electrolyte concentration) including sphaler- 
ite.

(31) S. Sun, A.I.M .E. Tech. Pub. No. 1580 (1943).
(32) A. von Buzagh, “ Colloid Systems,” (English translation), The 

Technical Press, Ltd., London, 1937.
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eroscope. These particles remain side by side without 
evident pedesis. Perrin7 states that he saw this in clusters of 
mastic granules The individual particle size was 10-12 ^ 
and the floceules had formed when he added a coagulant to 
the system. This has been observed by the authors in 
sphalerite floceules.

(2) A  shallow cell mount of sphalerite in 0.002 M  N a2C 0 3 
was completely sealed with paraffin and observed periodi
cally. Pedesis persisted even after three days although the 
particles were large enough to settle out within an hour ac
cording to Stokesian calculations. It has already been 
shown that the particles and the glass are appreciably nega
tive charged in an NajCCh solution and therefore repulsion 
forces are operative between particles and the cell floor.

These forces, which evidently help maintain a distribution 
against normal sedimentation forces, apparently play a 
part in the difference in displacement already observed 
between the shallow cell and the deep cell. They should be 
contrasted with the attraction forces just described.

(3) Finally, attraction forces and repulsion forces can act 
together in affecting pedesis. For instance, it was observed 
in mounts of sphalerite in 0.001 M  or 0.002 M  N a2C03 that 
small particles of about 1 p in diameter and less maintained 
vigorous pedesis while never leaving the side of larger par
ticles to which they seemingly were attached. The large 
particle, often over 4 m in diameter remained on the micro
scope slide showing Brownian vibrations with no appre
ciable displacement while the smaller particle remained at 
arm’s length, a distance away of over 1 p dancing very ac
tively but keeping within the same range of distance and 
even the same side of the large particle never leaving it as 
should be true for a particle in random motion due to 
Brownian activity.

Since the particles, large and small, are apart from each 
other and it has already been shown that in the alkaline 
medium they have negative charges of appreciable magni
tude, repulsion forces must be assumed. Meanwhile 
forces of attraction, acting over a relatively long distance, 
are sufficiently strong to prevent the small particle from 
wandering away. Y et this attraction is not so strong that 
the pedetic oscillations are halted as is the case in acid 
medium.

A  similar phenomen has been described by von Bu- 
zdgh.32 He observed small particles to be in vivid Brownian 
activity, although they seemingly adhered to a plate. 
Their movement was two-dimensional since they were not 
able to move out of the plane into which they originally 
sedimented owing to the attractive force which the base 
plate exerts on them. The distance between base plate and 
particles was said to be appreciable, i.e .,  many molecular 
dimensions.

It is quite possible that Henri’s results (obtained in a 
shallow cell) of different Brownian activities for latex globu
les in different media might be explained in terms of these 
electrical forces involving the particle and the cell surface. 
For instance, in distilled water, where Henri obtained his 
highest displacement values, Hauser and Bender33 report 
that the cataphoretic velocity of Hevea rubber latex can be 
as negative as —7.7 /¿ /sec ./v o lt/em ., which corresponds 
to a zeta potential of —97 millivolts. But in 0.1 N  NaO H  
the C .V . of the latex globules is much less negative, namely, 
—3.0 it /sec ./vo lt/cm . In HC1 solution (V 32 IV), zeta po
tential of the rubber can become still less negative as has 
been observed for sphalerite. Meanwhile, the charges on 
the glass surface exposed to these various electrolyte media 
should be quite similar to the observations for sphalerite al
ready discussed-

Lucas’ remarks18 and those of Spence19 pertaining to the 
decreasing of the pedesis of Hevea latex in NaCl electrolyte

(33) E. A. Hauser and M . Bender, “Survey of the Electrokinetics of 
Rubber Latex,” Paper No. 43, Proceedings of the Rubber Technology 
Conference, London (1938),

might also be explained in this manner since the zeta po
tential of the rubber (and probably the quartz or glass) be
comes much less negative in saline solution of appreciable 
concentration. For instance, Hauser and Bender33 found a 
C .V . of — 1.1 /u /sec./volt/cm . for a given latex in 7 %  N aC l.

It is now opportune to reconsider in the light of the ex
perimental findings, the literature discussed at the beginning 
of this paper. First, Taggart stopped the Brownian ac
tivity of mineral particles with an appropriate electrolyte, 
only in the sense of having created sufficient affinity be
tween particle and cell surface, to render the particles visibly 
immobile. However, there definitely appear to be varia
tions in pedesis of suspended particles depending on the elec
trolyte medium. The “ abnormal”  shallow cell observa
tions of Henri, Lucas and Spence might be explained in 
terms of the effect of the cell surface on the particle as the 
present shallow cell displacement measurements and ob
servations indicate.

General Considerations
The fact that the amplitude of Brownian move

ment can be influenced by the electrical double 
layer (as measured by cataphoresis) suggests a 
number of interesting implications. Pedesis is 
not only a manifestation of kinetic energy, but at 
the same time is a measure of the degree of asymme
try of the molecular bombardment involved. From 
this viewpoint, in a case such as the one presented 
here, namely, a relatively large particle surrounded 
by the close-packed molecular structure of liquid 
water, the collisions involved may or may not pos
sess the non-statistical character required to pro
duce visible motion. In very general terms these 
concepts resolve themselves into two categories:

(a) The direct bombardments of the particles by 
the kinetic units of the suspension medium are too 
uniformly distributed to create visible Brownian 
movement. Any observed movement (or varia
tion thereof) must be caused by some intermediate 
mechanism. The ionic interchange mechanism 
suggested by Taggart, freed from some of its origi
nal postulated limitations, is a distinct possibility. 
Of historical interest, at least, is the amicronic the
ory. Based on the contention “ natura non facit 
saltum,”  it postulated the presence of small invisi
ble particles, amicrons, normally in Brownian 
movement, which, in turn, communicated their ac
tivity to the larger particles.

(b) Assuming that the normal Brownian move
ment as described by the simple kinetic theory ap
plies, then in terms of amplitudes (as contrasted to 
kinetic energy) the experimental values may be 
either diminished or enhanced by a change in sur
face conditions, which in turn may influence the 
non-uniformity characteristic in the disti’ibution of 
molecular collisions across the dineric interface. 
Degree of hydration, including dipole orientation, 
as wrell as adsorbed layers, whether electrical or 
otherwise, so profoundly influence the behavior of 
colloidal systems that it is conceivable that they 
may also alter the nature of the kinetics across the 
interface.
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ON THE REACTION OF HYDROGEN PEROXIDE WITH DONOR
PARTICLES

B y  Jo h n  0 .  E d w a r d s

D ep a rtm en t o f  C hem istry , C ornell U n iversity , I th a ca , N . Y .
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Data on the rate laws, energetics and other factors concerning the reactions of hydrogen peroxide with electron donors 
are considered. The conclusions are reached that many of the reactions are general acid-catalyzed, and that the oxygen- 
oxygen bond of the peroxide is broken at the same time that a bond is being formed between the electron donor and an oxy
gen.

The existence of two independent rate laws for 
the reaction of hydrogen peroxide with iodide,1'2 
bromide,2 chloride,2'3 iodate,4 thiosulfate5,6 and 
hypoiodite7 ions in aqueous acid has been demon
strated. The reaction with hypochlorite ion8-10 
has been shown to proceed by at least three sepa
rate mechanisms, and it is possible to calculate rate 
constants for the kinetic paths analogous to those 
for the other six anions. The rate equation for 
these reactions is

~ dl^ 2° 2] =  fc,[H20 o ][B -] +  fe[H50 .,][B -][H + ]

where B _ is the donor particle (anion) and brackets 
denote concentrations. A mechanism consistent 
with these observed rate laws will be developed in 
this article.11

The reactions of hydrogen peroxide with bromate 
ion12-14 and hypobromite ion13’15-18 have been in
vestigated in a limited range of acidity and the ob
served rate laws show only a value corresponding to 
the kt term. Further study of these reactions is 
necessary before the presence or absence of a k, 
term is proved.

