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IN SOLUTION

By C. P.Brown and A. R. M athieson
Department of Chemistry, The University, Nottingham, England

Received March 6, 1954

In the pure form and in relatively concentrated solution in many solvents, carboxylic acids exist largely as hydrogen-

bonded dimers.

may be affected by hydrogen bonding between the solvent and monomeric acid molecules.

In solvents which are themselves hydrogen bonded, however, the monomer-dimer equilibrium of the acids

Solvents might be conveniently

divided into three types from this point of view, (i) non-hydrogen-bonding solvents, (ii) solvents forming hydrogen bonds
preferentially with other molecules, e.g., ether, and (iii) solvents which form a hydrogen-bonded structure, e.g.,, CH3H.

Moelwyn-Hughes and his co-workersI2 have
used the partition of acetic and propionic acids
between water and organic solvents to study as-
sociation in the organic phase, but there exists a
large quantity of partition data relating to the
chloroacetic acids which has never been inter-
preted in this way.

The equilibria involved in the partitions are
(i) ionization in the aqueous phase., (ii) distribu-
tion of acid molecules between the two phases,
and (iii) dimerization in the organic phase, i.e.

H+ + RCO,- (aq.) RCO:H (aq.)

RCO2H (aq.) " +. RCOXH (org.)

(RCO2H)2(org.) #+1 2RCO2H (org.)

The first two equilibria may be combined into the
single stoichiometric equilibrium

total acid (aq.)

which it is appropriate to use when activity coef-
ficients for the aqueous phase are to be employed.
Two equilibrium constants may be defined
[RCQH (org.)]
1 [total acid (aq.)j
[RCQ2H (org.)]2
2 |(RCOH)2(org)] %)
the square brackets denoting activities. If c, f are
concentration (in moles/l.)) and activity coef-
ficient in the aqueous phase, and c' is the concentra-
tion in the organic phase, then
c' " 2K Scf
cf-KI + ~kT (3)
(1) M. E. A. Moelwyn-Hughes, J. Chem. Soc., 850 (1940).

(2) M. Davies, P. Jones, D. Patnaik and E. A. Moelwyn-Huglies,
ibid., 1249 (1951).

> RCO2X (org.)

assuming the monomeric and dimeric species in the
organic phase to behave as ideal solutes. This
equation resembles the relationship employed by
Moelwyn-Hughes, et al.,2 except that / replaces
(L — a), where a is the degree of dissociation.
Equation 3 allows values of Ki and K2to be deter-
mined from partition data if / is known. Some
water is carried into the organic phase by the acids;
trichloroacetic acid in water-saturated benzene and
other solvents exists as CChCCbH-H™O and (CC13
COH)22HD .M Values of iv2 determined in this
way refer to hydrated forms of the acid molecules
in the organic phases.

The activity coefficients of acetic and mono-,
di- and trichloroacetic acids in aqueous solution
have been estimated from existing data and are
shown in Fig. 1. The equations

j = 1- 9¢AQ + a) 4)

0.8686 d Ve +

45 x 104 TV - o> (5)

where 8is the depression of the freezing point and X
the molar depression for water, were used in con-
junction with the freezing points,6 densities.67
and conductances6-10 quoted in the literature, and

(3) R. P. Bell, et al., Z. physik. Chem., A150, 20 (1930);
Soc., 1969 (1934); 1432 (1953).

(4) C. P. Brown and A. R. Mathieson, unpublished results.

(5) Landolt-Bornstein, “Physikalisch-Chemischen Tabellen,”
Springer, Berlin, 1923.

(6) A. C. Oudermans, Z. Chem., 150 (1866).

(7) L. Mameli, Gazzetta, 41, 294 (1911).

(8) D. A. Maclnnes and T. Shedlovsky, J. Am. Chem. Soc., 54, 1429
(1932).

(9) H. S. Harned and J. E. Hawkins, ibid., 50, 85 (1928).

(10) B. Saxton and T. W. Langer, ibid., 55, 3638 (1933).

log/ = —0.4343) -

J. Chem.
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c, moles/l.

Fig. 1.— Approximate activity coefficients of the acids in
water at 25°: 1, CH3CO02H; 2, CHZX1CG2H; 3, CHC1ZX 02H;
4, CCICOMXH.

the plots of j/cl/lagainst c,/t were extrapolated to
infinite dilution using the equations ofathe inter-
ionic attraction theory, a value of 4 A. for the
mean distance of closest approach of the ions being
used, following Maclnnes and Shedlovsky.8 For
dichloroacetic acid the equation of Harned and
Hawkins9was used

logv = -0.357 V2 n/(1+ 0.8\/2ji)

where n is ionic strength and 7 activity coefficient
on the basis of moles/1000 g. solvent) and the 7’s
converted to f’'s using the density data. This
gave good agreement with the single measurement
of - by Harned and Hawkins at a concentration
of 0.202 mole/1000 g. solvent (calcd. ; 0.778; expt.,
; 0.775). The activity coefficients are probably
accurate to 1-2% which is ample for the present
purpose.

Measurements of the partition of acetic and the
chloroacetic acids between water and organic sol-
vents, 1l chiefly those of de Kolossowsky and Kuli-
kov,12 have been used to test the validity of eq. 3
and to calculate values of Kxand K2 Equation 3
is well obeyed by all four acids in most of the sol-
vents examined where equilibration has been made
against aqueous solutions less than 1.0 mole/l.
This is illustrated for trichloroacetic acid in six
solvents in Fig. 2. Values of A, and K, (A2in
g. mole/1.) for all four acids at 25° are shown in
Table I. A small number of systems do not obey

(11) S. A. Bektourov, Zhur. Obs. Khimii, 9, 419, 1717 (1939);
F. S. Brown and C. R. Bury, J. Chem. Soc., 2430 (1923); H. M.
Dawson and F. E. Grant, ibid., 512 (1902); W. Herz and H. Fischer,
Ber., 37, 4747 (1904); 38, 1143 (1905); W. Herz and M. Lewy,
Z. Elektrochem., 11, 818 (1905); N. Lofman, Z. anorg. Chem., 107,
241 (1919); A. W. Smith and 3. C. Elgin, This Journa1, 39, 1149
(1935); E. Schreiner Z. anorg. Chem., 122, 203 (1922); H. W. Smith,
This Journat, 25, 160 (1921).

(12) N. A. de Kolossowsky, Bull. soc. chim., [4] 9, 632 (1911);
Bull. soc. chim. Belg., 25, 183, 235 (1911); N. A. de Kolossowsky,

and F. S. Kulikov, Z. physik. Chem., A169, 459 (1934); Zhur. Obs.,,
Khimii. 14] 66, 915, (1934); [51 66, 60, 1037 (1935).
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eq. 3 and these are indicated by a cross in the table.
Trichloroacetic acid in the alcohols only obeys the
equation up to concentrations of 0.1Af in the aque-
ous phase.

Fig. 2.— Tests of eq. 3 for trichloroacetic acid. Organic
phases: 1, CHC13; 2, CHJ; .3 nitrobenzene, ordinate X
10-1; 4, toluene; 5, o-nitrotoluene, ordinate X 10_1; 6,
(CH 6, ordinate X 10_1.

The value of A 2for acetic acid in benzene may be
compared with previously quoted figures. Pohl,
Hobbs and Gross13found A2 = 0.0027 at 30° for

logic D.
3.— Effect of the dielectric constant of the organic
1, CH2C1COXH; 2, CC102H.

Fig.
solvent on K,:

dry benzene by dielectric polarization measure-
ments, which is equivalent to 0.0021 at 25° using
the dependence of A2on temperature observed by
Moelwyn-Hughes, et al.2 Moelwyn-Hughes, how-

03) H. A. Pohl, M. E. Hobbs and P. M. Gross, J. Chem. Phys, 9,
408 (1941).
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Table |

Organic solvent K, CIUCO, K KiCHiCK:OTH ’ KiC}—iCIsCOaIPI<Z coLconiK2
Diethyl ether 0.46 2.8 1.05 0 022 0.48 0.32
Diisopropyl ether 17 1.5
Chloroform .020 0.089 0.009 .0008 0.023 0.0012
Benzene .0060 0.0020
Toluene .0075 .002 017 .0037 .014 .0018
Cumene 21 .19
Nitrobenzene X X 14 .56 .19 .019 .06 .0012
o-Nitrotoluene X X .19 .042 .020 .0002
Ethyl bromide .072 .29 .12 .014
Methyl iodide .024 .061 .07 .015
n-Amyl alcohol X X 4.6 .13
Isoamyl alcohol X X X X
Benzyl alcohol X X 1.6 .036

ever, finds 0.007682 and 0.00601 at 25° using the
partition method. For acetic acid in diethyl ether,
Smyth, Rogers and LindsleyMfind K2 = 2.8, also
in good agreement with the value in the table.

The distribution of the monomer favors the
agueous phase except in two cases, and for many
solvents the dielectric constant « seems to be
decisive in fixing the value of Ku Figure 3 shows
log Ki plotted against log e for CH2CICO2H and
CCI3CO2H. Ethers show much higher values of
Ki than this relationship predicts, and this may be

(14)
Soc., 52, 1829 (1930).

C. P. Smyth, H. E. Rogers and G. H. Lindsley, 3. Am. Chem.

due to ability to form hydrogen bonds with the
acids. Nitrobenzene and o-nitrotoluene show much
lower values.

A small value of K2indicates that the acid exists
largely as the dimer, and this is true generally in
non-hydrogen bonding solvents of small e Ability
of the solvent to form hydrogen bonds, and high
dielectric constant, encourage the dissociation of
the dimers. In a given solvent the more highly
chlorinated acids are more highly associated. This
is in agreement with the conclusion of Moelwyn-
Hughes, et al.,2 that the bonding in the dimers is
largely electrostatic in nature.

THE INFRARED SPECTRA OF AMMONIA CHEMISORBED ON CRACKING
CATALYSTS1

By J. E. M apes and R. P. Eischens

The Beacon Laboratories of The Texas Company, Beacon, N. Y.

Received May 1, 1954

The infrared spectrum of chemisorbed ammonia was studied to determine whether the acidity of cracking catalysts results
from protons supplied by the catalyst surface or whether it results from the ability of surface atoms to share an electron-

pair from the ammonia, as in Lewis type acids.

Characteristic absorption bands for both NH3 and N H ,+ appear in the
spectrum of ammonia chemisorbed on a cracking catalyst which was preheated at 500°.

The presence of chemisorbed NH 3

indicates that most of the acid centers are of the Lewis type where the unshared electron-pair of the nitrogen atom fills the

electron-pair vacancy of the catalyst, without greatly altering she NH3 configuration.

The presence of adsorbed NH 4+

is not proof of protonic acid censers, since the added proton may have come from water on Lewis acid centers.

Introduction

Extensive work reported in the literature shows
that the activity of cracking catalysts results from
the presence of acid centers on the catalyst surface.
However, there is disagreement over whether these
acid centers fall under the Bronsted or the Lewis
definition of an acid. In the work reported here the
infrared spectra of chemisorbed ammonia were
studied to determine the type of catalyst acid.

Figure 1 shows the two basically different cata-
lyst acid structures that have been proposed in the
literature. Structure I, given by Thomas,2 shows
the cracking catalyst as a Bronsted acid. An alu-
minum ion, which has replaced a silicon ion, is
bonded to four oxygens. Since aluminum has a

(1) Presented before the Catalysis Club of Philadelphia, March,
1953, and before the Petroleum Division of the American Chemical

Society, September, 1953.
(2) C. L. Thomas, IndmEng. Chem., 41, 2564 (1949).

valence of +3, an added proton is required to bal-
ance the charge. This proton is considered to be
available to take part in reactions, hence the struc-
ture is a Bronsted acid.

i -
1
0 H*0 0 H
! 1
Si-0—Ai—0-5i-0 . v
1 1 1 1 —Si—0—Al —0—
0 i o o -Si- 0—Al- 0 - 1 1
1 . I 1 N 0
S -si Si- 1
1 1 m. HYDRATED LEWIS

BRONSTED  ACID n. LEWIS ACID ACID

Fig. 1.—Suggested cracking catalyst acid structures from
the literature.

Structure 11, proposed by Milliken, Mills and
Oblad,3shows the catalyst as a Lewis acid. Here

(©)] T. H. Milliken, Jr., G. H. Mills and A. G- Oblad, Faraday Soc.
Discs., No. 8, 279 (1950).
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the aluminum ion is bonded to three oxygens, leav-
ing an electron-pair vacancy in its valence shell.
This vacancy can be filled by sharing an electron-
pair from a base, hence the structure is a Lewis
acid.

Structure 111, proposed by Tamele and Hans-
ford,45 shows the product formed when water re-
acts with structure 1. The electron-pair vacancy
of aluminum is filled by the sharing of one of the
free electron-pairs of the oxygen in HD, making one
of the protons of the water readily ionizable. Pro-
ponents of structure I11 agree with those of struc-
ture 11 regarding the underlying Lewis-acid catalyst
structure, but they also agree with the proponents
of structure | regarding the presence of ionizable
protons on the catalyst surface.

The Bronsted and Lewis definitions are not ade-
quate to describe solid acids where there is the ques-
tion of underlying structure as well as that of
whether there are protons or electron-pair vacancies
on the catalyst surface Therefore, structure 111
will be referred to as a hydrated Lewis acid to distin-
guish it from structures I and 11, with the under-
standing that it reacts as a Bronsted acid in situa-
tions which depend on the availability of protons.

In reacting with a Bronsted acid ammonia gains
the available proton to form ammonium ion, con-
verting the NH3 configuration to NH4+. In re-
acting with a Lewis acid the nitrogen in ammonia
shares its free electron-pair to fill the vacancy of
the acid, thus maintaining the NH3structure. In-
frared offers a means of distinguishing the two re-
actions. If NH3is indicated by the spectrum of
chemisorbed ammonia the presence of Lewis acid
centers is shown. If NH4+ is observed, the pres-
ence of protons on the catalyst surface is shown, but
additional work is required to distinguish between
structures | and 111 on the basis of the presence or
absence of water.

Studies have been reported in the literature on the
infrared absorption spectra of various finely-ground
silicious materials in dry form6-9 and on the spectra
of adsorbed molecules.10-13

Experimental Apparatus and Procedure

An infrared spectrometer equivalent to the Perkin-Elmer
Model 12C was used to obtain the infrared absorption spec-
tra in this work. No change from routine operation of the
instrument was required.

In order to heat the catalyst under vacuum, chemisorb
ammonia and obtain the infrared spectrum without expos-
ing the sample to moisture a special sample cell was re-
quired. Two cylindrical, polished CaF2 discs were fitted
into each end of a section of Pyrex tubing which formed
the cell wall. A section of smaller tubing was fused to the

(4) M. W. Tamele, Faraday Soc. Discs., No. 8, 270 (1950).

(5) R. C. Hansford, “Advances in Catalysis,” Vol. 1V, Academic
Press, Inc., New York N. Y., 1952, p. 1

(6) J. M. Hunt, Prelim. Rept. No. 8, APl Project 49, Section Il1,
1950.

(7) W. D. Keller and E. E. Pickett, ibid.. Section IV.

(8) J. M. Hunt, M. P. Wisherd and L. C. Bonham, Anal. Chem., 22,
1478 (1950).