The oxidation of hydrazine by hydrogen peroxide 
was studied in concentrated aqueous solution, and 
the rate was found to be first order in each of the 
molecular species. Addition of either acid or base 
causes a lowering of the rate of reaction, which has 
been interpreted by the investigator as a result of 
the formation of N2H6+ or 0 2H - , respectively.19

(1) H. A. Liebhafsky and A. Mohammed, J. Am. Chem. Soc., 55, 
3977 (1933).

(2) A. Mohammed and H. A. Liebhafsky, ibid., 56, 1680 (1934).
(3) E. A. Budge, ibid., 54, 1769 (1932).
(4) H. A. Liebhafsky, ibid., 53, 896, 2074 (1931).
(5) E. Abel, Monatsh., 28, 1239 (1907).
(6) K. Sandved and J. B. Holte, Kgl. Nor she Videnskab. Selskabs, 

Fork., 11, 189 (1938); C. A., 33, 4856 (1939).
(7) H. A. Liebhafsky, J. Am. Chem. Soc., 54, 1792, 3499, 3504

(1932)
(8) R. E. Connick, ibid., 69, 1509 (1947).
(9) B. Makower, Thesis, Univ. of California (1932).
(10) B. Makower and W . C. Bray, J. Am. Chem. Soc., 55, 4765

(1933) .
(11) The reaction of ozone with chloride ion was found to have a 

similar rate equation (L. R. B. Yeatts, Jr., and H. Taube, ibid., 71, 
4100 (1949)).

(12) W . C. Bray and P. R. Davis, ibid., 52, 1427 (1930).
(13) H. A. Young, ibid., 72, 3310 (1950).
(14) H. A. Young and W . C. Bray, ibid., 54, 4284 (1932).
(15) Balint, Thesis, Budapest (1910).
(16) W. C. Bray and R. S. Livingston, J. Am. Chem. Soc., 45, 1251 

(1923); 50,1654 (1928).
(17) J. A. Christiansen, Z. physik. Chem., 117, 453 (1925); 128, 430 

(1927).
(18) R. S. Livingston, J. Am. Chem. Soc., 45, 1251 (1923).
(19) A. S. Gordon, “ Third Symposium on Combustion, Flame and 

Explosion Phenomena,” Williams and Wilkins Press, Baltimore, Md., 
1949, p. 493.

The data under consideration are presented in 
Table I. Numerical values for rate constants were 
obtained directly from the indicated references or 
were computed from the work of the investigators. 
It will be noted that the value of log k 2 lies close to 
that of log k h  but it does not show any significant 
correlation with A d which is the dissociation con
stant for the acid from which the donor particle is 
formed. This trend would be expected if the reac
tions were general acid-catalyzed. The evidence 
for this type of catalysis will now be summarized.

T a b l e  I

R a t e  a n d  D i s s o c i a t i o n  C o n s t a n t s  a t  25°
Donor log kia log kzb log K v c Ref.<* log hts

s2or -  1.61 0 .2 2 -  1 .57 5 , 21 - 1 .0
C D -  6 .9 6 -  4 .3 0 6 .1 1 2 , 22 - 0 .8
B r - -  4 .6 4 -  1 .85 ~  8 2 , 23 ~ 3
I - -  0 .1 6 1 .02 —  9 1, 23 ~ 7
io3-e — 5 .3 6 -  3 .6 7 -  0 .8 0 4 , 24 - 4 .3
O C1- 3 .6 4 6 .4 0 -  7 .4 6 8 , 8 0 .8
O I - 12.95 15 .70 - 12 .35 7 , 25 6 .8
OBr~ 15 .23 -  8 .7 0 13, 26 9 .0

-  1 .5 8 14
n 2h 4 -  1 .7 3 -  8 .2 4 19, 27 - 3 .6
“ Units of ki are liters/mole./see. 6 Units of fe are liters2/ 

mole2/sec. c K o  is the dissociation constant for the acid 
which forms the donor particle. d The first reference num
ber refers to the rate constants and the second to the dis
sociation constants. * Rate data for iodate reaction at 50°.

1. Calculation of the correlation coefficient r 
from the seven samples of log k2 and log fcj gives a 
value of 0.99,20 while the value of r for a 1% level 
of significance with 5 degrees of freedom is 0.874. 
One concludes from this correlation that the rela
tion between the rate constants for the two inde
pendent reaction mechanisms is very significant.

2. A least squares evaluation of log k2 against 
log fci gives a line whose equation is

log fc2 = 1.022 log k , +  2.23

(20) The equation
s ( *  X  y)

T ~  (ZaA X  Z y 2) 1/ 2

where x  and y  are the deviations of log ki and log kz from their means, 
respectively, has been used for this calculation. Although the number 
of samples is small for this type of a correlation, little doubt remains 
concerning the existence of a significant relationship.

(21) N. Yui and H. Hagisawa, Bull. Inst. Fhys. Chem. Research 
(Tokyo), 21, 597 (1942); C. A ., 43, 2074 (1949).

(22) R. A. Robinson, Trans. Faraday Soc., 32, 743 (1936).
(23) J. Bjerrum, Chem.. Revs., 46, 381 (1950).
(24) R. M . Fuoss and T. Shedlovsky, J. A m . Chem. Soc., 71, 1496

(1949).
(25) A. Skrabal, Ber., 75, 1570 (1942).
(26) L. Farkas and M . Lewin, J . Am. Chem. Soc., 72, 5766 (1950) .
(27) W . S. Hughes, J. Chem. Soc., 491 (1928).
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A slope of one would be expected for general acid 
catalysis involving a similar mechanism for every 
case.

3. In Table II, data are presented on frequency 
factors (A) and activation energies (E) for four 
cases from the literature. The difference, Ex — 
Ei, is nearly constant (3600 ±  800 cal.) which is a 
further indication of the relationship between the 
two simultaneous mechanisms. There is a large 
increase in the frequency factor as the activation en
ergy increases, but the values are too scattered to 
characterize the function. Hender and Robinson28 
discuss the reaction between hydrogen peroxide 
and iodide ion in terms of the collision theory; 
their calculations of Arrhenius constants for aque
ous salt solutions are consistent with the presence 
of a water molecule in the activated complex.

T a b l e  II

A krhenitts C o n s t a n t s  fo r  F o u r  R e a c t io n s“
Donor Log A i'b Log A 2 E 1« Ez Ref.

i o , - 11 .41 12 .14 2 7 ,5 0 0 2 3 ,5 0 0 4
c i - 8 .5 9 10 .85 2 3 ,6 0 0 2 0 ,7 4 0 2
B r - 9 .0 8 1 0 .38 21,100 16 ,700 2
I - 7 .9 5 8 .6 6 13 ,400 10 ,450 1,2
“ Less complete thermal data are recorded for the reac

tions with hypochlorite,8 thiosulfate6 and hydrazine.19 
b Corrected for concentration of water in ki, units of A x 
and Az are liters2/m ole2/sec. c Units of E, and Ez are 
calories.

4. Connick8 and Makower9 observed that ace
tic acid-acetate buffers cause a 20- to 30-fold in
crease in the rate constant for the hypochlorite re
action. In the absence of any other explanation, 
this is good evidence of general acid catalysis.

5. It has been estimated that the oxidation of 
iodide by D20 2 in heavy water proceeds only 60% 
as fast as the oxidation by H20 2 in regular water.29 
According to the postulates of Wynne-Jones,30 
this is indicative of general acid catalysis if the O-D 
bond in the peroxide is not broken in the transition 
state.

6. In the rate of thiosulfate oxidation by perox
ide, there are inconsistencies5'6 which are most 
easily explained in terms of a general acid catalysis 
by the acetate buffers used in the experiments.

Having established the existence of a linear rela
tionship between the logarithms of the two rate 
constants for the independent mechanisms and 
having presented the evidence for general acid cat
alysis, it is important to consider the parameters a 
and a in the equation of Bronsted31

fci ~ aKi<*
where h is the rate constant for the reaction with 
the ith acidic component and K-, is the dissociation 
constant for the acid. Employing 2.24 as the av
erage difference between log kx and log k2 and in
cluding the correction for the concentration of wa
ter in hi, it was calculated that a equals 0.23. For 
a comparative check, it was found that the value of

(28) W . C. K . Hender and R. A. Robinson, Tran». Faraday Soc., 29, 
1300 (1933).

(29) T.-L. Chang and Y .-C . Wei, J. Chinese Chem. Soc., 7, 138
(1940).

(30) W . F. K. Wynne-Jones, Chem. Revs., 17, 115 (1935).
(31) J. N. Bronsted, ibid., 5, 231 (1928).

a for the general acid catalysis of the mutarotation of 
a-D-glucoso is 0.18.33

Swain33 has recently discussed acid-base catalysis 
in terms of a concerted push-pull mechanism. The 
reactions here considered are believed to have this 
type of mechanism, but it is thought that the chem
ical reactivity of the donor particle is an important 
factor in determining the rate. The large rate con
stants for the hypohalite reactions compared with 
those of the less basic anions are in the expected 
direction for a basic catalysis, whereas the relative 
rates of oxidation of the halide ions are in the di
rection of their reducing ability. The interpreta
tion of the parameter a is dependent on these fac
tors and the value of it is different for each reac
tion. While no comparative values from the liter
ature may be advantageously discussed, a compari
son can be made in the present series of reactions.

From the theories of Bronsted31 and Swain,33 a 
linear combination of logarithmic terms is indi
cated for a concerted acid-base catalysis. This de
duced equation

log =  log ka +  a log K-, — fi log Kj

where hi is the observed rate constant, K-, is the 
dissociation constant of the acid catalyst, Ki is the 
dissociation constant of the acid from which the 
basic catalyst is formed and a and ¿3 are the usual 
exponents from the equations of Bronsted, will en
able separation of the two main rate factors. 
Moelwyn-Hughes34 has shown that P — a is 0.44 
in several cases, so an estimate for Q is 0.67. Using 
these coefficients, the dissociation constants given in 
Table I, the dissociation constants for water and 
hydronium ion and the rate constants, log k0 for 
each reaction is calculated. The values, which are 
averages of two values (for hydronium ion and wa
ter catalyses) except for the hypobromite and hy
drazine cases, are also present in Table I. These 
numerical results, which should be sensibly inde
pendent of catalytic factors, may be interpreted as 
relative rates of reaction. In accordance with ex
pectation, the values decrease as the activation en
ergy increases for the four reactions in Table II.

The mechanism of these reactions is still subject 
to seme question. The rate step may be thermo- 
lecular or there may be an equilibrium before the 
rate step. A prior equilibrium involving a hydro
gen ion and any other particle is ruled out by the 
argument of Wynne-Jones30 on general acid cataly
sis. An intermediate complex between hydrogen 
peroxide and a donor particle is possible; however, 
if present, it should exist only in small quantities, 
for both normally act as donors in their complexes. 
Despite the improbability of its existence, the pos
sibility of such a complex being the kinetically im
portant species must be considered.

In all of the reactions, the breaking of the perox
ide bond plays a significant part. Presumably the 
donor particle causes a shift in the electron distri
bution of the peroxide away from the oxygen near 
the particle. The role of the acid is to enhance this

(32) E. A. Moelwyn-Hughes, “ Kinetics of Reactions in Solution,” 
2nd Edition, Oxford University Press, London, 1947, p. 309.

(33) C. G. Swain, J. Am. Chem. Soc., 72, 4578 (1950).
(34) E. A. Moelwyn-Hughes, “ Kinetics of Reactions in Solutions,” 

2nd Edition, Oxford University Press, London, 1947, p. 331.
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shift by donating a proton to the oxygen farthest 
from the donor particle. In the transition state, the 
donor particle displaces a hydroxyl ion from hydro
gen peroxide, thereby forming the molecule HOB.

There is a certain amount of chemical evidence 
for this reaction scheme. Trialkyl amines form 
amine oxides in good yield when treated with H2O2 
while dialkyl amines are oxidized to dialkyl hy- 
droxylamines.35 In their discussion of the oxida
tion of hydrazine, Kirk and Browne36 showed that 
hydrogen peroxide acted as a di-delectronator and 
explained the formation of ammonia and hydrazoic 
acid through the dimerization of the unsymmetrical 
intermediate N-NH2. The dimer then decomposes 
to give the observed products.

In a recent communication, Winter and Briscoe37 
describe experiments on the reaction of sodium sul-

(35) W .’ R. Dunstan and E. Goulding, J . Chem. Soc., 75, 1005 
(1899).

(36) R. E. Kirk and A. W . Browne, J. Am. Chem. Soc., 50, 337 
(1928).

(37) E. R. S. Winter and H. V. A. Briscoe, ibid., 73, 496 (1951).

fite with peroxide in water containing heavy oxygen. 
Their results show that direct transfer of one oxy
gen from the peroxide to the sulfite occurs, although 
the peroxide does not exchange with water under 
the conditions of their experiments.

The chemical evidence is consistent with the con
cept of a nucleophilic attack by the reducing agent 
on the peroxide with the concurrent displacement of 
a hydroxyl ion. The kinetic evidence supports 
this theory for the rate laws are indicative of a con
certed acid-base catalyzed reaction, in which the 
role of the general acid is to donate a proton to the 
hydroxyl ion being displaced. Derbyshire and 
Waters33 have interpreted certain reactions of per
oxide in acid solution from the standpoint of the 
concept of cationic intermediates (OH+ or Hs0 2+). 
In view of their lack of kinetic substantiation, it is 
the opinion of this writer that their results are 
merely an extension of the present mechanism into 
concentrated acid solutions.

(38) D. H. Derbyshire and W. A. Waters, Nature, 165, 401 (1950).

CRYOSCOPIC STUDIES OF SOLUTIONS OF POTASSIUM AND 
AMMONIUM CHLORIDES, AND ACETIC, PROPIONIC AND BENZOIC

ACIDS IN FORMAMIDE
B y  L y l e  R. D a w s o n  a n d  E d w a r d  J. G r i f f i t h

Department of Chemistry, University of Kentucky, Lexington, Kentucky 
Received February 15, 1951

The molal freezing point depression for formamide has been redetermined and has been found to be 3.566°. The degrees 
of dissociation of potassium and ammonium chlorides, and acetic, propionic and benzoic acids in formamide have beer, deter
mined. Activity coefficients of these solutes have been calculated in the range from 0.02 to 0.15 molal.

Although the properties of formamide as a sol
vent are of interest because of its striking similarity 
to water, it has been used in few cryoscopic stud
ies.1'2'3 It is a colorless liquid having a high dielec
tric constant, which dissolves readily many sub
stances that are soluble in water.

Wide disagreement as to the values for the physi
cal constants of formamide may be found in the 
literature. It is difficult to prepare in the pure 
state and equally difficult to preserve, thus prevent
ing the accumulation of large quantities of pure 
solvent. According to recent data4 its dielectric 
constant is approximately 109 at room tempera
ture.

The purpose of the present investigation was to 
obtain, by cryoscopic methods, information con
cerning the properties of both strong and weak elec
trolytes in formamide, which might permit com
parison with aqueous solutions. It was believed 
that cryoscopic data in conjunction with other 
physico-chemical data would be of value in study
ing the nature of the solute particles in a solvent 
having a large dielectric constant. A redetermin
ation of the cryoscopic constant for formamide was

(1) F. H. Getman, Rec. trav. chim., 55, 231 (1936).
(2) J. E. Mackenzie and S. Ghosh, Proc. Roy. Soc., Edinburgh, 35, 

22 (1914).
(3) E. N. Vasenko, J. Phys. Chem. (U. S. S. R .), II, 22, 999 (1948).
(4) G. R. Leader, J . Aw. Chem. Soc., 73, 856 (1951).

undertaken also in an effort to establish a more ac
curate value.