(9) P. J. Launer, Am. Mineralogist, 37, 764 (1952).

(10) L. N. Kurbatov and G. C. Nueimin, Doklady Akad. Nauk
S S. S. R, 68, 341 (1949).

(11) N. G. Yaroslavskii and A. N. Terenin, ibid,, 66, 885 (1949).

(12) N. G. Yaroslavskii and A. V. Karayakin, ibid., 85, 1103
(1952).

(13) G. C. Pimentel, C. W. Garland and G. Jura. 3. Am. Chem. Soc.,
76, 803 (1953),
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inside as a spacer. The catalyst film was deposited on one
of the CaF2 windows by evaporation of an alcohol slurry.
The cell was assembled, with the CaF2discs loosely in place,
and held by Pyrex supports in a large Pyrex tube in a fur-
nace, where it was heated and evacuated. Ammonia was
then chemisorbed on the catalyst, and both CaF2 windows
were pushed in place and sealed with Apiezon W. During
the sealing operation a continuous stream of nitrogen, dried
through two large liquid nitrogen traps, was passed through
the tube. The sample cell was then placed in the spectrome-
ter and the spectrum was recorded at room temperature.

The catalyst was a fresh American Cyanamid MS-B
silica-alumina cracking catalyst, having 10% alumina.
The mean particle diameterl4 was 0.2 ;t, obtained by grind-
ing the catalyst in a mechanical mortar and pestle and
separating by water sedimentation using the technique of
Hunt, et al.,* as modified by Contos.16

As used here, chemisorbed ammonia is defined as that
which remains adsorbed after pumping by means of a liquid
nitrogen trap for two hours at 175°. The pump-off pres-
sure is of the order of 10~1 mm. These conditions were
chosen after extensive measurements in conventional ad-
sorption apparatus, in order to ensure a minimum of physi-
cally adsorbed ammonia. Puresilica, which could not chemi-
sorb ammonia but which would physically adsorb about the
same amount as the silica-alumina catalyst, does not retain
any ammonia after pumping at 175°. Under the specified
conditions the finely ground catalyst chemisorbs 0.5 meq./g.
The thickness of the catalyst film is about 1.5 mg./cm.2
The ammonia used was dried by distillation from sodium
before release into the furnace tube.

Results and Discussion

The infrared spectrum of the air-dried catalyst
film, before heating in preparation for chemisorp-
tion, is shown in spectrum A of Fig. 2. Percentage
absorption of radiation by the sample is plotted
against wave length. The large amount of liquid
water retained by the catalyst from the water sedi-
mentation step is shown by the very strong band at
3.0 mand the strong band at 6.2 jj. It isinteresting
to note that the band at 6.9 n which is characteris-
tic of NH4+ is found with the unheated sample.
This band is due to a residue of NH4+ ions retained
by the catalyst during its preparation. The bands
in the 5.0-5.5 nregion are due to the catalyst which
also has a strong absorption (not shown) starting at
8 m-634

Spectrum B of Fig. 2 shows the catalyst after
heating at 500° under vacuum for 24 hours. In
this blank run NaCl windows were used. NacCl is
not satisfactory at this temperature because evapo-
ration of the salt roughens the polished surfaces,
causing scattering of the radiation at shorter wave
lengths. The OH and HD bands at 2.8 and 6.2 min
(B) are reduced to very small absorbance values.
The 3.0 mband of associated OH is completely re-
moved. The cell had a slow leak in this run and a
small part of the observed water may have been
picked up through this leak after heating. The
NH4+ band at 6.9 n has practically disappeared.
Chemisorption measurements show that chemi-
sorbed ammonia would be removed under the condi-
tions of this run.

Spectrum C of Fig. 2 shows a catalyst on which
ammonia was chemisorbed after the sample had
been heated at 500° under vacuum for 20 hours. It
is primarily from this spectrum, and additional con-
firmatory runs, that the conclusions of this work are
drawn. Bands attributed to the chemisorbed am-

(14) Determined from electron micrographs by H. M. Allred of

these laboratories.
(15) G. A. Contos, Columbia University, private communication.



Dec., 1954

moiiia are found at 3.0, 3.3, 6.1 and 6.9 p. The 6.1
p band is superimposed on the position of the 6.2 p
water band which may have been present prior to
the addition of ammonia. Since there was no in-
crease in the 2.8 p OH band over that in (B) all of
the increase at 6.1 p is attributed to chemisorbed
ammonia.

The strongest bands characteristic of the N-H
stretching and N-H bending vibrations of the NH3
structure are observed at 3.00 and 6.14 p in ammo-
nia gasband at 2.96 and 6.08 p in solid ammonia.I7
The corresponding bands for the NH4+ structure,
which vary considerably in wave length depending
on the compound, are observed in the regions 3.0-
3.5 and 6.8-7.2 p.1820 The NH4+ bands are most-
commonly found at about 3.2 and 7.0 p. Compari-
son of the bands of chemisorbed ammonia with
those reported in the literature for conventional
compounds indicates that the bands at 3.3 and 6.9
p in the chemisorption spectra represent ammonia
which is in the form of NH4+ ions. The strong band
at 3.0 p and the superimposed band at 6.1 p repre-
sent ammonia which is bonded to the catalyst in
such away that its structure is similar to the pyram-
idal structure of gaseous ammonia.

The 6.9 p band in (A) gives a rough measure of
the absorption at this position when the catalyst is
saturated with water and all of the ammonia is in
the NH4+ form. Since the 6.9 p band in (C) is much
smaller, it appears that most of the chemisorbed am-
monia is in the NH3form in the dry catalyst. This
conclusion is also supported by the fact that the 3.0
p band in (C) is larger than the 3.3 micron band.
The spectral evidence that most of the chemisorbed
ammonia is in the NH3 form shows that most of
the catalyst acid is of the Lewis type illustrated by
structure Il in Fig. 1. The weaker NH4+ band
shows the presence of protons on the catalyst sur-
face but does not show whether they originate as
Bronsted acid (structure | in Fig. 1) or hydrated
Lewis acid (structure 111). To assume the protons
are from Bronsted acid centers requires the co-
existence of the two basically different catalyst
structures having the four-coordinated and three-
coordinated aluminum. On the other hand, both
the water and Lewis acid centers, which are needed
to form hydrated Lewis acid, are observed in sam-
ples under these conditions.

It is impossible to determine if any water is pres-
ent from (C) since the 2.8 p OH band may represent
only single OH groups on the surface Si atoms. The
6.2 p band characteristic of HD but not single OH
groups is obscured by the ammonia band. The
amount of water shown in (B) and other infrared
spectra of the dried catalyst may be more than that
which is present at 500°, since all deficiencies in
technique tend to increase the amount of water on
the catalyst. A thoroughly dried catalyst picks up
moisture extremely rapidly. Exposure of a dried
sample for 40-50 seconds in air caused a sixfold
increase in the strength of the 2.8 p OH band.

(16) G. Herzberg, “Infrared and Raman Spectra of Polyatomic
Molecules,” D. Van Nostrand Co., Inc., New York, N. Y., 1945, p. 295.

(17) F. P. Reding and D. F. Hornig, J. Chem. Phys., 19, 594 (1951).

(18) L. F. H. Bovey, Opt. Soc. Am., 41, 836 (1951).

(19) D. Williams, J. Am. Chem. Soc., 64, 857 (1942).
(20) F. A. Miller and C. H. Wilkins, Anal. Chem., 24, 1253 (1952).
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Fig. 2.— Infrared spectra of unheated catalyst (A);
catalyst dried at 500° under vacuum (B); and dried
catalyst with chemisorbed ammonia (C).

Although it is surprising to find that the catalyst
dried at 500° shows evidence of water in addition
to surface OH's and it is reasonable to attribute its
presence to deficiencies in the sealing technique,
there is no proof that the technique is faulty. The
water indicated by the 6.2 micron band in (B), may
be occluded within the body of the catalyst so that
it could not be removed without drastic rearrange-
ment of the catalyst structure.

Partial rehydration of the catalyst containing
chemisorbed ammonia provides confirmatory evi-
dence for the interpretation of these spectra. Re-
hydration would be expected to produce an in-
crease in the 6.9 p band due to the formation of
hydrated Lewis acid sites and a corresponding de-
crease in the 3.0 and 6.1 p NH3bands. The in-
crease in the 6.9 p band is observed. This is strong
evidence that NH4+ ions were formed at the ex-
pense of chemisorbed NH3molecules. However, it
is difficult to observe a corresponding decrease in the
NH3bands at 3.0 and 6.1 p because both of these
bands are superimposed on bands which increase
with increased hydration.

The band at 2.8 p is characteristic of OH groups
under conditions where only a small degree of as-
sociation is possible. This holds for OH groups oc-
curring singly as in dilute solutions of alcohols,2L
and for the OH groups of dilute solutions of water
in CC142 With increasing association the band
shifts to a maximum at 3.0 p, as in concentrated al-
cohol solutions or liquid water. Figure 3 shows the

(21) F. A. Smith and E. C. Creitz, J. Research Natl. Bur. Standards,
46, No. 2 (1951).

(22) L. Kellner, “Report on Progress in Physics,” Vol. XY, The
Physical Society, London, 1952, p. 3.



1062

unmistakable difference between the appearance
of the OH band of a partially hydrated catalyst and
the OH band with chemisorbed ammonia superim-
posed. When the catalyst is dried and then rehy-
drated in successive steps, the OH bands of increas-
ing strength in the spectrum at the left of Fig. 3 arc
obtained. If at a certain level of OH content am-
monia is chemisorbed on the catalyst, the relatively
sharp band of adsorbed NH 3is superimposed on the
OH band to give the spectrum shown on the right.

Imi 1t ilil11d lun Ihiili1111
2.5 3.0 4.0 2.5 3.0 4.0
WAVELENGTH IN MICRONS.

Fig. 3.— Catalyst spectra showing comparison of ammonia
and hydroxyl bands.

The O-H bending peak for water shifts from 6.10
to 6.23 with decreasing hydration (compare spectra

THE

A. L. Geddes

Voi. 58

A and B in Fig. 2). This shift is in the direction
expected from a decrease in the hydrogen bonding
effect on a bending vibration. Drying the catalyst
shifts the peak of the Si-0 stretching band from
9.26 to 9.15 ix This shift to shorter wave lengths
may be due in part, or entirely, to the higher
stretching frequency for the Si-O-Si structure
compared to Si-OH. It could also be due to the
typical hydrogen bonding effect on stretching vi-
brations caused by hydrogen bonding between
adjacent Si-OH groups or between these groups
and adsorbed HD.

Experiments with an improved infrared sample
cell are planned to measure the amounts of water
and OH groups on the catalyst under controlled
conditions and to determine the origin of protons on
the catalyst. This will remove the uncertainty from
the interpretation of the NH4+ bands. Despite
this uncertainty the infrared method has success-
fully shown by the results of these experiments
that most of the catalyst acid is of the Lewis type.

We wish to thank Dr. L. C. Roess for his sug-
gestion that we undertake a study of the infrared
spectra of molecules adsorbed on solids, and Dr. S.
A. Francis for his help in interpreting the infrared
spectra.
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The infrared spectra of several organo-phosphorus compounds in various solvents and in cellulose acetate are reported,

and band-frequency assignments in the region 2 to 15 m are discussed.
from the band-frequency shifts which result from changes in environment of the molecules.

Information on molecular interaction is obtained
The results are interpreted as

evidence for (1) hydrogen-bonding between hydroxyl and phosphoryl groups and (2) dipolar interaction between phenyl

and carbonyl groups.
tion.

Introduction

Molecular interaction forces have an important
function in the process of plasticization.12 These
forces are, in effect, responsible for the existence of
solvent and non-solvent plasticizer types and for
variations in the state of dispersion. A study of the
mechanism of plasticization of plastics, such as
cellulose acetate, emphasizes certain aspects of
plasticizer performance, such as compatibility,
permanence and efficiency.3 These properties are
all interrelated inasmuch as they are all affected by
interaction of the component molecules.

A theoretical treatment of the subject of molecu-
lar interaction in high-polymer solutions was de-
veloped independently by Huggins4 and Flory6in
1942. As a result, an interaction constant (n) was
introduced which is a measure of solvent power or of
interaction forces between solvent and solute mole-
cules. Interaction constants of dilute polymer

(1) D. Faulkner, Brit. Plastics, 23, 183 (1950).

(2) W. E. Gloor and C. B. Gilbert, Ind. Eng. Chem., 33, 597 (1941).
(3) R. F. Boyer, J. Appl. Phys., 20, 540 (1949).

(4) M. L. Huggins, Ann. N. Y. Acad. Sci., 43, 1 (1942).

(5) P.J. Flory, J. Chem. Phys., 10, 51 (1942).

The infrared method offers a means of approach to a better understanding of the process of plasticiza-

solutions can be determined experimentally.6-9
However, in concentrated plastic systems, the ex-
perimental difficulties encountered are formidable
and the application of n values of dilute solutions
to concentrated solutions involves an uncertainty
because of the concentration-dependence of
Several experimental methods have been em-
ployed for the study of interaction forces in solu-
tions and in plastic systems.1014 These provide
valuable information, even though it is not sufficient
for the evaluation of interaction constants. In this
connection, the application of infrared spectrome-
try as a method of approach is particularly at-
tractive because of its simplicity. Molecular in-

(6) G. Gee and L. R. Treloar, Trans. Faraday Soc., 38, 147 (1942).

(7) M. L. Huggins, Ann. N. Y. Acad. Sci., 44, 431 (1943).

(8) R. H. Blakey and R. M. Badger, J. Am. Chem. Soc., 72, 3129
(1950).

(9) P. Doty and H. S. Zahle, J. Polymer Sci., 1, 90 (1946).

(10) A. K. Doolittle, Ind. Eng. Chem., 38, 535 (1946).

(11) M, L. Huggins, J. Appl. Phys., 14, 246 (1943).

(12) G. M. Kosolapoff and J. F. McCollough, J. Am. Chem. Soc.,
73, 5392 (1951).

(13) F. Wurstlin, Kolloid Z., 105, 9 (1943).

(14) R. F. Boyer and R. S. Spencer, J. Polymer Sci., 2, 157 (1947).
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teraction forces cause changes in frequency and
intensity of infrared absorption bands. This com-
munication describes the results obtained in a study
of a series of organo-phosphorus compounds dis-
persed in cellulose acetate and in various solvents.

Experimental

The following five organo-phosphorus compounds were
chosen for the investigation.

Triphenyl phosphate
Tributyl phosphate

(Cells—0)3P =0
(C4H9—-0)3P =0

Triphenyl phosphite (CeH5—0)3P
Triphenyl phosphine oxide (C6H53 =0
Triphenyl phosphine (CEHEP

Systematic changes in different parts of the basic
molecular structure facilitate the valuation of inter-
action effects of different functional groups. All of
the chemicals were Eastman Kodak Co. grade except
the sample of triphenylphosphine oxide, which was
obtained from Dr. C. F. H. Allen, of the Organic
Chemistry Department, Research Laboratories,
Eastman Kodak Company.