Experimental
The cryostat was constructed to accommodate a sample 

of approximately fifty grams. It consisted of a two-liter 
dewar flask employed to house the unit, and an inner jacket 
containing the freezing tube, which in turn contained the 
sample, stirrer and a platinum resistance thermometer; 
thus, the freezing tube was suspended in the dead air space 
of the freezing jacket. The temperature of the air space 
was measured with an alcohol thermometer. A modified 
Wheatstone bridge, fitted with a mercury-switch commuta
tor, was used in conjunction with the resistance thermome
ter. All stirring was done manually.

Reagent grade potassium chloride was recrystallized from 
water and fused in a platinum crucible. Reagent grade 
ammonium chloride was recrystallized from water and dried 
in a vacuum desiccator. Eastman Kodak Co. white label 
propionic and reagent grade acetic acids were purified by 
static crystallization, the best one-third being retained in 
each case. The best commercial grade of benzoic acid ob
tainable was purified further by sublimation.

Purified formamide was prepared from the commercial 
product by repeated distillation from calcium oxide under 
reduced pressure at from 52 to 6 0 °. Usually it was allowed 
to stand over calcium oxide several hours before distilling. 
It was found advisable also to store the formamide in the 
dark as a precaution against possible photochemical effects. 
All samples of the solvent used in this research froze at 2 .45°  
or higher.

The solutions were prepared on a weight basis, all trans
fers being accomplished in a dry-box. The freezing tem
perature of the pure solvent was obtained by cooling about 
fifty grams in a salt-ice-water-bath until two or three grams
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of solid had formed. Then the stoppered freezing tube was 
transferred to the cold cryostat and the resistance ther
mometer and stirrer inserted. An equilibrium temperature 
that persisted for more than 15 minutes when the environ
ment temperature was below the temperature of the solvent 
was accepted as the freezing point of the solvent.

Prior to the measurement, of the freezing temperature of 
a solution about one gram of pure formamide was frozen in 
the freezing tube. The solution to be tested was cooled in a 
refrigerator to a temperature just above the expected freez
ing point and then transferred to the freezing tube with the 
frozen seed of pure formamide. Then the sample was 
treated in the same manner as the pure solvent except that 
equilibrium temperature could not be maintained quite 
as long.

For the redetermination of the cryoscopic constant of 
formamide, neither the method used by Getman1 nor the 
Lewis method6 seemed applicable. The former appears to 
be quite arbitrary in nature and there exist insufficient 
thermal data for formamide to use the Lewis method satis
factorily. An alternate procedure was adopted.

Solutions of varying concentrations of urea and of sugar 
in formamide were prepared and their freezing points ob
served. The purest solutes obtainable were used and the 
resulting data were related to the equation

At =  X,- m  (1 )
where

Xf is the molal freezing point lowering
Ai is the experimental freezing point lowering
m is the molality of the solute

Equation (1) is of the slope intercept form for a straight line 
with an intercept of zero. A plot of A versus m was con
structed, and the result was a straight line with an intercept 
at the origin. Small variations were eliminated by applying 
the method of least squares to t he dal a, and the calculated 
value for the slope was accepted as the molal freezing point 
constant. Its value, determined in this way, was 3.56r, 
degrees/mole/ 1 0 0 0  g. of solvent

The results are given in Tables I-V.

T able I
Stoichiometrical A ctivity Coefficient and D egree of 

D issociation of Potassium Chloride in Formamide 
F.p., " C „  F.p., °C„

Molality solution solvent A t i a

0 .0 398 2 .1 8 2 2 .4 48 0 .2 66 0 .9 2 6 0 .9 5
.0634 2 .0 38 2 .4 5 7 .419 .901 .89
.1043 1,781 2 .4 5 8 .677 .871 .85
.1206 1.665 2 .4 49 .784 .870 .86
.1584 1.451 2 .4 5 8  .999 

T able II

.840 .80

Stoichiometrical Activity Coefficient■ and D e g r e e <

D issociation of 
F.p., °C„

Ammon ium Oh lor n i io 
F.p.,

in Formamide

Molality solution solvent AL 7 a

0 .0 511 2 .1 51 2 .4 7 3 0 .3 2 2 0 .9 4 3 0 .8 8
.0717 2 .011 2 .4 7 3 . 462 .917 .84
,0906 1 .8 88 2 .4 7 3 . 585 . 885 .84
.1120 1 .7 72 2 .4 73 .701 .877 .79
.1188 1 .715 2 .4 73 .758 .870 .82
.1314 1 .647 2 .4 73 .826 .870 .80
.1475 1 .548 2 .4 7 3 .925 . 855 .79

Discussion
Treatment of Data.— The data were treated 

from two different viewpoints. Activity coeffi
cients were calculated for the strong electrolytes 
by the method of Lewis and Randall5 employing 
the conventional approach, but this treatment was 
modified for the weak electrolytes. The degree of

(5) G. N. Lewis and M. Randall, “ Thermodyn ainics,”  McGraw-
Hill Book Co., Inc., New York, N. Y., 1923.

T able III
Functional Activity Coefficient and D egree of 

D issociation of A cetic A cid in Formamide

Molality
F.p., °C..
solution

F.p., °C„
solvent At 7 nr

0 .0 3 2 9 2 .3 7 0 2 .5 1 0 0 .1 4 0 0 .5 8 5 0 .1 9 6
.0442 2 .2 8 5 2 .4 6 9 .184 .546 .164
.0-175 2 .2 91 2 .4 8 3 . 192 .532 .136
.0589 2 .2 3 8 2 .4 6 9 .231 .500 .100
.0714 2 .2 0 8 2 .4 6 9 .261 .465 .027
. 0937 2 .1 9 3 2 .5 1 0 .317 .425 - .051
.1062 2 .1 3 8 2 .5 05 .366 .418 - .034
.1107 2 .1 2 8 2 .5 05 .377 .410 - .046
.1333 2 .051 2 .5 05 .454 . 394 - .039
.1522 1 .9 16 2 .4 25 .509 .377 - .063

T able IV
Functional Activity Coefficient and Degree, of D is-

sociation of Propionic Acid in Formamide

Xlolality
F.p., °G., 
solution

F.p., °C., 
solvent A t 7 a

0 .0 262 2 .3 9 6 2 .5 0 5 0 .1 0 9 0 .5 4 3 0 .1 7 2
.0506 2 .3 1 7 2 .5 05 .188 .448 .044
.0536 2 .2 5 4 2 .5 05 .251 .441 .046
.0707 2 .2 4 4 2 .5 0 5 .261 .415 .037
.0905 2 .1 4 7 2 .4 83 .336 .394 .040
.1243 2 .0 63 2 .4 93 .430 .355 - .030

T able; V
F unctional Activity Coefficient and D egree of D is-

SOCIATION of Benzoic .Acid in Formamide

Molality
F.p., °C „ 
solution

F.p.. °C„ 
solvent A t 7 a

0 .0 295 2 .3 5 6 2 .4 8 5 0 .1 2 9 0 .5 9 2 0 .2 2 8
.0419 2 .2 9 4 2 .4 6 9 .175 .541 .174
.0531 2 .2 7 3 2 .4 8 5 .212 .505 .122
.0636 2 .2 44 2 .4 83 .239 .472 .052
.0779 2 .1 8 6 2 .4 6 9 .283 .440 .018
.0955 2 .1 5 9 2 .4 9 3 .334 .415 - ■ 018
.1299 2 .0 1 4 2 .4 6 9 .455 .388  - .017

dissociation was calculated for both strong and 
weak electrolytes by the equation

where
a is the degree of dissociation
i is the ratio of the observed freezing point lowering to the 

calculated freezing point lowering 
v is the number of ions into which the solute dissociates

In the calculation of activity coefficients of the 
solutes by the method of Lewis and Randall the 
correction terms were omitted because sufficiently 
accurate thermal data were not available, and be
cause the systems were not completely stable. 
Thus the equation employed was 

r  m
in 7  = — 2  I — ./) (3 )

where
7  is the activity coefficient 
J  is the Lewis and Randall divergency factor 
m is the molality of the solution
The integral was evaluated by graphical methods.

When this equation is used for a weak electrolyte 
the solute is treated in the same manner as if it 
were a strong electrolyte, and the activity coef
ficient thus obtained is intrinsically different from
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the conventional activity coefficients for electro
lytes in which attention is focused on ionic behavior. 
The value obtained in this way has been called the 
functional activity coefficient because it is con
cerned not with ionic behavior only, but with the 
colligative behavior relative to a standard state 
in which the solute would be completely dissociated, 
irrespective of the particle aggregates at finite con
centrations. Although such values cannot be used 
in quantitative thermodynamic relationships, they 
are useful in comparing the states of aggregation of 
the particles of various solutes in a given solvent. 
Of course, it is to be admitted that both dissociation 
and solvolysis may be important factors in deter
mining the nature of the solute particles.

The ultimate objective of the majority of freez
ing point studies centered around conventional ac
tivity coefficients, is to compare cryoscopic data 
with similar data obtained by electrochemical 
methods. Treatments of this type generally ig
nore the undissociated portion of the solute and 
yield a distorted picture where the total solute be
havior of a weak electrolyte is used.

The results of this work were reproducible with a 
probable error of less than 1%.

Fig. 1.—Influence of concentration on the degree of dis
sociation of solutes in formamide.

Properties of the Solutions.—Ammonium chlo
ride behaved much like it does in water solutions ; 
the apparent degree of dissociation as determined 
by croscopic methods is approximately 0.88 in 
both solvents at a concentration of 0.05 molal. 
Some evidence of a greater degree of dissociation of 
potassium chloride in formamide appeared. In
0.05 molal solution, the value is 0.93, while in the 
corresponding water solution it is approximately
0.89.6 The difference of about 2.5° in the freezing

(f>) A. A. Noyes and TC. G. Falk, J. Am. Chem Soc., 32, 1011 (1910).

points of the solutions would be expected to have 
little effect on the data.

The degree of dissociation of benzoic, acetic and 
propionic acids was found in this work to be from
2-15% greater in formamide than the accepted 
values for ŵ ater solutions. Probably this appar
ently larger dissociation results from the difference 
in the activity coefficient of the undissociated 
molecules in formamide as compared to water. 
Verhoek7 found by electrical methods that both 
benzoic and propionic acids dissociated to a lesser 
extent in formamide than in wrater.

The acidity of the benzoic acid solutions in
creases with time. When brom thymol blue is 
added to a fresh 0.05 m solution of benzoic acid and 
formamide the initial color is blue, but upon stand
ing for several hours the color turns to green and 
subsequently to straw-yellow. It is known that 
at elevated temperatures acetamide and benzoic 
acid react to form benzamide and acetic acid, and 
it is believed that a very slow reaction may take 
place between formamide and benzoic acid to form 
benzamide and formic acid. However, additional 
experimental data would be required to establish 
this point.

Values of the activity coefficients calculated for 
potassium chloride and ammonium chloride (Fig.
2) are approximately 8% higher than the values 
reported for water solutions at the same molali
ties.6

Fig. 2.—Influence of concentration on the activity coefficient 
of solutes in formamide.

The functional activity coefficients calculated 
for the weak electrolytes are of the order of 0.5 in 
dilute solutions as was to be expected where a 
standard state of completely dissociated electrolyte 
was chosen.

(7) F. H. Verhoek, ibid., 58, 2677 (1936).
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THE RING METHOD OF MEASURING SURFACE TENSION FOR LIQUIDS 
OF HIGH DENSITY AND LOW SURFACE TENSION1

By H. W. Fox and C. H. Chrisman, Jr.
Naval Research Laboratory, Washington, D. C.

R e c e iv e d , F e b r u a r y  2 2 , 1 0 5 1

The existing correction tables applicable to the measurement of surface tension by the ring method are not extensive 
enough to be used with liquids of high density coupled with low surface tension, as for example, the fluorocarbons. The 
convenience and rapidity of the ring method make it worth while to extend the tables to the region in question. The tables 
therefore have been extended by fitting a combined hyperbolic and linear equation to the curves derived from existing 
tables. This equation produces values in agreement with existing tables to better than 0.05 per cent. The extrapolated tables 
were verified experimentally over their whole range by comparing measurements of the surface tensions of five fluorocarbon 
liquids made by the differential capillary-rise method (which is Independent of corrections) with measurements on the same 
liquids made by the ring method. The agreement was as good as that associated with the original tables.

Introduction
The method of determining surface tension by 

measuring the force necessary to detach a ring from 
a liquid surface has come into widespread use be
cause of its rapidity and convenience. Although 
this method does not produce results of highest ac
curacy except with the most tedious painstaking, 
with reasonable care it is possible to produce results 
with an error of less than 0.5%.

The ring method was placed on a firm basis in 
the classical work of Harkins and co-workers.2’3 
These authors measured the surface tensions of 
liquids by both the capillary rise and ring methods 
and compared the two values. They prepared a 
table of correction factors which reconciled the 
values obtained by the two methods. Freud and 
Freud4 analyzed the ring method from the theoret
ical standpoint, finding excellent agreement be
tween the empirically derived tables and the theory 
of the ring method. The tables are therefore being 
widely used and indeed are nearly indispensable if 
reasonable accuracy is required in using the ring 
method.

Harkins, et al.,2 found that the correction factor 
F for the ring method depended on R3/V and R/r 
where R is the radius of the ring, r the radius of the 
wire of the ring and V the maximum volume of liq
uid lifted above the plane of the liquid surface. 
Their tables cover the range of R3/V from 0.30 to 
3.50 and of R/r from 30 to 80. For most purposes 
this range is adequate and permits the choice of a 
ring whose dimensions are such as to introduce the 
fewest experimental difficulties. The liquid fluoro
carbons and many derivatives only recently come 
into prominence, have, however, comparatively 
low surface tensions coupled with high densities. 
Therefore, when a ring of convenient size (4 to 6 
cm. in circumference) is used, one finds that R3/V 
is larger than 3.50 and that the proper correction 
factor lies outside the scope of the tables. Figure 1 
shows the limits of the region where rings 6 and 12 
cm. in circumference may be used without ex
ceeding the limit of the tables at R3/V <  3.50.

(1 ) T h e  o p in io n s  o r  a sse r t io n s  c o n t a in e d  in  th is  p a p e r  are those o f  
th e  a u th o r s  a n d  a re  n o t  t o  b e  c o n s tr u e d  as o f fic ia l  or reflecting the 
v ie w s  o f  t h e  N a v y  D e p a r t m e n t .

(2 ) W . D .  H a rk in s , T .  F . Y o u n g  a n d  L . I I .  C h e n g , Science, 64, 33 
(1 9 2 6 ).

(3 ) W. D. H a rk in s  a n d  H . F . J o r d a n , J. Am. Chem. Soc., 52, 1751 
(1 9 3 0 ) .

(4 )  B . B . F r e u d  a n d  H , Z . F r e u d , ibid., 52, 1772 (1 9 3 0 ) .

For R/r =  30, combinations of surface tension and 
density yielding values of R3/V less than 3.50 lie 
above the limiting line in each of the two cases rep
resented. For R/r greater than 30 the limiting 
lines are displaced upward, further restricting the 
useful areas. It is obvious from Fig. 1 that for 
successful use of the existing tables for the deter
mination of the surface tension of the fluorocar
bons, one must resort to rings at least 12 cm. in 
circumference. The use of rings of this size intro
duces serious problems in making and maintaining 
the rings flat and level.

It is therefore of general interest to extend the 
Harkins and Jordan tables to regions of R3/V >  3.50 
so that the ring method might be used for the fluoro
carbons and similar liquids with rings of moderate 
size.

The present paper describes the extrapolation of 
the tables to R3/V =  7.50 for R/r equal to 40, 50, 
52, 54, 56, 58 and 60. These values of R/r were 
considered especially useful since there are com
mercially available rings 6 cm. in diameter with 
values of R/r between 52 and 56. The procedures 
outlined below may be used to extend the extrapo
lations beyond R3/V =  7.50 or to other values of 
R/r.