The cellulose esters were obtained from the Cellulose
Acetate Development Division, of the Eastman Kodak
Company. The two samples used for most of the work
were dope-acetylated acetates containing 23.5 and 43.5%
acetyl. Since the acetyl content of these samples is close
to the theoretical values of 21.1 and 44.8% for the mono-
and triacetates, respectively, the samples will be referred
to as cellulose monoacetate and cellulose triacetate A.
Some observations were also made on a sample of fibrously
acetylaced Schering cellulose triacetate B (44.3% acetyl).
Attempts to study interaction effects with dextrose, sucrose
and dextrose pentaacetate were unsuccessful because of in-
compatibility of the plasticizers. The compatibility of
triphenyl phosphate with sucrose octaacetate was found
sufficient for measurements to be made.

Infrared absorption measurements were made in the spec-
tral range from 2 to 15 jj (microns) with a Perkin-Elmer
Model 12C Spectrophotometer equipped with a rock salt
prism. Reproducibility was found to be of the order of
0.01 n in the longer wave length region.

The liquid samples were run in calibrated rock salt ab-
sorption cells. The cellulose ester and sucrose octaacetate
samples were prepared in the form of solid films by coating
from solution on rock salt or silver chloride plates. Excess
solvent was effectively removed from the films by air-drying
at 90°. Spurious absorption bands arising from interference
effects were not found to be troublesome. In most cases,
the spectra of the medium both with and without plasticizer
were run on the same chart to facilitate the accurate loca-
tion of the plasticizer bands in regions where overlapping
of the bands occurs.

Results

The spectra of the plasticizers in carbon disulfide
solution and the spectra of cellulose monoacetate
and triacetate are shown schematically in Fig. 1
The vertical lines indicate the peak positions and
relative intensities of the bands.

It was observed that some of the bands of the
plasticizers are not appreciably affected by changes
in the environment of the molecules, but others
do exhibit considerable changes in frequency. The
peak positions of the bands that undergo displace-
ment are shown in Figs. 2to 7. Triphenyl phosphate
was studied in seven different types of solvents as
well as sucrose octaacetate and cellulose acetate.
Since the primary interest was in the interaction
effects of hydroxy] groups and acetyl groups, how-
ever, the selection of solvents for the other com-
pounds was limited to alcohols and esters, and the
non-polar solvent carbon disulfide for reference pur-
poses. Solvents were selected having absorption
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characteristics such as to minimize the interference
of band overlapping. The absorption of cellulose
acetate is relatively low in the long wave length re-
gion and, in most cases, does not seriously interfere
with the identification of any of the main plasti-
cizer bands in the plasticized samples.

Fig. 1.— Spectra of plasticizers in carbon disulfide solu-
tion: 1, triphenyl phosphate; 2, tributyl phosphate;
3, triphenyl phosphite; 4, triphenylphosphine oxide;
5, triphenylphosphine; 6, spectrum of cellulose mono-
acetate film; 7, spectrum of cellulose triacetate film.

Discussion

Band Assignments.— Vibrational assignments of
the absorption bands of the plasticizers are desir-
able for the interpretation of the spectral data.
These have been made empirically on the basis of
a survey of a large number of spectra of phosphorus
compounds discussed in the literaturel618 and re-
corded in the files of the Eastman Kodak Company.
Assignments can thus be given with considerable
confidence but some changes may be in order when
further pertinent information is available.

Referring to Fig. 1, we find the C-H stretching
bands in the 3.4 jj region. The characteristic bands
near 6.3 and 6.7 p appear in the spectra of all of the
compounds containing a phenyl ring. The bands in
the 6.8 to 7.3 p region arise mainly from C-H de-
formation vibrations. The covalent P =0 bonds
give rise to absorption in the 8 p region, and a
shift in the frequency of this band by hydrogen-
bonding aids in its identification. This band some-
times appears as a doublet. In triphenylphos-
phate, tributyl phosphate and triphenylphosphine
oxide, it appears at 7.6, 7.8 and 8.3 p, respectively.
The position of this band is dependent upon the
electronegativity of the other groups attached to
the phosphorus atom; the lower the electronega-
tivity, the longer will be the wave length of the
band.

Our knowledge of C-O-C and Si-O-C band as-
signments in the 8 to 10 m region is helpful in the
identification of bands arising from the P-O-C
linkage. Richards and Thompson9 have reported
that the Si-0 stretching band is usually found be-
tween 9.0 and 9.5 p. The analysis indicates that in
triphenyl phosphate the three bands at 8.40, 8.60
and 9.72 p are associated with the C-0 groups.
Triphenyl phosphite has the same three bands plus
an additional one at 8.31 p. Replacement of the
phenyl groups with alkyl groups displaces the C-0
bands to longer wave lengths, the degree of dis-
placement depending upon the size of the substitu-

(15) M. Halmann and S. Pinehas, J. Chem. Soc.
(1953).

(16) L. J. Bellamy and L. Beecher, ibid., 728 (1953).

(17) L. W. Daasch and D. C. Smith, Anal. Chem., 23, 853 (1951).

(18) C. 1. Meyrick and H. W. Thompson, J. Chem. Soc. {London),

225 (1950).
(19) R. E. Richards and H. W. Thompson, ibid., 124 (1949).

(London), 626
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Fig. 2.—Band positions of triphenyl phosphate in various
media: 1, (liquid state); 2, carbon disulfide; 3, »-amyl
alcohol; 4, »-butyl ether; 5, isobutyric acid; 6, methyl
isobutyl ketone; 7, propionaldéhyde; 8, sec-butyl acetate;
9, sucrose octaaeetate.

Fig. 3.—Band positions of triphenyl phosphate in cel-
lulose esters: 1, 5% in monoacetate coated from acetone-
water; 2, 20% in monoacetate coated from acetone-water;
3, 80% in monoacetate coated from acetone-water; 4, 20%
in monoacetate coated from formic acid; 5, 20% in mono-
acetate coated from trifluoroacetic acid; 6, 20% in tri-
acetate A coated from methylene chloride-methyl alcohol;
7, 20% in triacetate B coated from methylene chloride-
methyl alcohol; 8, 30% in triacetate A coated from formic
acid; 9, 30% in triacetate A coated from trifluoroacetic
acid.

Fig. 4.—Band positions of tributyl phosphate in various
media: 1, (liquid state); 2, carbon disulfide; 3, isoamyl
alcohol; 4, sec-butyl acetate; 5, cellulose triacetate film.

ent group. In tributyl phosphate, these bands ap-
pear at 9.43 and 9.72 p.

In triphenyl phosphate and tributyl phosphate,
the P-0 bands are found at 10.40 and 10.07 p, re-
spectively. The observation that H-bonding of
the P =0 groups is accompanied by a shift of the
P -0 bands to higher frequency, as expected, aids in
their identification. In triphenyl phosphite, the
band is located at 11.6 p. In this case, the absence
of the phosphoryl oxygen increases the electronega-
tivity of the phosphorus atom and causes the P-0
shift to the longer wave length region.

A. L. Geddes
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Fig. 5.—Band positions of triphenyl phosphite in various
media: 1, (liquid state); 2, carbon disulfide; 3, isoamyl
alcohol; 4, isopropyl acetate; 5, cellulose monoacetate film;
6, cellulose triacetate film.

o) 1 1 |In T I 1 1

@ 1

8 1 1 1
yi 1 L J_

) | 1 1

® 1 1

U 1 L 1

.- [
5 m m W w
Wovelenoth in microns.
Fig. 6.—Band positions of triphenylphosphine oxide in
various media: 1, (solid state); 2, carbon disulfide; 3, SBG
alcohol; 4, isobutyric acid; 5, isobutyl acetate;
6, cellulose monoacetate film; 7, cellulose triacetate film.
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Fig. 7.—Band positions of triphenylphosphine in various
media: 1, (solid state); 2, carbon disulfide; 3, isopropyl
alcohol; 4, methyl acetate; 5, cellulose monoacetate film;
6, cellulose triacetate film.

The P-C bonds in the phosphine compounds, as-
sociated with aromatic groups, give rise to a weak
band at 10.0 p and a strong band at longer wave
lengths. In general, C-C vibrations absorb in the
9 p region and Si-C vibrations near 12.5 p, so the
strong P-C bands would be expected to be found in
the region above 125 p. In triphenylphosphine
oxide, this band appears at 13.9 p. Since it is not in
evidence in the spectrum of triphenylphosphine, it
is probably shifted to the region above 15 p because
of the higher electronegativity of the phosphorus
atom.

The two characteristic phenyl bands are readily
identifiable near 14.5 p and in the 13.0 to 13.5 p re-
gion. Phenyl groups also exhibit weak bands in
the 8.5 to 9.5 p region, so some of the weak bands in
these spectra may arise from this source. In the
case of tributyl phosphate, the two bands near 12.5
and 13.6 p are associated with the butyl group.

Interaction Effects.—Although the vibrational
frequencies of functional groups in molecules are
remarkably constant under different conditions of
environment, it is well known that infrared spectra
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are modified by the influence of electronic force
fields in the vicinity of the oscillating molecules.
The effect is evident, for example, in the band fre-
quency and intensity changes which occur when a
compound is changed from the gaseous to the liquid
or the solid state. The frequency shifts may be to
either higher or lower values, depending upon the
disposition of the forces involved. D Molecular in-
teraction results from the electrostatic attractive
forces between sets of oscillating dipoles. Strong
interaction, such as H-bonding, may cause band
shifts not only of the functional groups involved
but in other regions as well, owing to the over-all
change in charge distribution in the molecule. The
magnitude of the band displacement is a measure
of the strength of the interaction forces involved.

Band shifts in the spectra of triphenyl phosphate
are shown in Figs. 2 and 3. In carbon disulfide
solution, the effects of interaction forces are
minimized. Hydrogen-bonding® in alcoholic or
acid solution is evident by a shift of the P =0 band
near 7.7 n to longer wave lengths and a correspond-
ing shift of the P -0 band near 10.4 /i to shorter wave
lengths. The shift of the P-0 stretching band to
higher frequency is to be expected if H-bonding of the
P =0 group increases the electron-accepting power of
the phosphorus atom. Hydrogen-bonding is evident
at low concentrations in cellulose monoacetate, but
the effect rapidly diminishes as the concentration is
increased. This may be due to the inability of the
O-H and P =0 groups to become arranged in
close proximity. However, in view of the fact that
no interaction is indicated in the long wave length
region, and the spectrum becomes almost identical
with that of the liquid phase, the indications are
that most of the plasticizer is dispersed as a non-
solvent type in cellulose monoacetate.

Dipolar interaction between triphenyl phosphate
and the various solvents is indicated by a shift of
bands in the long wave length region, especially of
the phenyl bands, to higher frequencies (Fig. 2).
It is interesting to note that the interaction is
greater in solvents containing carbonyl groups
than in alcohols or ethers. Apparently the magni-
tude of the band shift is dependent upon the elec-
tron-donating power of the oxygen. Interaction be-
tween carbonyl groups and phenyl groups is not
unreasonable in view of the polarizability of the
latter. In cellulose triacetate, this interaction is
fairly strong, which may account for the high com-
patibility of the plasticizer, even though strong H-
bonding centers, such as OH groups provide, are
not present to an appreciable extent.

It is of interest to mention some observations
made on the effect of the coating solvent on the in-
teraction of triphenyl phosphate with cellulose
acetate (Fig. 3). A film of monoacetate containing
20% plasticizer and coated from formic acid, dis-
plays less H-bonding than a similar sample from
acetone-water solution. This may be due par-
tially to further esterification by the formic acid
and partially to the enhanced crystallinity in the
coating from formic acid. Owing to the more
compact structure of the crystalline regions, the
concentration of plasticizer in the amorphous re-

(Z)) M [H\/l%, J. Chem. Phys., 16, %7(1948)
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gions is increased. Coatings of the monoacetate
from the trifluoroacetic acid exhibit slightly more
phenyl group interaction and a shift of the P-0
band to higher frequency, but very little change in
the P =0 band. This irregularity is believed to be
due to further esterification of the monoacetate.
Ir. the case of cellulose triacetate, the phenyl group
interaction is progressively decreased as the coating
solvent is changed from methylene chloride to
formic acid to trifluoroacetic acid. It is probable
that this effect is due to enhanced crystallinity of
the triacetate. The spectra of triphenyl phosphate
in triacetates A and B are the same if both esters
are coated from the same solvent.

Tributyl phosphate is a relatively inactive plasti-
cizer. The spectra in Fig. 4 indicate strong H-
bonding in alcohol solution between O-H and
P =0 groups, by the P=0 and P-0 band shifts,
but no other spectral changes are in evidence. This
inactivity accounts for the low compatibility in
cellulose acetate. In the monoacetate, the com-
patibility was found to be so low that absorption
measurements were not feasible, and in the triace-
tate the limit was of the order of only 10%. The
incompatibility may be explained by the low polari-
zability and low electron-accepting power of the al-
kyl radical, which does not favor interaction with
oxygen donor atoms of the cellulose acetate. It
might be expected that H-bonding of the P=0
groups with OH groups of the monoacetate would
appreciably enhance the compatibility. The ob-
servation that it does not provides further evidence
that phenyl group interaction plays an important
role in plasticizer performance, since triphenyl
phosphate has good compatibility.

In the spectra of triphenyl phosphite (Fig. 5),
the P-0 band at 11.6 juis not shifted under the dif-
ferent conditions of environment of the molecule,
because active P =0 hydrogen-bonding centers
are not present in this compound. However, in
the 10 to 15 /i region a number of bands are shifted
to higher frequency by molecular interaction.
These include the prominent phenyl bands near
131 and 145 m Asin the case of triphenyl phos-
phate, the strongest interaction is between phenyl
groups and carbonyl groups, and the results are con-
sistent with the observation that the interaction is
greater with cellulose triacetate than with cellu-
lose monoacetate.

The spectral characteristics of triphenyl phos-
phine oxide (Fig. 6) are of particular interest
because of the high polarity of the molecule.
Strong H-bonding of the P =0 groups takes place
in all media containing O-H groups; even ir. cellu-
lose monoacetate which shows very little H-bond-
ing with triphenyl or tributyl phosphate. The rea-
sons proposed for this are that the phosphine oxide
molecules are more compact and can more easily
penetrate the polymer structure and that the phos-
phoryl oxygen is more negative and has greater H-
bonding strength when the ester oxygen atoms are
absent. The shift of the P =0 band is accompanied
by a shift of the P-C band near 13.9 n to higher
frequency. This shift is to be expected for the same
reason that the observed P-0 band shift occurs in
triphenyl phosphate. This observation also helps to
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verify the assignment of the P-C frequency. Itisin-
teresting to note that the spectrum of the solid phase
indicates intermolecular bonding between the P =0
and the phenyl groups. As explained in thejorevious
cases, interaction between the phenyl groups and the
donor oxygen atoms is evident in the 13.4 and 14.4 p
regions, especially in the case of the cellulose esters.
Similar phenyl band shifts are also apparent in the
spectra of triphenylphosphine (Fig. 7).

CONDUCTANCES OF SALTS
SOLUTIONS

Lyle R. Dawson and William M. Keely

Vol. 58

In general, the evidence obtained of molecular
interaction effects in the systems studied is self-
consistent. The prominent effects observed appear
to be associated with (1) hydrogen bonding be-
tween hydroxyl and phosphoryl groups and (2) di-
polar interaction between phenyl groups and car-
bonyl groups. Interaction forces of this nature
play an important role in the mechanism of plasti-
cization.