Zuidema and Waters5 analyzed the tabulated 
data of Harkins and Jordan and presented an equa
tion which described the data closely. They 
showed that the correction factor F is a parabolic 
function of P/(D — d) where P  is the maximum 
pull on the ring {Mg/irR) and D and d are the 
densities of the lower and upper phases, respec
tively, (liquid-air, oil-water, etc). By means of 
their equation they were able successfully to ex
trapolate the Harkins and Jordan tables to regions 
of R3/V smaller than 0.30; this region is useful in 
applying the ring method to measurements of inter
facial tension where V is likely to be large because of 
the small differences in density between two liquid 
phases. When the Zuidema and Waters equation 
was applied to the raw data for the fluorocarbons 
however, discrepancies in F were found at R/r =  
54 which ranged from 4% at R3/V =  4.6 to 7%  at 
R3/V =  7.0. In this region, P/{D — d) ranges 
from 15 to 10 and the Zuidema and Waters function 
moves more slowly than required by the experi
mental data. In fact, the function has a limit of

(5 ) H . H . Z u id e m a  a n d  G . W . W a te rs , Ind. Eng. Chem., 13, 2 1 3  
(1 9 4 1 ) .
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Fig. 1.— Limiting values of surface tension and density for 
application of the Harkins and Jordan correction tables.

F >  0.84 at P/(D — d) > 0  whereas experiment 
shows the need of F <  0.83 at P/(D — d) <  15.

Extrapolation of the Harkins and Jordan Tables.
— The Harkins and Jordan tables were extrapo
lated by finding equations describing the curves 
plotted from the tables and extending the curves 
by means of these equations for R/r = 40, 50 and 
60 from R3/V =  3.5 to 7.5. Lagrangian interpola
tion was employed to obtain the curves for R/r — 
52, 54, 56 and 58. The extrapolated tables were 
tested experimentally at R/r =  54.0 where the in
terpolation is most distant from the extrapolated 
curves and the results are described below. Table 
I shows the extrapolated tables for R3/V = 3.5 to
7.5. The intervals were chosen as 0.25 since the 
function moves fairly slowly in this region and in
terpolation is easy. Following Harkins and Jor
dan, the deciles of R/r are given to four decimal 
places and the interpolated values to three. A de
tailed description of the method used in this ex
trapolation is given in the appendix to this paper. 
Figure 2 shows the curves for R/r =  40, 50 and 60 
in the extrapolated region; the dotted lines are in 
the adjacent region of the Harkins and Jordan ta
bles.

T able I
C o r r e c t io n  F a c t o r s  (F )  f o r  t h e  R in g  M e t h o d

R3/V R/r =  40 50 52 54 56 58 60
3 .50 0.8063 0.8407 0.847 0.852 0.858 0.863 0.8672
3 .75 .8002 .8357 .842 .848 .853 .858 .8629
4 .00 .7945 .8311 .837 .843 .849 . 854 .8590
4 .25 .7890 .8267 . 833 .839 .845 .850 . 8553
4 .50 .7838 .8225 .829 .835 .841 .847 .8518
4 .75 .7787 .8185 .825 .832 .838 . 843 . 8483
5 .00 .7738 .8147 .822 .828 .834 .840 .8451
5.25 .7691 .8109 .818 .825 .831 .837 .8420
5.50 .7645 .8073 .815 .821 .828 .834 . 8389
5.75 . 7599 .8038 .811 .818 .825 .830 .8359
6 .00 .7555 .8003 .808 .815 .821 . 827 .8330
6 .25 .7511 .7969 .805 .812 .818 .825 .8302
6.50 .7468 . 7936 .801 .808 .815 . 822 . 8274
6.75 .7426 . 7903 .798 .806 .813 .819 .8246
7 .00 .7384 .7871 .795 .803 .810 .816 .8220
7.25 .7343 .7839 .792 .800 .807 .813 .8194
7 59 .7302 .7807 .789 .797 .804 .811 .8168

Verification of Extrapolation
Experimental.— The surface tensions of a number of 

liquids were measured at 20.00 ±  0.03° by the differential 
capillary rise method of Sugden6 and by the ring method at

(6) S. Sugden. “ The Parachor and Valency/’ A. A. Knopf, 1930,
pp. 215-216.

Fig. 2.— Correction factor F as a function of R 3/ V .  Dashed 
lines are from the Harkins and Jordan tables.

20.0 ±  0.1° and the results were compared. The liquids 
were chosen to give a wide range of values of R 3/ V .

Results obtained by us for three pure compounds using 
the differential capillary rise method were in excellent agree
ment with the most reliable values given in the literature. 
The surface tension of water was measured as 72.75 dynes/ 
cm.7; benzene, 28.86 dynes/cm.7; n-hexadecane, 27.60 
dynes/cm.8 The other liquids of this study were carefully 
tested to make certain that the contact angle with glass was 
zero since the method depends on this being the case.

The capillary rise cell used in these measurements had 
large and small capillaries, whose diameters were 0.1 and 
0.05 cm., respectively. These dimensions ensured that the 
rise would be at. least 0.3 cm. even for liquids of surface ten
sions as low as 15 dynes/cm. The rise was measured with 
a slide micrometer accurate to 0.0001 cm. so that this 
measurement was good to 0.03% for the smallest rise and 
proportionately better for liquids of higher surface tension.

The same capillary rise cell was used for all the liquids 
reported here. Difficulties were encountered in cleaning the 
cell after measurements on the fluorocarbons. These 
liquids are insoluble or difficultly soluble in conventional 
solvents, and they are not destroyed by oxidizing acids. It 
was necessary to rinse out the cell with CF3-CCI3 (Freon 
113) which is a good low-boiling solvent for fluorocarbon 
liquids. This liquid not only effectively dissolved and re
moved all the fluorocarbon oil left on the walls of the cell 
but was itself readily removed by blowing clean dry air 
through the cell. The cell was subsequently boiled in ni
tric-sulfuric acid (1 :2) for 10-15 minutes until it was hy
drophilic. The acid was removed by ten rinses with steam
ing, freshly distilled water and the cell was dried at 110°. 
With this method of cleaning, no difficulty was encountered 
in obtaining reproducibility to within 0.02-0.03%. Every 
surface tension value given here is the average of at least 
three independent measurements.

To “ calibrate”  the ring, four liquids were chosen whose 
F values fell within the scope of the Harkins and Jordan 
tables. Of five 6-cm. rings obtained from the manufacturer, 
none was perfect, in that not every portion of the ring lay in 
the same plane. Moreover, where the rings were welded to 
the supporting stirrups, more metal had been removed than 
was actually necessary to make the rings smooth. This 
had the effect of reducing the diameter of the wire at two 
points in every ring. Both these effects tend to make the 
ring break away too early so that the values of the surface 
tension are invariably low by the same amount percentage
wise. For the work reported here, a ring was chosen which 
had a value of R / r  =  54 so that the extrapolated tables could 
be tested at a point where the interpolations were most dis
tant from the deciles.

The diameters of the ring and the wire were measured with 
a slide micrometer which had been compared with a Bureau 
of Standards standard length and was accurate to 0.0001 
cm. The method of Harkins and Jordan3 for measuring the 
diameters was found to be satisfactory. Averages of six

(7) N. K. Adam, “ The Physics and Chemistry of Surface 
Ed., Oxford Univ. Press, London, 1941, p. 370.

(8) A. I. Vogel, J. Chem. Soc., 133 (1946).
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diameters of the ring and twelve diameters of the ware were 
taken. The ring was found to be out of round by somewhat 
under 1% but Harkins and Jorkan claim that this is a minor 
source of error. The circumference of the ring used was 
found to be 5.990 cm. and R / r  was 54.0. The deviation 
from flatness was measured with a cathetometer and found 
to be about 0.2 mm. at the worst place. If deviation from 
flatness has an effect similar to tilting the ring, it is possible 
to estimate the magnitude of the error which will be pro
duced. The deviation found for the ring is equivalent to 
an angle of tilt of about 0.5 degree for a ring 6 cm. in cir
cumference. Referring to the Harkins and Jordan3 graph 
of the error introduced by tilting the ring, it is clear that the 
results will be between 0.2 and 0.3%  too low. The addi
tional contribution to the error by the excessive removal of 
metal at the welded joints could be estimated from the cali
brating measurements.

Table II shows the discrepancies between the values ob
tained by the capillary rise method and by the ring method 
for the four liquids w'hich could be measured with the help 
of the extant tables. The ring methods gave values about 
0.4%  low with no apparent systematic differences in the 
error over the whole range of R 3/ V .  Since no other errors 
known to the authors were involved in these measurements, 
it w'as assumed that the 0.4% error was due to deviation 
from flatness of the ring (contributing about half the error) 
and a too small radius of the wire at the welded joints.

A chainomatic balance especially designed for surface 
tension measurements was used in this study. Incorpo
rated in it was a platform which could be lowered smoothly 
and slowly while weight was added by means of a rider and 
chain. The balance was sensitive to 0.1 mg. and the rider 
and chain were calibrated with certified weights before use. 
To obtain good results it was found necessary to insulate 
the balance from vibration and to fit. it with a magnetic 
damper. The ring was held in a pin chuck fitted with a 
circular eye which hung from a free swinging hook attached 
to an agate knife edge. The ring was leveled by bringing 
a dish of mercury close to it and sighting between the ring 
and the mercury surface. Very small deviations from the 
level could be determined in this fashion. This method was 
found to be easier and more convenient than the method of 
Harkins and Jordan3 who used a metal mirror leveled with a 
spirit level.

The liquid to be measured was held in a thick walled pet.ri 
dish 10 cm. in diameter. The edge ot the dish was finely 
ground to a good fit with a cover of plate glass. The cover 
was slotted to permit the wires supporting the ring to pass 
through. After the ring and cover were in position, the slot, 
was covered except whore the wires passed through. This 
arrangement worked satisfactorily in minimizing evapora
tion of even the most volatile liquids of this study.

The procedure was as follows: The ring was flamed, 
leveled as described above, and the zero of the balance de
termined. A clean petri dish containing the liquid to be 
measured was placed on the platform and the liquid surface 
raised to within 2-3 mm. of the ring. The cover was put in 
place and the slot covered. The balance case was closed 
and the whole system allowed to come to thermal equilibrium 
for one hour to ensure that the space above the liquid became 
saturated with vapor. The liquid was then raised till it 
touched the ring. Weight was added and the platform si
multaneously lowered to keep the balance pointer on zero. 
The beam arrest, was lowered very little so that the pointer 
could swing only about half a division on either side of zero. 
This was done to prevent the ring from becoming completely 
detached at. the end-point of the measurement.. In this 
way successive measurements could be made quickly since 
the position of the platform need only be changed a small 
amount between measurements. Weight was added ami 
the platform lowered until the pointer could no longer be 
brought back to zero by lowering the platform. The chain 
was then backed off 2-3 mg. and the platform raised a little. 
Then weight was added 0.1 mg. at a time with at least 5 
seconds between additions for the non-viscous liquids and 
10 seconds for the viscous liquids. The platform was low
ered very slowly at the same time always keeping the pointer 
at zero. When addition of 0.1 mg. made the pointer swing 
irreversibly to the left, the weight was recorded as the maxi
mum pull on the ring. Successive measurements made in 
this fashion were invariably within 0.1 mg. of each other. 
At least four measurements were made in (his way at 15- 
minute. intervals. The whole procedure was repeated for

each fluid at least, twice on different days to ensure that no 
topical variables were affecting the measurements. The 
separate measurements on different days always checked 
within 0.3 mg. The average of the three separate measure
ments is the value reported in Tables II and III.

T able II
D etermination of R ing Correction

.---------  Surface tension (dynes/cm.,20°)-----------.
Diff. Differ- Differ-

C o m p o u n d Rt/V
ca p .
r ise R in g

e n ee ,
%

R in g
(cor.)

on ce ,
%

W a te r 0 .9 2 7 2 .7 5 7 2 .5 7 - 0 . 2 5 7 2 .8 5 +  0 .1 4
B e n ze n e 1 .9 3 2 8 .8 6 2 8 .7 6 -  .3 4 2 8 .8 7 +  .0 4
H e x a d e c a n e 1 .8 0 2 7 .6 0 2 7 .4 4 — . 57 2 7 .5 5 -  .1 8
H e x a d e c a m e th y l -

h e p ta s ilo x a n e 3 .1 4 1 8 .6 1 1 8 .5 3 -  .4 3 1 8 .6 0 -  .0 5

Average correction 0.40%.

T able III
Comparison of Surface T ension M easurements by the 
D ifferential Capillary R ise and R ing M ethods for 
Liquids of H igh D ensity and L ow Surface T ension

—Surface tension-
(dynes/cm . , 20°)

Compound Rz/V

Diff.
cap.
rise Ring

Ring
(cor.)

Differ
ence,

%
Fluorolube (H ooker)“ 4.61 25.03 24.85 24.95 - 0 .3 2
Fluoro lubricant (du Pont 

FCD 330) 5.75 20.15 20.06 20.14 -  .05
Fluoro kerosene (du Pont 

FCD 329) 6.16 18.31 18.17 18.24 -  .38
Perfluorodimetliylcycloliexane 6.65 16.00 15.95 le .o i +  .06
Perfluoromethylcyclohexane 6.97 14.70 14.69 14.75 +  .34

" Polymonoohlorotrifloroethane.

Results
Table II shows the differences in the values ob

tained by the differential capillary rise and ring 
methods for four liquids when R3/V falls in the 
range of the Harkins and Jordan correction tables. 
There is a systematic error (due to imperfection of 
the ring) averaging 0.40%. When this correction 
is applied to the values obtained by the ring 
method, the percentage difference between the two 
methods is reduced to less than 0.2%. Harkins 
and Jordan consider that for values of R/r other 
than deciles the tables are accurate to 0.4% with a 
probable error of less than 0.3% .

Table III gives the differences in the values ob
tained by the two methods for five liquids when R3/  
V is larger than 3.50. In this case the raw data for 
the ring method were corrected with the extrapo
lated tables shown above. It is evident that when 
the 0.4% correction determined earlier is applied to 
the fluorocarbon data, the residual differences are 
all less than 0.4% over the range of R3/V from 4.61 
to 6.97. It is obvious that as the surface tension 
decreases, the sensitivity of the balance (0.1 mg.) 
assumes greater importance percentagewise so that 
differences of 0.01 dyne/cm. (0.1 mg. ca. 0.01 
dyne/cm.) are equivalent to 0.05% at surface ten
sions of 20 dynes/cm. and proportionately more at 
lower surface tensions.

Conclusions
The tables of corrections for the ring method of 

determining surface tension of Harkins and Jordan3 
have been extrapolated to R3/V = 7.50 for values of
R/r of 40, 50, 52, 54, 56, 58 and 60. The extrapo
lations were checked experimentally and proved to
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have the same order of accuracy as the Harkins 
and Jordan tables for R/r =  54.0. For the other 
values of R/r tabulated here, the agreement should 
be at least as good.

These tables may therefore be used with com
mercially available rings 6 cm. in circumference to 
measure the surface tensions of liquids of high dens
ity and low surface tension by the ring method. For 
highest accuracy, it is necessary to determine the 
errors inherent in the ring by calibration with liq
uids of known surface tensions.

The ring method is therefore now available for 
measuring surface and interfacial tensions from re
gions of high interfacial tension and low density by 
the extrapolation of Zuidema and Waters6 to regions 
of low surface tension and high density by the ex
trapolation presented in this paper.