IN 1:2 ETHYLENEDIAMINE-METHANOL
IN THE TEMPERATURE RANGE

-20 TO 2001

By Lyle R. Dawson and William M. Keely

Contribution from the Department of Chenristry, University of Kentucky, Lexington, Ky.

Received May 10, 1954

Conductances of silver nitrate, strontium bromide, potassium, silver and strontium iodides, and magnesium, strontium
and barium chlorides in the temperature interval —20 to 20° have been measured. The uni-univalent salts are somewhat

associated, with silver iodide having the lowest dissociation constant.

pletely dissociated uni-univalent electrolytes.

decreases and the dissociation constant becomes greater.

In an earlier paper,2 evidence was presented
which indicated that the alkaline earth halides be-
have like comparatively strong bi-univalent electro-
lytes at low concentrations in methanol. Reported
herein are data relative to the conductance of some
of these salts, also silver nitrate, silver iodide and
potassium iodide, in a mixed solvent consisting of
a 1:2 mole ratio of ethylenediamine to methanol.
The mixed solvent provided a medium for studying
the influence of dielectric constant, viscosity and the
nature of the solvent on the properties of the solu-
tion.

Hartley and associates3 have reported rather ex-
tensive investigations on the conductance behavior
of the alkali halides and the alkaline earth thiocyan-
ates in methanol. Recently data for sodium and
potassium chlorides in anhydrous methanol have
been reported by Butler, Schiff and Gordon.4 Is-
bin and Kobe5and Bromley and Luder6have stud-
ied solutions of electrolytes in ethylenediamine.

Experimental

The purification of the salts and of methanol, the appara-
tus employed, and the experimental procedures have been
described previously.2

Eastman Kodak Co. ethylenediamine was stored over
sodium hydroxide for several days, then kept over sodium
for one day and finally distilled over fresh sodium. All-
glass connections were used throughout. The specific con-
ductance of the ethylenediamine used in this investigation
ranged from 7.5 X 10-7 to 9.0 X 10-7 ohm-1 cm.-1 at 20°.
Physical properties of ethylenediamine at 20° are as follows:

(1) This work was supported in part by a research contraot with the
U. S. Army Signal Corps, Fort Monmouth, New Jersey.

(2) L. R. Dawson and W. M. Keely, J. Am. Chem. Soc., 73, 3783
(1951).

(3) (a) A.Unmack, E. Bullock, D. A. Murray-Rust and H. Hartley,
Proc. Roy. Soc. (London), A132, 351 (1925); (b) J. E. Frazer and H.
Hartley, ibid.,, A109, 251 (1925); (c) A. Unmack, D. M. Murray-Rust
and H. Hartley, ibid, A127, 228 (1928); (d) T. H. Mead, O. L.
Hughes and H. Hartley, J. Chem. Soc., 1207 (1933).

(4) J. P. Butler, H. I. Schiff and A. R. Gordon, J. Chem. Phya., 19,
752 (1951).

(5) H. Isbin and K A. Kobe, J. Am. Chem. Soc., 67, 464 (1945).

(6) W. H.Bromley and W. F. Luder, ibid., 66, 107 (1944).

All unsymmetrieal salts studied behave as incom-

The alkaline earth chlorides exhibit increased association as the atomic num-
ber of the metal decreases, paralleling their behavior in pure methanol.

As the temperature is lowered, the Walden product

density = 0.895; viscosity = 0.0185 poise (referred to
methanol as 0.00593 at 20°); dielectric constant = 15.1.

The mixed solvent was prepared by combining weighed
quantities of the components; solutions were prepared on a
weight basis also. All transfers were made in a dry atmos-
phere. The maximum value of the specific conductance
of the mixed solvent was 1.0 X 10-6 ohm-1cm.”1

Tabte |

Properties of the Mixed Solvent 12 Ethylene-

diamine-M ethanol
Temp.,

°c -20 0 2

Density,

g./ml. 0.9211 0.9025 0.8829
Viscosity,

poise 0.0837 0.0324 0.0167
Dielectric

constant 35.7 31.1 27.2

Tabre Il

Results Derived from Conductance D ata on Solutions
of Satts in 1:2 Ethylenf.diamine-M ethanol

Dissociation

Temp., constant o X

Salt °C. Ao Ao X 103 10«
Kl 20 96.5 1.60 1.47 1.83
AgNOs 20 84.1 1.41 1.95 191
0 41.3 1.34 1.58 1.69

Agi 20 63.9 1.07 1.09 1.75
0 31.7 1.03 1.48 1.67

MgCl2 20 85.2 1.42 0.98 1.73
0 42.7 1.38 1.45 1.67

-20 15.2 1.27 2.36 1.65

SrCI2 20 86.6 1.44 1.42 1.82
0 43.7 1.42 1.63 1.70

-20 16.0 1.34 2.45 1.66

SrBr2 20 96.0 1.54 1.66 1.87
0 47.6 1.54 2.83 1.83

Srl2 20 94.0 1.57 1.62 1.86
0 51.1 1.66 2.35 1.83

Bad. 20 94.2 1.57 1.47 1.83
0 53.2 1.72 1.44 1.67

-20 18.5 1.55 1.94 1.59
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Phase Equilibrium in the System Ca0-Ti02
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IN THE SYSTEM CaO0-Ti0212

By R. C. DeVries, R. Roy and E. F. Osborn
Contribution No. 5364, Gdlege of Mineral Industries, The Pennsylvania State University, State Cdllege, Pa.

Received May 12, 1954

A phase equilibrium diagram has been determined for the system CaO-Ti02 Two compounds exist: CaO-Ti02and

3Ca0-2Ti02 the former corresponding to the mineral perovskite.
TiO2at 1460° at 83 wt. % Ti02-3Ca0-2Ti02melts incongruently at 1750° to give a liquid containing 42 wt. %

CaO-Ti02melts congruently and forms a eutectic with
of Ti02

in equilibrium with CaTi03 The eutectic between CasTi27 and CaO is at 1695° and 39 wt. % Ti02

Introduction and Prewous Investigation

%%‘l [F‘)%Qt styy. o phase equibria n the syte

orator hasize
€ ne OI' t e eta ment O E)Slﬁlél
ase |nar
dsé e r|a |n ste ave

een Ftudle
sever e5| ators an unequivocal re
ntation o shi

ree partia

ep ase éla |o |ps IS not avalj

com }] ams 0
treréwn aVe béen pubjsre ng %%L 5.0f va
;Xf usim 6gar§ aIV\?n in Ieﬁzt%e% of t?]

twas one by observing the meltin é;wf(onesa
S .curve resente I 35
ese s ce of {he comp unds
In add '[IOI'k?( % lmog
|o com oun ezu and .Kakiuchi5 studie
sste under e cm con |t|0 sina r%;ral% Ite
urncanduse t aaa IS and .melt-
n|q 5 sstH g/ ortlon of
stem was base uenchin
nIlY r 0 he ortlono th la ra
0310 IS In ene a a reeme

o gT Fe i'Ysegam fr]omt ¢ e aﬂﬂe

emansouceoco essemlsm he
re |0n ro |ss tuation is fur-
orB t e soli rea(?tl%]s re-
or a
rshov9and.

conciusIons ISS 0Wn |n ’ﬁ
ﬂ&&ﬁgﬂgﬁl IIn re]gard to the com OSII n, numoer

he ¢ompound 1S SysStem
needs carllfylca |0n %?1 nvestlgatlon

pres nt
I e o de?%mfe § o B i

i by B
the attempt fo exten t e a vantages 0

(1) Paper presented at the Annual Meeting of the American
Ceramic Society, April 28, 1953.

(2) This paper isjbased on a part of a dissertation entitled, "Phase
Equilibria in the System CaO-TiOi-SiiV’'submitted by R. C. DeVries
in partial fulfillment of the requirements for the degree of Doctor of
Philosophy at The Pennsylvania State University, August, 1953.

(3) R. C. DeVries, R. Roy, and E. F. Oshorn, J. Am. Cer. Soc., in
press.

(4) H.van Wartenberg, H. J. Reusch and E. Saran, Z. anorg. Chem.,
230, 257 (1937).

(5) S. Umezu and F. Kakiuchi,
(1930).

(6) M. Fukusima, Kinzoku no Kenkyu, Tokyo, 11, 590 (1934).

(7) Y. Tanaka, J. Chem. Soc. Japan, 61, 345 (1940).

(8) 1. Parga-Pondel and K. Bergt, Anal. soc. espan. fis. quim., 31,
623 (1933); Cer. Abs., 13 [51 131 (1934).

(9) L. D. Ershov, Gosudarst. Vsesoynz. Inst. Proektirovaniyu Pred-
priyatii i Nauchno-Issledovatel Rabote; Tsement., Prom. Giprolsement
Trudy, 1, 5 (1940).

(10) H. Cc Fisk, J. Am. Cer. Soc., 34, 9 (1951).
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Fig. 1—Previous versions of the system CaO-Ti02
a, Umezu and Kakiuchi6, b, Fukusima6 converted from
the original version in terms of CaTiOa and Ti02 by the
present authors; ¢, v. Wartenberg, etal.4

quenching method to as high temperatures as pos-
sible in this system.

Experimental Procedure

The mixtures to be studied were made from reagent grade
chemicals which were thoroughly mixed and then sintered
in platinum crucibles at 1300° for at least 48 hours with in-
termediate crushing and mixing at 12-hour intervals.

Quenching, thermal analysis and pellet-melting methods
were used. Quenching runs on the sintered mixtures were
made using conventional quenching techniques in a plati-
num-wound tube type furnace for temperatures up to 1600°.11

(11) This technique was originally described by Shepherd, Rankin
and Wrightl2 and has been redescribed in many papers from the
Geophysical Laboratory of The Carnegie Institution of Washington
and this laboratory.

(12) E. S. Shepherd, G. A. Rankin and F. E. Wright, am. J. Sci.,
28, 293 (1909).
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Table |

Summary of Previous Studies in the System CaO-Ti02

Compounds

(mole ratio)
Investigator (Ca0O:TiOa) Remarks
van Wartenberg, 1:1,3:1,2:1 Phase diagram, liquidus
déal 4 curve only;  m.p.
CaTi03 1970°
Umezu and 1:1 Phase diagram; m.p.
Kakiuchi 5 CaTiOs, 1740°
Fukusima6 1:1 Phase diagram;
(CaTi03Ti02
Tanaka? 1:1 Solid solution of CaO in
CaTiO,
Parga-Pondel 1:1, 311 CaTiO3 stable up to
and Bergt8 1300°, 3Ca0-Ti02
forms at 1400°
Ershov9 11, 3:2
Fisk10 1:1, 3:2

A strip furnace of the type described by Roberts and Morey13
was used for quenching experiments up to 1860“ (by using
60Pt40Rh strips). An oxy-hydrogen flame was used for
melting pressed pellets of the mixtures. Temperatures
were measured by means of calibrated 90PtIORh thermo-
couples in the tube furnaces and by an optical pyrometer on
the strip furnace and pellet runs. The reproducibility of
temperatures recorded with methods using thermocouples
is 3°; for the optical pyrometer measurements, about £10°.
The accuracy of both types of measurements as referred to
absolute temperature scales has been discussed in another
paper. ¥4

To determine the first appearance of liquid (solidus’) by
both the strip furnace and tube furnace quenching methods
a sample is heated to successively higher temperatures until
evidence of liquid formation can be detected by binocular
microscope observation after quenching. The final dis-
appearance of crystals (liquidus) as determined on the strip
furnace is based on the interpretation of a characteristic
appearance, namely, complete flow of the sample with no
visible mounds of unmelted material remaining. This con-
dition cannot be determined as precisely as the solidus since
a “mush” of crystals and liquid may exhibit the same char-
acteristics.

The temperature of the first appearance of liquid as de-
termined from heating pellets in the oxy-hydrogen flame was
not as reproducible as on the strip furnace because of the
inherent inaccuracies of the method. The temperature in-
terpreted as the liquidus (sudden very rapid flow) was re-
markably reproducible (£15°) and consistent for a series of
mixtures, considering the nature of this technique. Here,
too, a few crystals may be present in the liquid in which
case the liquidus temperatures would be low.

Due to the difficulties frequently encountered in differen-
tial thermal analysis (€.g, stray A.C. e.m.f. due probably
to thermionic emission or conduction) at high temperatures,
only thermal analysis runs were made. The calibrated
PtlIORh thermocouple was surrounded by the mixture in a
1-ml. platinum crucible. A motor-driven variac was used
for heating the same type of tube furnaces used for quench-
ing. By this method runs as high as 1720° have been made.
Heating rates of 8-9° per minute were most satisfactory.
The temperatures of the heat effects (taken as the initial
break of the curve) are reproducible to +5°, and they
agreed well with the temperatures found by the quenching
method. There was no evidence for appreciable supercool-
ing in the melts.

The phases were identified both optically and by X-ray
methods. The high indices of refraction of the crystalline
phases forming in this system and the non-quenchability of
the liquids (to a glass) seriously limit the use of the former
method for detecting and identifying primary phases.
The physical aspects of the formation of liquid can be ob-

(13) H. S. Roberts and G. S. Morey, Rev. Sci. Instr., 1, 576 (1930).
(14) R. C. DeVries, R. Roy and E. F. Osborn, Trans. Brit. Cer.
Soc., Sept. (1954).
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served optically, and therefore the first appearance of
liquid can be determined by binocular observation alone.
Solid immersion media (2.2-2.5) were used to enable ex-
amination of some of the quenched runs by means of trans-
mitted light.

A GE XRD-3 diffractometer was used for all the spacing
measurements and for most of the identification. In favor-
able cases measurements are reproducible to +0.01 26o0n
this instrument with the methods used. Copper radiation
filtered through nickel was used. Calibration was made
against the quartz peaks at 50.186 and 26.664° (26).

Results of Investigation

The results of quenching runs, thermal analyses
and pellet-melting are presented in Table Il. The
proposed phase diagram is shown in Fig. 2.

Tabte Il

Summary of Runs on Mixtures in the System CaO-Ti()2

Composition

(wt. %) Time, Temp.,
CaO TiOi hr. “C. Phases present®
85.0 15.0 0.05 1710« Lig, xI
0.05  1680“ Xl
0.25 1605 CaOo, Ca3ridn7
48.0 1300 CaO, Ca3Tid7
67.8 32.2 1860 + 4°.4 Liq
0.05 1860« Liq
0.05  1835" Lig, CaO
0.05  1700“ Lig, xI
0.05 1675" Xl
16704 First app. of lig.
1.0 1600 Ca3rid 7, CaO
0.6 1501 Ca3rid 7 CaO
48.0 1300 Ca3ridn7 CaO
63.0 37.0 180063  Liq
0.05 1795 Liq
1725M First app. of lig.
0.05 1715¢ Liq, xI
1698 Heat effect—ther-
mal analysis
0.05  1690“ XI
48.0 1300 Cal3rid 7, CaO
58.4 41.6 0.05 1805 Liq
0.05 1770 Liq, xI
0.05  1760“ Lig, Ca3rin 7
174843  Lig
0.05  1700* Liq, xI
0.05  1680“ X1
1678 £+ 9M  First app. of lig.
1.0 1600 Ca3rid 7, CaO
2.0 1500 Cal3rid7 CaO
48.0 1300 Calrid 7, CaO
55.0 45.0 0.05 1865 Liq
1753 £+ 8M  First app. of lig.
0.05  1720¢ Lig, Ca3rid7
0.05  1695“ Liq, xI
0.05 1675 X1
48.0 1400 Callrid 7 CaO
51.29 48.71 1878 + 1563 Liq
0.05  1765“ Liq, xI
0.05 1745 XI
0.05  1720¢ XI
0.5 1600 Ga3rin7
72.0 1539 Ca3rid7
48.0 1300 CaJridn7
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Tavie 11 (Continued)
Composition
(wt. %)_ Time, Temp.,
CaO TIO2 hr. °C. Phases present0
48.65 51.35 1932 + 1563 Liq
0.05  1800“ Lig, xI
0.05  1775" Liqg, xI
0.05  1750“ X1
0.05 1725* X1
0.05 1695“ X1
0.05  1650“ X1
0.25 1605 CasTi7, CaTiOg
140.0 1546 Ca3rid 7 CaTiOs
46.0 54.0 1950 + 1063 Liq
0.05  1800* Liqg, xI
0.05  1765* Liqg, xl
0.05 1735* X1
0.05  1685“ X1
12.0 1594 Cadrid;, CaTiOs
72.0 1539 Ca3rix>s, CaTiO3
72.0 1300 Calrid,, CaTiOs
43.6 56.4 ioso™2  Liq (very little liq,
up to this temp.)
0.05  1790* Liqg, xI
0.05  1770" Liq, xI
0.05 1735 X1
0.05 1700 X1
0.05 1650 X1
0.25 1605 CaTiOs, Ca3rid 7
140.0 1546 CaTiOs, CasTid7
41.2 58.8 1954 + 18M  Liq
72.0 1539 CaTiOs
30.0 70.0 1853 + 2562 Ligq
14602 Heat effect (ther-
mal analysis)
20.0 80.0 0.05  1645“ Liq
0.05  1595“ Liqg, xI
15 1501 Lig, Ti0O2 CaTiOs (?)
1469 Heat effect (ther-
mal analysis)
1.0 1468 Liq, xI
15 1456 X1
15.0 85.0 0.05  1595* Liq
0.05  1545¢ Liqg, xI
1.0 1524 Lig, Ti0O2
0.5 1465 Lig, xI
1462 Heat effect (ther-
mal analysis)
4.0 1457 X1
10.0 1)0.0 0.05  1690" Liq
0.05  1645" Liq, xI
0.25 1464 Liqg, xI
0.5 1458 X1
1456 Heat effect (ther-
mal analysis)
“ Strip furnace runs. bPellet melts; superscript num-

ber = number of determinations; temperature and fi-
are result of statistical treatment of these determinations.
All other runs made in Pt-wound quench furnaces. ¢ Phases
present at temperature indicated; at room temperature
“lig” = liquid crystallized during quenching as observed
under the microscope; xlI = crystals.

CaTi03Ti02—The eutectic temperature be-
tween perovskite (CaTiO3 and rutile (Ti02 was
fuund to be 14G0 = 5° by both thermal analysis
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and quenching techniques. Since the liquids form-
ing in this system are extremely fluid, their first
appearance is very easy to detect by noting the
wetting of the platinum envelope. The quenching
method does not allow for positive identification of
the primary phases since all mixtures quenched
from above the temperature of the eutectic contain
the two crystalline phases, perovskite and rutile, at
room temperature. The composition of the eutec-
tic agrees within the limits of experimental error
with Fukusima’s value of 17% CaO.

The melting point of perovskite, 1970°, is that
given by van Wartenberg, et a/.4 The average
temperature (four determinations) determined in
the present investigation for this point was 1954 +
18°. Quenching molten pellets resulted in a prod-
uct that had low, often wavey birefringence, a re-
fractive index of about 2.35, and often displayed
alternating isotropic and anisotropic bands. This
last feature may be the result of a rapid inversion
not inhibited by quenching.

CaTi03Ca0.—The portion of the diagram from
CaTiO3to CaO received the main emphasis of the
study and was investigated above 1300°. Our
interpretation of the data is in agreement with Er-
shov9 and Fisk,10 namely, that the 3:2 mole ratio
composition was found to be the only other binary
compound besides perovskite (CaTi03 existing in
the system. All mixtures higher in CaO than the
3:2 mole ratio, contain only 3Ca0-2Ti02and CaO.
The 3:2 composition melts incongruently to CaTiOs
and liquid (about 42% Ti02 at 1750 = 10°. The
eutectic between 3Ca0-2Ti02 and CaO has the
composition, 39% Ti02 and the temperature, 1695
+ 5°.

From Table 11l the similarity of the powder
diffraction patterns of CaO-Ti02 and 3Ca0-2TiO2
will be easily seen. It should be noted that the
latter compound has reflections overlapping those
of each perovskite line. The question to be decided
is whether the composition 3Ca0-2Ti02 does in
fact represent a unique compound or whether it is
the limit of solid solution of excess CaO in CaTiO3
(A third possibility which may be nearest the truth
is a combination of the above two, resulting in the
existence of both unique compounds and some solid
solution in each.) The latest analysis of the mineral
perovskite structure by Murdoch”6gives a pseudo-
cubic unit cell with ao = 15.26 A. Examples are
well known of solid solution of various ions in com-
pounds with the perovskite structure resulting in
the increase or decrease of the extent of “distortion”
from the ideal cubic arrangement. The problem at
hand was therefore to distinguish between the case
where new diffraction lines due to a new compound
appear when compositions are varied from 50 to
60 mole per cent. CaO, and that in which the perov-
skite pattern (with the superstructure and distor-
tion already present) is altered continuously by the
entry of excess Ca2+ions. Increasing the complica-
tion is the very likely fact that perovskite itself
may have a high temperature form (which admits
more or less Ca2+ than the low form) and the fact
that the extent of solid solution may increase ap-
preciably with temperature. If this were tne case,

(15) J. Murdoch, An Mn, 36, 573 (1951).
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Fig, 2 —Proposed phase diagram for the system CaO-Ti02 solid dots, conventional quenching runs; open circles, strip
furnace run3; a (at apex), pellet melting runs; V (at lower apex), thermal analysis runs; ss, solid solution.

(and as has been shown by DeVries and Roy®for
other systems involving CaTi03 high-temperature
forms may remain “quenched in”) the problem
takes on major proportions.

Table |11

Interplanar SpaolINGS for Compounds in the System

CaO-Tio02
3Ca0-2TiCh CaO-TiO,

HU u

9.77 41 3.83 12

4.887 65 3.43 3

3.762 12 2.708 100
2.730 100 2.417 2b«
2.710 76 2.362 2b

2.481 6 2.304 8

2.254 7 2.219 9
2.080 18 2.201 7b
1.9509 65 2.122 5b
1.9141 53 2.049 3b

1.8860 20 1.9141 64

1.5826 26 1.8579 6

1.5679 20 1.7142 5

1.3912 0 1.6922 2

1.3662 12 1.6779 6

1.3423 6 1.5655 23

1.2303 5 1.5583 26

1.2119 5 1.3524 17
1.2094 7b

1.1013 2b

'b = broad.

The experimental work done in addition to identi-
fication powder patterns was as follows: powder

(16) R. C. DeVries and R. Roy, paper presented at the Annual
Meeting of the American Ceramic Society, April, 1954.

X-ray diffraction patterns were run at a rate of vi-
26 per min. on a series of samples of the two “com-
pounds” prepared under various conditions espe-
cially as quenched from different temperatures. Me-
chanical mixtures were also made of these two com-
pounds and their patterns run. The same slowly
scanned patterns were then also obtained for the
significant runs made on compositions between 50
and 60 mole per cent. TiO2 Some idea of the type
of data obtained is conveyed through Fig. 3. Our
interpretation of all the data leads to the conclu-
sion that a definite compound with the composition
3Ca0-2Ti02 exists, but that both this phase and
CaOTi0O2may admit some excess CaO into their
structures. The determination of the extent of
this solid solution with any degree of reliability in
these structures and especially as a function of
temperature was considered to be a minor consider-
ation not justifying the great deal of work neces-
sary. A reflection near 4.9 A. in the powder pattern
of 3Ca0-2Ti02appears at first to be convincing evi-
dence of the uniqueness of this composition. How-
ever, 4.91 also corresponds to the basal spacing of
Ca(OH)2 and Fisk®Dhad claimed that 3Ca0-2Ti02
was “hydraulic.” We refluxed the compound
with water for a period of 24 hours at 100° and could
find no evidence of any change of pattern. More-
over”™ there is also a weak line at 9.8 A. of which the
4.9 A. lineisthe second order, and it is unlikely that
single crystal studies of Ca(OH)2 would have
missed such an obvious feature. Furthermore, the
other strong reflections of Ca(OH)2are absent (at
least in their proper intensity ratios). Careful study
of the spacings also showed that the spacing associ-
ated with 3Ca0-2Ti02compound was 4.89 as com-
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pared with 4.92 for Ca(OH)2 and it was actually
possible to show the existence of both reflections in
mixtures containing more CaO than the 3CaO-
2Ti02 ratio which had hydrated in the atmos-
phere. It will also be seen from Fig. 3 that in
addition to the fact that compositions between 50
and 60 mole per cent. CaO yield patterns which are
essentially superpositions of the CaTi0O3and 3CaO-
2Ti02patterns, there is in some cases a systematic
shift in both patterns. It is felt that the inconsis-
tent results obtained were due to inability to retain
the high temperature structure by sufficiently rapid
quenching in all cases. A definite shift has been
noted in several patterns leading to the qualitative
representation shown in Fig. 2 in which some solid
solution is shown in each compound toward the
CaO end with the extent of solid solution decreasing
at lower temperatures. No quantitative values
can be ascribed to the extent of solid solution but it
would appear to be Jess than 2-3 wt. per cent, in
each case. Thus the X-ray diffraction data, though
not straightforward, confirm the thermal data re-
garding the presence of the compound 3Ca0-2Ti02

Optical examination of these end members and
mixtures although performed under unfavorable
conditions due to their high indices of refraction
provided confirmatory evidence for this interpreta-
tion. When mounted in solid immersion media
of index 2.3, both phases can be detected in the
mixtures (3Ca0-2Ti02 as biréfringent, subhedral
laths less than 2.3; CaTiO3as isotropic, or nearly
isotropic anhedral to rounded grains of index greater
than 2.3). This is in agreement with Fisk’'sDdata
on the refractive indices.

Quench runs of the 3Ca0-2Ti02 composition
from all temperatures have the same pattern, and
microscopic examination fails to show any other
phase. All mixtures higher in CaO than the 3CaO-
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Fig. 3.—X-Ray diffractometer patterns of a series of mix-
tures from CasTizo7 to CaTiO3 (after melting and quench-
ing) illustrating difficulties in interpretation of these data;
composition of mixtures in weight %, CaO/Ti02 a, 51.29/
48.71 (CasTid7); b, 48.65/51.35; c, 46.00/54.00; d, 43.60/
56.40; e, 41.24/58.76 (CaTiOa). Each subdivision, 0.2°
AcCu Ka.

2Ti02 composition contain 3Ca0-2Ti02 in the
same form as the pure compound as determined
by both X-ray and microscopic methods.

This interpretation of the data is seen to agree
with most of the more recent work such as that of
Ershov9and FiskDand explain some aspects of the
earlier work. Failure to retain high temperature
phases on quenching to room temperature and the
similarities between the two binary compounds
would appear to explain some of the discrepancies

Acknowledgment.—This work was performed as
part of a program sponsored by the U. S. Army
Signal”™ Corps, Contract No. DA 36-039 sc5594, to
investigate the synthesis and stability of synthetic
crystals.
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Specially prepared silicone rubbers were formulated from octamethylcyclotetrasiloxane, cross-linking agent and catalyst.

These rubbers were extremely labile as evidenced by stress relaxation measurements.

tying up the acid catalyst with water vapor or pyridine.

Introduction

Ring siloxanes such as octamethylcyclotetrasilox-
ane [(CH3XiO}4 may be catalytically transformed
into long chains by shaking with a small quantity
of sulfuric acid.12

It was desired to prepare films of lightly cross-
linked silicone rubber directly from octamethylcy-
clotetrasiloxane by incorporation of a cross-linking
agent and a catalyst. The catalyst was based on
sulfuric acid, but since sulfuric acid is not soluble

(1) W. Patnode and D. F. Wilcock, J. Am. Chem. Soc., 68, 358

(1946).
(2) A. V. Tobolsky. F. Leonard and G. P. Roeser, J. Polymer Sci.,

3, GO4 (1948)

The lability could be overcome by

in the silicones in the desired concentration range,
a means was found to incorporate this catalyst
without separation into two phases. The cross-
linking agent was added to prevent thermoplastic
flow.

Once these films were prepared, they were found
to be highly labile because the presence of catalyst
caused continual interchange of the SiO bonds.
These interchanges were manifest by a loss of
weight in the samples if they were not kept in
closed containers. This undoubtedly was due to
the formation of volatile ring siloxanes.

The great lability of the rubber films prepared in
this way was also manifest by the extremely rapid
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stress relaxation that could be observed in these
samples under certain conditions. This will be de-
scribed more fully later in this paper.

The rubber films could be stabilized both as re-
gards loss of weight and as regards stress relaxation
by addition of suitable stabilizers.

Materials

Octamethylcyclotetrasiloxane.—Cyclic dimethylsilox-
anes can be obtained by the hydrolysis of dichlorodimethyl-
silane and isolated from the resulting mixture of linear and
cyclic dimethylsiloxanes by fractional distillation. The
total yield of cyclics runs about 50% of the hydrolyzate of
which approximately 80% is the tetramer. The linear sil-
oxanes produced by the hydrolysis can be converted to
cyclic materials by heating them under vacuum to 350-400°
at which temperature range the Si-0 bonds undergo thermal
rearrangement with the cyclics distilling off. With the
use of sodium hydroxide as a catalyst, a 90% yield of low
cyclics is obtained of which about 25% is the tetramer.
The pyrolysis of these linear siloxanes takes place without
observable rupture of carbon-silicon bonds.

The cyclotetrasiioxane for this work was obtained by the
above procedure and also by fractional distillation of Gen-
eral Electric “ Dri-Film” which contains about 35% of the
tetramer. This yield was substantially increased by ther-
mal rearrangement of the residue.

Cross-linking Agent.—A polysiloxane cross-linking agent
was prepared by the cohydrolysis of dichlorodimethylsilane
and methyltrichlorosilane. A 1:1 mole ratio of the di- and
trichlorosilanes was hydrolyzed in a mixture of water, tolu-
ene and butanol. The organic layer was separated, washed
and rid of solvents by distillation under reduced pressure.
The resulting mixture had a number average molecular
weight of 1320 by a cryoscopic measurement.

Catalyst.—A mixture of 90 g. of the methyl tetramer and
7.2 ml. of 20% fuming sulfuric acid was vigorously shaken
in a separatory funnel. The excess acid was then separated
by either long standing followed by decantation or by cen-
trifugation. A clear, viscous liquid results that is very re-
active to water, water vapor and basic materials. Immedi-
ate polymerization results from contact with any of the
above substances.

The catalyst prepared in the manner described was ti-
trated against alcoholic KOH using phenolphthalein as iu-

D. H. Johnson, J. R. McLotjghlin and A. V. Tobolsky
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dicator and found to contain 7.0-8.0 X 1(V3 mole HZSO0j
per gram of sample.