Appendix
The equations for R / r  equal to 40, 50 and 60 were ob

tained by fitting to the Harkins and Jordan tables3 equations 
made up of a hyperbolic component and a straight line com
ponent. An exponential component was used tentatively 
on the table at R/r — 50 but- was discarded in the final 
computations since it had no effect on the region of interest. 
In the example described ( R / r  =  50), R 3/ V  will be desig
nated as x  and F  will be designated as y .  The data for the 
curve in queslion were plotted at intervals of 0.1 x  and a 
hyperbolic component was recognized. The data were di
vided into two groups of 16 points each and the averages of 
the x  and y  values were taken. These averages were sub
stituted in the equation

a +  bx = x / y  (1)
to give

a +  1.156 =  1.15/0.02774
and

a +  2.756 =  2.75/0.85004

which when solved gave a =  —0.17040 and 6 = 1.2261. 
Substituting these values in equation (I) and equating for 
y gave

Vl =  1.2261 x -  0T7040 ^

First approximations for y  were computed from equation (2) 
and residuals formed from the equation

Vi -  y  =  residue (3)
The residues plotted at. intervals of 0.1 x showed the 

presence of an exponential component and a straight line 
component. Since in the region of interest, the straight 
line component appeared more prominent, a straight line 
was written to describe this component. In the portion of 
the curve which approaches a straight line from x  = 2 .4  to 
3.5 the residues at 0.1 x intervals were averaged in two 
groups and substituted in the equation

U =  r . r  4 -  , /  ( I )

giving
0.00016667 =  2.65c -j- </

and

Solving these equations and substituting for c and d gave the 
equation

y =  — 0.010417.r +  0.027771 (5)
By adding equations (2) and (5) the following equation for 
the second approximation of y  is obtained

Hu =  1/2261 X -0.17040 ~  0-01041'-c +  0.02,0/1 (6)

Residues were taken by subtracting the original values 
of y  from values as computed by equation (6). In the re
gion of interest the agreement was within the accuracy re
quirements, but the exponential component was still evi
dent in the region of lower x  values ( R 3/ V  <  2.4). There
fore, an equation of the form y  =  /egx was written. In 
writing this equation the values x  =  0.6 and 2.2 were sub
stituted in the equation in the form

In y  =  In f  +  gx

to give
-2.1804 = In /  +  0.6,/
— 6.3771 =  In /  +  2.2 g

w hich w hen solved gave /  =  0.54521 and g =  —2.6210 

T a b l e  I V

C o r r e c t i o n  F a c t o r  F f o r  t h e  R in g  M e t h o d  a t  R/r = 50
F-

n y  v 11 & J Eq. 6
2.4 0.8680 0.8685
2.5 .8651 . 8654
2.6 . 8624 .8625
2.7 . 8598 .8596
2.8 .8570 .8569
2.9 .8545 .8543
3.0 .8521 .8518
3.1 .8494 .8495
3.2 . 8472 .8471
3.3 .8449 .8450
3.4 .8424 .8428
3.5 .8404 .8407

The equation
y  =  0.54521e~2-6230x (7)

was added to equation (6) to give the third approximation as 
follows

Vm  =  1.226lie -  0.17040 “ 0-010417-r +
0.027771 —0.54521e~2-6230x (8)

Values of F  computed from (8) with the exception of R 3/ V  
= 0.4 and 0.5 were in error by 0.5%  or less throughout, with 
the error decreasing as R * / V  increases. The error reduces 
to 0.1%  at R 3/ V  =  1.5 and to about 0.05% above R 3/ V  = 
2.0. Furthermore, the second approximation (equation 
(6)) agrees with the Harkins and Jordan tables to better than 
0.05% for values of R 3/ V  > 2 .4 . Since the region of interest 
is above R 3/ V  =  2.4, the exponential component was neg
lected in all of the computations involved in making Table I. 
The data for R / r  = 40, 50 and 60 were computed from 
equations of the same form as equation (6) and were tabu
lated to four decimal places. From these data three-point 
Lagrangian interpolation was used to compute data to 
three decimal places for R / r  =  52, 54, 56 and 58.

Table IV shows the agreement of equation (6) with the 
Harkins and Jordan tables for R / r  =  50 and R 3/ Y  >  2.4.0.0060833 =  3.25c +  A
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BOOK REVIEW

Phase Transformations in Solids. Edited by R. Smo-
l u c h o w s k i , Cliairman, with J. E. M a y e r  and W. A.
W e y l . John Wiley & Sons, Ine., New York, N. Y.
x +  660 pp. Price, $9.50.
This monograph contains the papers and some of the dis

cussions from a symposium on the general subject of phase 
changes which was held in August, 1948. The symposium 
itself was the outgrowth of an effort initiated by the Na
tional Research Council, with the purpose of bringing to
gether a group of specialists to “ focus attention on significant 
basic problems of the solid state and thus lead to a more com
prehensive understanding of the field.”  The task of pre
paring the papers and discussions for publication has been 
ably done by the editors noted above.

The seventeen papers fall in three groups, each paper 
being a complete and independent unit. The first section 
of the book is devoted to the mathematical theory of phase 
transitions, including diffusion and crystal growth, with 
papers by Tisza, J. E. Mayer, Kirkwood, Seitz, Smolu- 
chowski and Buerger. The authors have presented diver
gent and sometimes conflicting ideas, but the reader, even 
though he is not working in the field, is sure to receive stimu
lation from following these efforts to develop a quantitative 
theory in a science which is so new, and for which modern 
experimental resources are now furnishing such an abun
dance of previously unavailable information.

The second section deals with transitions in non-metallic 
systems. O. K. Rice has a paper on the solid-liquid transi
tion in argon, which represents an attempt to understand 
the process of melting. M. L. Huggins discusses the factors 
involved in transitions of the silver halides. Silicates and 
glasses are treated in three papers by Kracek, Schairer and 
Weyl, in which the rates and types of transitions are corre
lated with such things as order-disorder phenomena, the 
forces between different types of ions, and relative mobilities 
of different ionic species with respect to the structural net
work. The section is concluded by a brief paper on the new 
subject of ferroeleetrics by Matthias.

The final section of the book is given over to papers on 
transitions in metals. C. S. Barrett’s paper covers pure 
metals with particular respect to the theories of transforma
tions normally called martensitic. Much new light in the 
field is being obtained by study of low-temperature crystallo
graphic changes in lithium. Siegel has a chapter on order- 
disorder transitions in metal alloys. The paper on precipi
tation from solid solutions of metals, by A. H. Geisler, is a 
monograph in itself, consisting of 58 pages, profusely illus
trated and having a bibliography of 830 titles. A valuable 
feature of the bibliography is a separate classification of the 
references by alloys and by subjects. Mehl and Dube have 
a chapter on the eutectoid reaction, with special considera
tion of the factors entering into the mechanism and kinetics 
of the process. The final chapter by Morris Cohen dis
cusses the martensite transformation and develops the thesis 
that it is the process of the transformation, rather than the 
specific product, which is the distinctive feature of the 
problem.

Throughout the book, there are excellent photographs and 
diagrams in abundance. In fact, one cannot but be im
pressed with the wealth of factual detail included. Each 
chapter has a good bibliography, but there is no index.

The editors point out that the book is designed for special
ists: this is quite apparent, especially in the earlier chapters. 
For workers in the general field of solids, the book will un
doubtedly be of inestimable value as a source of ideas and 
reference to current research. It would be a pity, however, 
if the book were read only by specialists. Some years ago 
we rather naively regarded a crystal as an epitome of order, 
as contrasted with gases and liquids. Recent years have 
produced the idea of disorder, with its profound significance 
for the properties and transformations of solids. One now 
attempts to develop general theories for the solid state by 
kinetics and thermodynamics based upon statistical con
siderations. This book reveals how much remains to be 
done in obtaining a unified and comprehensive grasp of the 
field. The reader gains the clear impression that he is 
watching the birth of a new science, with new theoretical 
approaches and experimental techniques that were not ac
cessible until a decade or so ago. The members of the sym
posium and the editors are to be congratulated on producing 
a work that is such a mine of information. It will undoubt
edly be a continuing source of stimulation for all who have 
problems involving the solid state.
D e p a r t m e n t  o f  C h e m i s t r y

K i n g  C o l l e g e  G. H. C a r t l e d g e

B r i s t o l , T e n n e s s e e
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