Catalysts were also prepared using phosphoric, formic p-
toluenesulfonic and acetic acids. In these cases, however,
it was necessary to reflux the mixture to obtain a convenient
rate of reaction.

Preparation of Samples.—It was decided that the most
convenient specimen with which one could study and evalu-
ate the polymer properties would be in the form of films.
In order to obtain suitable specimens for this purpose, vari-
ous methods of casting films were explored. Although the
adhesion of silicones to metal surfaces is generally poor,
difficulty was encountered in removing coherent films from
metal surfaces. It was found very convenient to cast the
films on mercury surfaces.

Clean mercury was placed in an appropriate diameter
crystallizing dish and the polymerization mixture poured
on top of the mercury in such an amount as to give a film
of the desired thickness. The crystallizing dish was then
placed in a desiccator to maintain a controlled humidity and
heated to the desired temperature. The relative ease with
which films with parallel faces can be prepared by this tech-
nique is important for use in measurement of stress relaxa-
tion.

Using the method of film preparation just described,
films of various compositions were prepared to determine a
formulation suitable for the study of the polymer properties.
The films were prepared in most cases at 60° since this tem-
perature gives a reasonable balance of rate of cure VEISUS loss
of the monomer by vaporization. A close control of the
humidity during the polymerization was also important for
reproducibility of results.

Except where noted, the film formulation used in the suc-
ceeding studies was

Octamethylcyclotetrasiloxane

Cross linking agent (see Materials
section)

Catalyst (see Materials section)

10.0 parts by wt.

0.3 part by wt.
1.0 part by wt.

The above mixture was polymerized at a controlled low hu-
midity (“ Drierite” ) for 24 hours at 60°.

These films show the very interesting property of prac-
tically zero shrinkage.2

Stress Relaxation.—Subsequent examination of the physi-
cal properties of the silicone rubber films whose preparation
has just been described were carried out by the stress relaxa-
tion technique.3 The stress relaxometer used is showm in
Fig. 1. A complete description of the use of this apparatus
is available elsewhere.4

It was found that samples conditioned and tested at high
humidity supported stress indefinitely, whereas samples con-
ditioned and tested in vacuum flowed down around the
clamps before the relaxation experiment could be started.

In order to make a quantitative study of the effect of rela-
tive humidity on the stress relaxation of these rubber films,
concentrated solutions of sodium hydroxide were used to
control the humidity. The sodium hydroxide solution was
poured into the bottom of a large test-tube-like glass con-
tainer about 12 inches deep and 2 inches in diameter. The
glass tube was clamped against a metal plate to seal off the
upper end, using a rubber gasket. The rod for extending
the sample and a thin wire from the top clamp of the sample
to the load-measuring element above, passed through this
plate; the wire passing through a capillary sealed into the
plate. A rotating shaft equipped with a propeller on its
lower end also passed through a bushing in the metal plate
and served to keep the air in the container circulating over
the sample and the constant humidity solution. The re-
laxometer shown in Fig. 1 was used to measure and record
the stress as a function of time after stretching the sample
to a fixed length.

Figure 2 shows stress divided by initial stress for samples
kept over dry calcium chloride and over solutions of varying
NaOH concentrations which produced the relative humidi-
ties shown in the figure. The experiments were all per-
formed at 60°. It is striking that at low relative humidities

(3) A. V. Tobolsky, I.
Phys., 15, 38(1 (1944).

(4) J. R. 1951.
The experimental work contained in this paper is described more fully
in this thesis, including other experiments on the stress relaxation of
silicone rubber samples.

B. Prettyman and .T. H. Dillon. J. Applied

McLoughlin, PIli.D. Thesis, Princeton University,
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IN HOURS.

Fig. 2.—Relaxation of stress of specially prepared silicone rubber under various humidities at 21% elongation: (A)
=, satd. CaCh, 18% R.H.; (B) ©, dry CaCI21%R.H.; (C)O, 6.2% R.H., over NaOH; (D) », 3.35% R.H., over NaOH;

(E) ©, 1.47% R.H., over NaOH.

the samples showed a very rapid chemical stress relaxation,
whereas at high relative humidities the stress delay was
slowed up very considerably.

Evidently free sulfuric acid (or its esters) in the silicone
polymers is capable of catalyzing extremely rapid inter-
changes manifested by the stress relaxation experiment.
Water appears capable of tying the activity of the sulfuric

acid, although this effect is reversible as can be observed by
again lowering the relative humidity.

When pyridine was allowed to soak into the polymer, it
exerted a permanently stabilizing effect so that low humidi-
ties no longer resulted in high rates of stress relaxation. Ob-
viously the pyridine was acting to neutralize the acid cata-
lyst.

THE HYDRATES OF MAGNESIUM PERCHLORATE

By L. E. Copeland and R. H. Bragg

Portland Cement Association, Research and Develgprent Division, Chicago 10, 111

Received May 19, 1954

Aqueous vapor pressures for the equilibria: Mg(Cio4)22H2 4- 2HD = Mg(Cio4)2-4H2 , Mg(Ci04)2-4H20 + 2HD =

Mg(C104-6HD have been measured at 23°.

The equilibrium pressures are 8.15 + 0.54 and 20.9 + 11 X 10~3mm.,

respectively. For the equilibrium Mg(C1042+ 2H2D = Mg(C:o04 )22 H2o *he vapor pressure is less than 0.56 X 10~3mm.
The vapor pressure of the saturated solution is 81 X 10~3mm. No evidence indicating the existence of a trihvdrate was

found.

Introduction

The published studies of magnesium perchlorate
and its hydrates are due mainly to Smith and his
colleagues.1-3 Smith and Willard prepared the
anhydrous salt in 1922 and proposed its use as a
drying agent.1 They also prepared the hexahy-
drate, a compound which had been reported previ-
ously,4 and reported the preparation of the trihy-
drate by drying the hexahydrate over phosphorus

(1) G. F. Smith and H. H. Willard, J. Am. Chem. Soc., 44, 2255
(1922).

2) G.
(1932).

(3) G. F. Smith, “Dehydration Studies Using Anhydrous Mag-
nesium Perchlorate,” The G. Frederick Smith Chemical Co., Columbus,
Ohio, 1934.

(4) R. F. Weinland and F. Ensgraber, Z. anorg. allgem. Chem., 84
372 (1914).

F. Smith, O. W. Rees and V. R. Hardy, ibid.,, 54, 3513

pentoxide in vacuo at 20-25°. In this latter study
their plot of water retained in moles per mole of
magnesium perchlorate versus time appeared to
approach 3 asymptotically. However, equilibrium
had not been reached in 4 months, at which time
they discontinued the drying. Apparently, the
notion of the existence of a trihydrate arose from
the belief of Smith and Willard that the composition
of the salt was approaching that of a trihydrate.

A further study of the hydrates of magnesium
perchlorate was published by Smith, Rees and
Hardy in 1932.2 They predicted on theoretical
grounds that in addition to the known hydrates, the
di- and tetrahydrates should exist also. Two kinds
of evidence were presented to support their conten-
tion: (1) data on the vacuum dehydration of the
hexahydrate, and (2) X-ray diffraction patterns.
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Their data indeed give strong support to their argu-
ments for the existence of the di- and tetrahydrates.
However, the dehydration data do not suggest a tri-
hydrate. Moreover, the authors did not report X -
ray patterns for the trihydrate, although patterns
for the anhydrous salt, and the di-, tetra- and
hexahydrates were given.

The only other published work on the number of
hydrates of magnesium perchlorate is due to Moles
and Roquero.6 These authors concluded that
magnesium perchlorate trihydrate is not a definite
compound but comprises mixed crystals.

Brownyard,6 in a review of the literature on
magnesium perchlorate, concluded that the hexa-
hydrate unquestionably exists, and that the dihy-
drate and tetrahydrate probably exist also. He
considered the evidence for the existence of a trihy-
drate to be inconclusive.

There are no published vapor pressure isotherms
for the hydrates of magnesium perchlorate. How-
ever, from various studies on the efficiency of mag-
nesium perchlorate as a dehydrating agent it is
possible to give 10~3 mm. as an upper limit for the
pressure of the equilibrium anhydrous salt-dihy-
drate at room temperature.7 From certain adsorp-
tion studies conducted in this Laboratory Brown-
yard estimated 6 X 10~3mm. for the equilibrium
dihydrate-tetrahydrate.

The data previously cited pertaining to equilib-
rium vapor pressures are inadequate when it is nec-
essary to know these pressures with precision. This
study was conducted in order to determine the
number, composition and vapor pressures of the
hydrates of magnesium perchlorate at room tem-
perature. It was necessary to have this informa-
tion because we have used these hydrates as desic-
cants in our hydration studies.8

Materials.—The magnesium perchlorate used in this ex-
periment is sold commercially under the trade name Anhy-
drone (anhydrous magnesium perchlorate). The water
used for hydrating the magnesium perchlorate was distilled
twice in an evacuated system.

Apparatus.—The sample was placed in a platinum gauze
bucket suspended from a silica spring in a glass jacket. The
jacket was connected, by means of a mercury seal ground
joint, to a conventional high-vacuum system with associated
mercury-diffusion pump and McLeod gage. A tilting Mc-
Leod gage, range 0-5 mm., was added to the system adja-
cent to the jacket when it was discovered that, owing to
condensation in the capillary, the conventional gage could
not be used over the full range of pressures encountered.
Stopcocks were provided so that the water supply tube or
the adsorption tube or both could be isolated from the rest

of the system. The laboratory temperature was controlled
at23 + 0.5°.

Sample weights were found by calculation from the ob-
served spring elongations and the measured spring sensi-
tivity. Elongations were measured by sighting at reference
marks at the ends of the spring with a cathetometer. The
spring sensitivity, obtained by calibration before and after
the experiment, was 0.03263 g./em. Since the sample
weight was of the order of 0.4 g. and spring lengths were
known accurately to 0.005 cm., the calculated molar ratios
should be precise to £0.005 mole. We estimate the accur-
acy of the measured molar ratios to be more nearly £0.05

(5) E. Moles and C. Roquero, Anales. soc. espah. fis. quim., 31,
175 (1933).

(6) T. L. Brownyard, short paper on Series 254, Research Labora-
tory, Portland Cement Association, 1946 (unpublished).

(7) J. H. Bower, Bur. Stds., J. Res., 12, 246 (1934).

(8) T. C. Powers and T. L. Brownyard, Proceedings Am. Concrete
Inst . 43, 257 (1947); PCA Bulletin 22.
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mole, because of small uncertainties in the weight of the an-
hydrous sample and in the weight of the empty bucket.

The tilting McLeod gage, calibrated with dry air against
a conventional McLeod gage, was used for all pressure meas-
urements. Heights of the mercury menisci in the tilting
gage were measured with the same cathetometer used to
obtain spring elongations. Over the range of change found
in this experiment the calculated pressures would be pre-
cise to 1.5% for non-condensablc gases. However, a con-
sideration of the effects of water vapor adsorption in the
gage9and semi-quantitative calculations based on the avail-
able water vapor adsorption isotherms on glass, indicates
that the true pressures may be lower than those reported
by about 2% at 8 and 20 Pand 3% at 80 [0.

Experimental Procedure.—About 0.4 g. of sample was
taken for each run. When water was to be added to the
system, the water in the supply flask was first frozen with
Dry Ice and the system pumped out for about ‘A hour.
This procedure helped to prevent a build-up of permanent
gas pressure and gave better control over the amount of
water vapor added. Following the evacuation the main
stopcock and jacket stopcock were closed, and the stopcock
to the water supply flask (warmed to 0°) was opened mo-
mentarily. The jacket stopcock was then opened very
slowdy; when opened rapidly the force of the inrushing gas
could easily drive the sample and bucket to the tube bottom
resulting in a partial or complete loss of sample. Following
the addition of water, daily readings were made until no
changes in pressure or spring elongation could be detected.
Occasionally, €0, after a long wait for equilibrium, the re-
sidual permanent gas pressure was measured by freezing
out the water vapor with ice at —78°. The quantity of
permanent gas was found always to be insignificant,.

Water could be removed from the sample in several ways:
(1) vacuum dehydration with the Hg diffusion pump, (2)
vacuum dehydration combined with heating the sample
with an infrared lamp or tube furnace, and (3) vacuum de-
hydration using ice at —78° as a desiccant. Although all
of these methods were used at various times, the third
method had the advantage that very little of the initial sup-
ply of water was lost from the system during a run. It was
not the most rapid method, but it gave by far the best con-
trol over the amount of water removed. To reduce the
water below 2 moles per mole of magnesium perchlorate it
was necessary to use the second method. The anhydrous
salt was obtained in this way. Gradual heating to 250°
over a period of 18 hours with continuous pumping produced
constant sample weight. These samples, on rehydration,
gave the same vapor pressure-composition relationship
that they gave before the heat treatment.

Results and Discussion

The data of aqueous vapor pressure vs. water of
hydration in moles of water per mole of magnesium
perchlorate obtained with two different samples
are plotted in Fig. 1. Some of the data are prob-
ably not representative of equilibrium. It was
noted that an extremely long time was required to
reach equilibrium when a change of water con-
tent occurred near a transition point. Con-
sequently, values obtained prior to equilibrium
would tend to be too high on hydration and
too low on dehydration. Figure 2 is an ex-
ample of this phenomenon. Over a period of 15
days the pressure decreased to one-half that of the
initial value while the sample weight changed less
than 0.3%. It is obvious from the curve that equi-
librium had not been reached. Apparently, changing
the water of hydration at; low pressures has the
effect of producing a fairly stable, amorphous, inter-
mediate product which recrystallizes very slowly. 1l
This effect was observed both on hydration and
dehydration.

(9) M. Francis, Trans. Faraday Soc., 31, 1325 (1935).

(10) S. Brunauer, “The Adsorption of Gases and Vapors,” Prince-
ton U. Press, Princeton, N. J., 1943.

(11) G. B. Frost, K. A. Moon and E. H. Tomkins, Can. J. Chem.,,
29, 604 (1951).
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Water content, moles/mole of magnesium perchlorate.

Fig. 1.—Plot of aqueous vapor pressure VEYSLE water of
hydration per mole of magnesium perchlorate at 23°: X =
first run; O, second run. The points at 0.56 X 10~8mm.
were obtained by drying to constant weight with ice at
-78°.

Figure 3 illustrates the role played by the glass
walls of the vacuum system. Over a period of
20 days, during which time pressure changes were
imperceptible, there was a slow but distinct gain in
sample weight. This behavior is best understood
by a consideration of the isotherms of both the
sample and the glass walls. When the sample is
to be hydrated, a small quantity of water vapor at
about 20 mm. is introduced into the system, which
had previously been evacuated to about 10-5 mm.
Some of the gas is adsorbed on the system walls,
some is captured by the sample as water of hydra-
tion, and some remains in the vapor phase. The
sample at first forms higher hydrates than are char-
acteristic of the total water content of the system
and quasi-equilibrium is reached fairly rapidly.
However, the vapor pressure over the glass surface
is now less than that required for the quantity of
water initially adsorbed. Consequently, molecules
of water slowly desorb from the glass and are cap-
tured by the sample with no perceptible change in
vapor pressure. This process continues until the
system is in true equilibrium.

The data plotted in Fig. 1 show the nature of the
isotherm between 2 and 6 moles of water of hydra-
tion. There are well defined plateaus correspond-
ing to equilibrium between water and the di- and
tetrahydrate and the tetra- and hexahydrate.
The pressures for these regions have means of 8.15
and 20.9 X 10“3 mm., respectively. The transi-
tions do not appear to be ideally sharp, and there is
some suggestion of a slope in the plateaus. How-
ever, tests conducted in the second run showed that
both these effects are due to non-equilibrium condi-
tions. There is no suggestion of a break at 3 moles
of water.

When the sample was dehydrated over ice at
—78°, equilibrium was reached for molar composi-
tions of 1.94, 1.95 and 2.07 moles per mole of mag-
nesium perchlorate at various times. There seems
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Time, in days.

Fig. 2—Observed change in vapor pressure at 3.68 moles
of water per mole of magnesium perchlorate. During this
time the sample weight did not change; dashed line is the
equilibrium pressure for this composition.

to be little reason to doubt that a transition occurs
at 2 moles. Our attempts to obtain points slightly
above 2 moles were complicated by the fact that
about 0.1 mole (0.003 g.) was the smallest incre-
ment which could be made conveniently.

Time, in days.
Fig. 3.—Observed change in sample weight at vapor pres-
sure ~ 8.2 X 10*3mm.

We could not obtain equilibrium in the region of
0 to 2 moles, despite attempts extending over sev-
eral months. Because pressures in this region were
of the order of 10~sto 10-4 mm., slow leaks or evo-
lution of adsorbed gases could vitiate the pressure
determinations. Nevertheless, the plateau must
lie below 0.56 X 10~3mm., for in addition to the
evidence obtained on dehydration, a sample dried
to a composition below 2 moles H2 was observed to
gain weight when ice at —78° was used as a water
source.

The addition of a quantity of water sufficient to
exceed the 6 molar composition resulted in an initial
jump in vapor pressure to about 160 X 10-3 mm.
Over a period of about 6 days the pressure gradu-
ally dropped to an equilibrium value of 81 X 10-3
mm. This value was also obtained in a prelimi-
nary survey of the isotherm and is to be taken as the
vapor pressure of the saturated solution. At this
point the sample appeared moist, and measurements
at higher water contents were not pursued.
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INFRARED AND RAMAN SPECTRA

OF 1.3,5-TRIAZINE12
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A comparison o: the infrared spectrum of the recently discovered trimer of hydrocyanic acid, C3sH3sNs, with those of some
1,3,5-triazine derivatives on the one hand and with the Raman spectrum of CsHsNs on the other hand results in physical
evidence besides the chemical proofs that CsHsNs is 1,3,5-triazine, the long sought parent substance of so many 1,3,5-triazine

derivatives.

It was recently reported3 that the compound
first prepared by Nef4and thereafter called “ dimeric
hydrocyanic acid,” CZH2N2 is not a dimer at all but
is really a trimer of hydrocyanic acid, CHN3 As
mentioned in this preliminary communication, both
chemical and physical methods were used in order
to assign to CHINSI its constitutional formula.
While the pure chemical results have appeared
elsewhere,2 some of the physicochemical facts es-
tablishing the constitution of CH3N3are presented
here.

The empirical formula C3H3N 3allows to construct
several constitutional formulas; those with greater
probability are listed as

hc/ N~ ch hc/ NV :h
N N N- -C=NH
H
A B
HC NH
1 I /H H H
N HN=C—N=C—N C
— K p:
D

At the outset all those ring structures like type B
containing an odd number of atoms in the ring can
be excluded, since CHIN3 on hydrolysis yields
HCOOH and NH3 quantitatively,6 thus making
impossible the presence of C-C or N-N bondings.
To distinguish between A, C and D the infrared
and Raman spectra were measured.

In analogy to 2,4,6-triethyl-1,3,5-triazine6 the
infrared spectrum of CHIN3 was determined at
first in a carbon disulfide solution (Fig. 1, 1) and
then compared with those of 2,4,6-trimethyl-I,3,5-
triazine (Fig. 1, 1), 2,4,6-triethyl-1,3,5-triazine
(Fig. 1, 11l) and cyanuric chloride (Fig. 1, 1V).
However, that comparison was unsatisfactory inso-
far as carbon disulfide itself has a broad absorption
band between 1400-1600 cm.-1, covering in that
range all bands cf the dissolved substances. There-
fore the infrared spectra of these four compounds

(1) This article is partially based on work performed under Project
116-B of The Ohio State University Research Foundation, sponsored
by the Mathieson Chemical Corporation, Baltimore, Md.

(2) Preceding communication: C. Grundmann and A.
berger, J. Am. Chem. Soc., 76, 5646 (1954).

(3) C. Grundmann and A. Kreutzberger, ibid.. 76, 632 (1954).

(4) J. U. Nef, Ann., 287, 377 (1895).

(5) L. E. Hinkel, E. E. Ayling and J. H. Beynon, J. Chem. Soc., 676
(1935).

(6) T. L. Cairns, A. W. Larchar and B. C. McKusick, J. Am. Chem.
Soc.. 74, 5633 (1952).

Kreutz-

were then taken in carbon tetrachloride solutions
which showed that each of the four spectra con-
tained two very strong, fairly well separated bands
just in that region where the aforementioned carbon
disulfide band covers everything. These two bands
are very characteristic for all four substances and
are obviously due to the triazine ring system. Thus,
the infrared spectra of the carbon disulfide and car-
bon tetrachloride solutions supplement each other
in yielding extensive and informative infrared spec-
tral data of these compounds (Fig. 2, I-1V). From
the similarity of these four spectra the conclusion
can be drawn that of all the possible constitutions
structure A possesses the greatest probability.

For comparison with the Raman spectrum of C3
H3N3the data are compiled in Table I. These data
indicate spectra with a relatively small number of
lines, this in turn pointing to a highly symmetrical
molecule structure as is represented by type A only.
Since in both the Raman and the infrared spectra
no lines of a triple bond, being expected in the range
of 2000-2200 cm.-1, were observed, structures like
C and D could now be definitely excluded because
their terminal isonitrile groupings ought to exhibit
a frequency at 2100 cm.-1. Thus both chemical
and spectroscopical results point at formula A only,
wherefore a discussion of the spectroscopical data
related to structure A follows.

Tabre |
Raman Infrared Class
536 (0) F/
594 (0) E’
676 (2) 673 m.s. E'
735s. Al
921 (Vs) E"
991 (4) Al
1070 v.w.
1133 (4) A
1170 m. A2
1404 (0?) 1410 v.s. E'
1560 (1) 1560 v.s. E'
1775 v.w.
1850 v.w.
1950 v.w.
(3025) 3025 v.w.
(3046) v

The triazine molecule possesses the symmetry
D 3; the symmetrical properties (Table I1) lead to
10 Raman active vibrations, 3 of which are polar-
ized and 7 depolarized, and furthermore to 7 infra-
red vibrations, 5 of which are identical with the
particular Raman vibrations.
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Wave numbers in cm."1

Fig. 1—Infrared absorption spectra of 1,3,5-triazine (1), 2,4,6-trimethyl-1,3,5-triazine (11), 2,4,6-triethyl-l,3,5-triazine (111)
and cyanuric chloride (1V), as determined in carbon disulfide solutions in a cell 0.005 in. thick.

Table Il
p = polarized, f = forbidden, dp = depolarized, ia =
inactive, a = active.

Band type Number of
Class Raman Infrared vibrations
A p ia 3
Ai’ f ia 2
A" f ia 0
AT f a 2
E' dp a 5
E" dp ia 2

In the Raman spectrum 8 lines have been ob-
served in the range up to 1560 cm.-1. The 2 high
CH vibrations could not be found with certainty,
since they are likely to collide with the lines of the
Hg spectrum. With this considered, the 10 Raman
lines required for this type of molecule are indeed
present.

From the number of infrared bands no conclu-

sions can be drawn, because infrared frequencies
lower than 600 cm.-1 have not been measured and
in the region above 1600 cm.-1 several over- and
combination vibrations occur.

In trying to assign the Raman lines observed
to the particular vibrations, it must be said that
any experimentally unobjectionable proof for the 3
lines of class AX is impossible yet, because of lack of
polarization measurements. Solely from the in-
tensity it may be inferred that the 2 strong Raman
lines 991 (4) and 1133 (4) belong to the aforemen-
tioned symmetry class, since no infrared bands of
these frequencies have been observed. The third
missing vibration of this class must be a CH-val-
ence vibration in the region of 3000 to 3050 cm.-1,
but it could not be found by the Raman effect in
spite of several attempts. Presumably it is masked
by a shifted Hg line of 3040 cm .- 1.

The 2 required vibrations of the class A 7 which
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Wave numbers in cm'l,

5000 3333 2500 2000 1666

1429 1250 Mil

1000 909 833 769

Fig. 2.—Infrared absorption spectra of 1,3,5-triazine (1), 2,4,6-trimethy]-1,3,5-triazine (11), 2,4,6-triethyl-1,3,5-triazine (111)
and cyanuric chloride (1V), as determined in carbon tetrachloride solutions in a cell 0.005 in. thick.

are active in the infrared only are 735 and 1170
cm.-1.

The frequencies 675, 1407 and 1560 cm.“ 1can be
identified with certainty with 3 of the 5 infrared and
Raman active vibrations of the class E'; the re-
maining 2 vibrations of this class can be assigned
one CH-valence vibration and one of the 2 lower
Raman lines; the analogy to benzene suggests
line 594 cm .-1.

For the 2 vibrations of class E" that are Raman
active only, the lines of 536 and 921 cm.” lare left
over. Thus all Raman lines and all strong infra-
red bands have been identified with the expected
vibrations of structure A, without difficulty. The
very weak infrared bands still remaining can be
explained as harmonic and compound vibrations:
1070 = 2.536; 1775 = 594 + 1170; 1850 = 2.921;
1950 = 536 + 1407.

The excellent conformity of the observed spectra

Tabite Il

() = Observable in the infrared only.
able frequencies.
D«h: CeHe7 U3h:
Aig 992, 3063
Biu  [—1009], [—1060]
606,1176, 1595, 3047

[ 1= Unobserv-

Triazine

A/ 901, 1133, [3046]

Eu- (1485), (1037), E' 594, 676,1410, 1560, 3025
(3080)

Eut+ [406], [690] .

Eg- 850 E" 536, 921

Au  (671) N

By [500], [780] A" 735, 1170

with those to be expected of a benzene-like ring
structure can be regarded as an extensive evidence
for the triazine structure. The similarity of the tri-
azine spectrum with the benzene spectrum, which

(7) K. Kohlrausch, Monatsh., 76, 215 (1946).
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becomes particularly clear in the following compari-
son of these two spectra (Table I11), not only con-
cerns the ring structure but also the binding forces
prevailing in the ring system.

Experimental

The infrared data were obtained with a model 12C Perkin-
Elmer spectrometer. The prism used was NaCl. The
cell windows, too, consisted of NaCl with a ‘‘w mm. path
length.

The 1,3,5-triazine2 was purified by distillation over so-
dium metal, followed by slow sublimation at 35° bath tem-
perature, these operations being carried out under exclusion
of air moisture.

For the Raman measurements the solvent (CCh or
CtHe, respectively) was distilled onto the sublimed sample

Diffusion and Measurement of Heterogeneity in Sedimentation
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of triazine until a solution saturated at room temperature
was obtained. Then this solution was filtered through a
frit into the Raman tube. The measurements were carried
out in a customary apparatus, for 1.5, 4.5 and 8 hours in
CCh solution and for 6 hours in CsHr solution, using Hg
4358 A. as the activating light source. Activation with Hg
4047 A. led to decomposition of the substance.
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and A. K.) are indebted to the Mathieson Chemical
Corporation for their generous support of this
work. Furthermore we wish to thank Mr. J. A.
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The method of Baldwin and Williams for finding ¢(S), a substance’s distribution of sedimentation coefficient, is based on

extrapolation to infinite time.

analytic expression for Y*(S) (the quantity used in extrapolation) that results when ¢(S) is taken to be Gaussian.

In this article the reliability of the extrapolation procedure is studied with the aid of the

Secondly,

a method is presented for obtaining the "moments of the boundary gradient curve directly from the continuity equation,
without having to solve the differential equation for the shape of the boundary, and it is shown that moments obtained in

this way confirm Faxen’s solution of the differential equation.

Finally, higher order terms are derived for the relation

between P (the standard deviation of ¢(S)) and the standard deviation, &, of the boundary gradient curve.

Introduction

The first articlelof this series considered how the
width of a sedimenting boundary could be related
to the average diffusion coefficient (D) and the het-
erogeneity in sedimentation coefficient (s) of the
sedimenting substance, for the case in which s and
D do not depend on concentration (c). It was
found that the contributions to the boundary
width from diffusion and from heterogeneity in s
depend on different powers of the time, so that it is
possible to obtain the distribution of sedimenta-
tion coefficient, g(s), by extrapolation to infinite
time, in the same way that mobility distributions
can be obtained.2 Costing3made a thorough theo-
retical study of the extrapolation to infinite time
and found the correct function of time to use in or-
der to obtain a linear extrapolation as infinite time
is approached.

The problem of obtaining g(s) under these condi-
tions (be., no dependence of s and b on c) thus be-
comes one of reaching this range of time where
Gosting’s limiting law holds. Hov/ever, there is a
basic limitation on the time for which an ultracen-
trifugal experiment may be continued: the experi-
ment must stop before the boundary reaches the
bottom of the cell. The definition of s (s = (dx/
dt)/a>2) may be rearranged to show that the final

(1) J. W. Williams, R. L. Baldwin, W. M. Saunders and P. G,
squire, J. Am. Chem. Soo,, 74, 1542 (1952).

(2) R. L. Baldwin, P. M. Laughton and R. A. Alberty, T his Jour-

nal, 55, 111 (1951).
(3) L.J. Gosting. J. Am, Chem* $ocr, 74, 1548 (1952).

value of sicH is limited4 by cell and rotor design;
consequently the length of an experiment can be
increased only by lowering the speed of rotation and
this decreases the resolution that can be obtained.
This situation poses two important problems in
finding g(s) by extrapolation to infinite time. First,
how can one recognize for a given system whether
or not the heterogeneity in s is sufficiently resolved
that Gosting’s limiting law will hold in the range of
time accessible to experiment? Second, if one is
outside this range, what other method could be used
to find g(s)? The second problem, although very
interesting, is also very difficult and will not be
considered here. In order to study the first- prob-
lem, an analytic expression for the quantity used in
extrapolation (g*{s), the “apparent distribution” of
s) has been obtained for the case that g(s) is Gaus-
sian. With this expression, the extrapolation to in-
finite time can be carried out with calculated values
of g*(s)s and comparison of the extrapolated with
the true values of g(s) made to show by how much
the experiment departs from limiting law condi-
tions. The success of the extrapolation is related to
the resolution of the various sedimenting species
obtained by the end of the experiment. The degree
of resolution is characterized here by the ratio of
the contributions to a2 (the second moment about
(4) 1If tf is the time elapsed at the end of the experiment, se>H =
In (xf/x0) < 0.2, where xo and x{ are the initial and final positions of

the boundary.
(5) This method was used2 to check on the reliability of mobility
distributions obtained by extrapolation to infinite time.
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the mean of the concentration gradient curve) from
diffusion and from heterogeneity in s. Although
the resulting conclusions are strictly valid only for
the case of a Gaussian g(s), they are quite useful in
assessing the extrapolations used to find g(s) for the
systems which so far have been reported.9-10

Theory

Representation of g*(s) when g(s) is Gaussian.

—The definitionlof g*(s) is
9%(8) = «'|z**%) (M

where x is distance from the center of rotation, Xo
marks the position of the meniscus, w is angular
speed of rotation, t is time and (dc /cti)/(bx) is the
gradient of the total concentration at x, divided by
the initial total concentration. The symbol s has
been used in g*(s) to indicate that s is a variable
derived from x by the relation

X = X1 (la)
and, unlike s, is not a property of a solute species.ll

In order to find (dC/co)/ (da:), the boundary-spread-
ing equation3must be integrated.

(**)'.<.7 * 2>

where (dc/co)/drsis the concentration gradient pro-
duced by species of sedimentation coefficient s,
divided by this species’ initial concentration. In
this case, g(s) is given by the Gaussian function

0(i) = e-(«i)V2pVp(2T)'/» 3)
where

S = 1
Jo

sg(s) ds (3a)
Faxen’s12 solution of the differential equation for
the ultracentrifugel3 may be used to give (dc/co)/
(da)«u

(1 t). - “ (3/8)* - <15/'28*
+ ...) + 2(1/2 - (9/16)a +...) + z43/8 -
(45/64)a
+...) + «35/16 + ...) + 2435/128 + ...)+...)
where 4)
c= -~-(1 - e"x'10 (4a)
Z= (X0 —x)/xe®i (4b)

This series converges rapidly in the range of time
accessible to experiment, since a will not exceed
about 4 X 10-4. The conditions under which this

(6) L. E. Miller and F. A. Hamm, T his Journal, 57, 110 (1953).

(7) J. R. cann, J. Am. Chem. Soc., 75, 4213 (1953).

(8) R. L. Baldwin, Brit. J. Exp. Path., 34, 217 (1953).

(9) A. G. Ogston and E. F. Woods, Trans. Faraday Soc., 50, 635
(1954).

(10) (a) J. W. Williams,
Journa 1, 58, 774 (1954);
ibid., 58, 854 (1954)

(11) Thus S is used in g*(S) because this is a quantity which is
defined (for a given time and experiment) by a position in the cell.

wW. M.
(b) J. W. Williams and W. M.

Saunders and J. Circirelli, T nis
Saunders,

On the other hand, Sis used in g(S) because, for a given system, this is
a property of the solute species with sedimentation coefficient s.

(12) H. Faxen, Arkiv Mat. Astron. Fysik, 21B, No. 3 (1929).

(13) 0. Lamm, ibid, 21B, No. 2 (1929).

(14) This equation was obtained by rearranging equation 32 of
the article by Gosting,8 who repeated Faxen’'s solution and carried
additional terms of the series.
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solution of the differential equation holds are that
<and J) be constant and that the concentration at
the meniscus be zero for all times laterthant = 0.5

After substituting (3) and (4) into (2), the result-
ing equations can be replaced by a series of known

integrals of the form Ah

y = A3s — s), by expanding the necessary
functions of s as Taylor’s series about (s — s).
The final expression for g*(s), in which terms con-

yne~y2~K-dy, where

tributing less than 0.2% to g*(s) have been
dropped, is
9%(S) /.-w-a./2p'Y 3 i q 6
where
b= @xs - J3)/(1 + (5a)
pr = - 2D/aiXéet (5b)

In carrying out the extrapolation to infinite time
with calculated values of g*(s), it is not necessary
to consider what happens to the analytic expression
for g*(s) in the range of time beyond that accessible
to experiment (i.e., swH > 0.2). The factors
which determine the extrapolated value of g(s), for a
given s, are the values of g*(s) for swH < 0.2,
the way in which these values change with time,
and the manner of carrying out the extrapolation.
The actual value of g(s) is given by the distribution
function—in this case the Gaussian function—used
in obtaining the analytic expression for g*(s).
Thus it is allowable to drop terms from the ex-
pression (5) for g*(s) which are negligible during an
experiment even though these terms might become
large in the range of time correspondingto swH » 1.

A Method for Finding Moments and its Use in
the Confirmation of Faxen’s Series.— It is possible
to confirm Faxen’s solution of the differential
equation by an unusual approach which is given
here because Faxen's equation is used repeatedly
in this article and because the approach gives
promise of being widely applicable in the problems
of sedimentation, diffusion and electrophoresis.
This approach makes use of a method for finding
moments of the boundary gradient curve of (dc/dx)
vs. x, when the equation describing this curve is not
known. The case considered by Faxen is that of
sedimentation and diffusion of a single solute from
a completely sharp initial boundary in a sector cell
and changing field, where s and D are constants, the
concentration at xnis zero for t > 0, and the area
(k x) and field strength (aix) are proportional to
the distance from the center of rotation.

In this case, the n’tfi moment of the boundary

gradient curve is defined by
dx
M = (6)
(15) If this series were expanded instead about the maximum of the

concentration gradient curve, the magnitude of the terms in brackets
would be reduced; consequently the choice of XES# as an origin
suggests a greater skewness of this curve than in fact exists. The
position in the boundary corresponding to X682 is the square root of
the second moment of the concentration gradient curvel® and this
position does not coincide with the center of a Gaussian curve.

(15a) R. J. Goldberg, This Journal, 57, 194 (1953),
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where ct, the concentration in the homogeneous
solution beyond the boundary, is given by

Ct = CoC_2s"!I<

The rcth moment is a function only of time, in a
given experiment, while the concentration is a func-
tion of the two variables x and t.  In differentiating
(6), the equation of LeibnitzI7 for the differentia-
tion of a definite integral is used; x is treated as a
function of ¢ and t, since, within the boundary region,
any given set of values of ¢ and t uniquely deter-
mines x.

) / 1\dct
en=<UrP VI (S)cdc+" i \Ct &z
O]

where13
(:;:Zt - —20tS»2 (7a)

and xw denotes the value of x at which ¢ becomes
equal to ct. The partial derivative (dz/dt)c has
the physical significance of being the rate of move-
ment of a plane at constant concentration.
The continuity equation for a sector cell
dc _ _ J_ b(KxJ) .
oz Kx dx -’
may be used to transform this into a more tractable
form since

(r)." -(H./(8), >
The flow per unit area, J, is given by 13
J=-D ot csux (10)

for a species of zero net charge. Substituting (8),
(9) and (10) into (7), and rearranging with the aid
of integration by parts gives

ttH = nswvn + (n.)(n — 2)Dyu,,_2 (12)
for integral values of n.

This recursion formula may be integrated in a
straightforward manner forn = 0O and n = 2 and
then, in successive steps, the positive even moments
may be found.

mo = 1 (12a)

M2/X 02e2»* 2 = 1 (12b)
m/xo'eN't =1 + 4a (12c¢)

mo/ xo®eeUH = | + ]2a + 24a2 (12d)

where a is the quantity defined in equation 4a. In
general

‘ 5 i\ . (- DI
M X02E2%5* 2 |1n1\(n . m\ (m- DI
(12¢)

The first five even moments are sufficient to confirm
the coefficients of Faxen’s solution which have been
given in equation 4. First bc/bx is represented by
a series of the form

dc a

ox - (xoes‘l (T)‘/' e~z*/2a\a -f- Rz -|- 7z2 + HB+ 04+ J
0(2 :
(13)

2677

(16) T. Svedberg and H. Rinde, J. Am. Chem. Sor., 4s,
(1924).

(17) Cf. 1. s. and E. S. Sokolnikoff, * Higher Mathematics for Engi-
neers and Physicist«,” McGraw-Hill Book Co., Inc., New York, N. Y.,

1941, p, 167.
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where the coefficients

a =A+ Aa+ A"a2+ A"a3 (13a)
B =B+ Ba+ B"az+ (13b)
7 =C+ Caas-cCc'v + (13c)

are to be determined. Next the moments defined
by (6) are found in terms of the coefficients of (13).
For example

1 (™t (v 1 *AD
M)_ftj)‘(. § o= rgorl, e Vadag
+ 721+ SB+  + ...) dz

= a+ 7a+ e3ald + (14)

(The limits of the cell are taken to be infinitely
far from the boundary; this corresponds to the as-
sumption used in deriving (4) and (11) that the
concentration at xo is zero for t > 0 and that ct =

Qe 25“I') By comparing (14) with (12a) one sees
that
A =1 (15a)
A+ C=o0 (15b)
A"+ C +3£ =0 (15c)

and so forth.

The significant characteristic of this method for
finding moments is that equation 7 splits into a
series of integrals, each of which may be evaluated
separately. This is a result of the way in which
(bx/bt)cis derived from the flow equation and of the
additivity of flows from separate processes such as
sedimentation and diffusion (cf. equations 9 and
10). In order to illustrate the usefulness of this
method for other problems, consider the case of
concentration-dependent diffusion in a rectangular
cell. The approach shown in equations 7-10
yields, for this case

dM,= (»X»~1) f% ,-22)d, (16)
z (cj- Q) Ja
This equation contains two important relations
found by Gralen18 the first moment is stationary
and the second moment is 2Dit, where Di is the in-
tegral diffusion coefficient. It is interesting to note
that equation 16 is derived without use of Boltz-
mann’s assumption that c is a function of the single
variable xt~ /A

The Second Moment About the Mean of the
Entire Boundary Gradient Curve When Several
Components Are Present—An earlier derivationl
of the expression for 42 was based on several ap-
proximations, which could be checked only by
numerical examples. It is possible now, with the
knowledge thatlga

1

Ci,.

hr, .
7 x2 dx = xz2smii (see also 12b)
I Xt dx

and hence that

X - X2a av7)

to derive this expression in a simple and general
manner.

(18) N. Gralén, Dissertation, Uppsala, 1944.
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The second moment about the mean is defined by
ac, r-

'XZO( (04 /)(‘A%%dx —
OX dx\ (18)

Since (dc)/(dx), the total concentration gradient at
x is 53 (dci/dx), these integrals may be replaced in

i
the following way.

dai
AN-dx = X02C0 (19a)

*zer
K-Xrac=2 1 "% ax (19b)
dC Qie i
o X = 53 ! (19¢)

where Co = ScQ. The same assumptions that were
made previously (si and A are constants, d = 0
at xo) are applied so that, according to (18) and
(12b)

v X da, dx = ane 2sivlijxo22s"d _ o2}/: (20)
oX
= x@oif_si"2i]1 — e-2s"4 — ... m (20a)
Equations 18 and 4 may be used to give a;2
qi2 = xo22si"d (a; + i ai2+ ...) (21)

Then expanding e-"*I"las a Taylor’'s series about
g-msaiZ gives
2coie~M*li = Coe-n*"2{1 + (npoiH12 —

(ngaH3 6 + (nrwF)‘ /24 - ...) (22)
where p2 43and r4are the second, third and fourth
moments about the mean of the distribution of
sedimentation coefficient.

After making the necessary substitutions, equa-
tion 18 becomes

02 = (p™Xtyji - (sVpA«2) +

" H
+ .. 1+ 2Dt1+ SH+ 2wHs - S
+ M)2[]i2+ J i'2- 6« + ~ p'2- | p2] +
(23)
where
_ A » dC
X—Jio X%(dx/ﬁo T (239)
S = 5i3 SiOoiDi/\I(", b (23b)
(23c)

p'l = 5)% (*i —S')ZIOi—Di/)i! Codh

It should be noted that s, p, D, etc., all refer to the
original solution and not to the homogeneous
solution beyond the boundary after it has been
diluted by sedimentation. The expression derived
previously119for 2is

R = (vuHty\l +...}+ 2Dt\1+ suH + ...| (24)

This same approach may be applied to the analo-
gous problem in electrophoresis, to obtain an alter-

(19) See equations 1 and 2 of reference 1; the term in pZOf equations
3 and 4 of this reference should be multiplied by e5* 2
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native derivation for the relation2 between a2 b
and the standard deviation of the mobility dis-
tribution.

In estimating the magnitude of the higher
terms of (23), it is possible to assign reasonable
sample values to p, g and r by considering the
properties of familiar distributions. For example,
q is zero for any symmetrical distribution and
3p4 _ r4for |(ie Gaussian distribution. Calcula-
tion for various cases shows that the higher order
terms of (23) (i.e., those not included in equation
24) will rarely be equal to 2% of <2

Discussion

The Extrapolation of g*(s) to Infinite Time.—
Figure 1 shows the change in g*(s) with time when
g(s) is Gaussian, for the casethatp = 1 X 10_13sec.
and b = 5X 10~7cm.2sec.” The effects of diffu-
sion are very considerable near the beginning of the
experiment (i = 1 X 103sec.) and still quite impor-
tant at theend (i = 5X 103sec.). Figure 2 shows,
incomparison with the true distribution, the extra-
polated one obtained by placing a straight line
through two values of g*(s) plotted against 1/t,
att = 2 X 10sand 5 X 103sec. The extrapolated
values of g(s) are low at the center of the curve,
where the error in extrapolation is most serious,
and high at the sides. Consequently the error in
the area is small and deviations from unity6 of

g(s)ds are likely to reflect difficulties with base-

lines. (The error in the extrapolated values, which
is caused by curvature of the plot of g*(s) vs. 1/t,
could be reduced by choosing the two times to be
4 X 103and 5 X 10ssec. instead; however, such a
procedure would unduly magnify the effects of the
uncertainty in experimental data on the slope of the
extrapolation.)

Table |

Calculations fob the Case When g{S) iS Gaussian:
the Ratio of the Extrapolated to True Values of

g{S) as a Function of R

Ra ti = 02& O*(Gs) Extrap.c
100 0.974 0.995 1.000
10 .808 .954 0.996
5 .696 913 .981
3 .601 .866 .956
2 .523 .817 .922
1 .398 .707 .828

aR is the ratio, at the end of the experiment, of the con-
tributions to a2from heterogeneity in s and from diffusion.
(«@2is the second moment about the mean of the concentra-
tion gradient curve and R = wjuixxaJ/2D). 6These values
are included to show by how much g*(s) changes with time
during the experiment. They are calculated from g*(s)/
g(s) — (1 + 2D/pWxx<jt)-'/i (see equation 5). For the
purpose of calculating the change of x with time, in this
equation, xOwas taken to be5.8 cm.,Stobe4 X HT'13see., m2
to be 3.9 X 10-7 sec. ~2and Uto be 5 X 10ssec. ¢ The values
of g*(s) were extrapolated to infinite time by placing a
straight line through values of g*{s) plotted against 1/t for
the two times /U = 0.4 and #/U = 1. (By g*(s) is meant
g*(s = s).)

The ratio, at the end of the experiment, of the
boundary width produced by heterogeneity to that
by diffusion is a convenient parameter with which
to characterize the extrapolation. This ratio (It)
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S (Svedberg units).

Pig. 1—An illustration of how g*(S) changes with time when gr(s) is Gaussian.

In this example, the standard devia-

tion of the distribution of s, P, = 1 X 10~Bsec.,, D —5 X 10-7 cm.2sec.-1 and w2 = 3.9 X 107sec.-2

is given with sufficient accuracy for this purpose by
p2uixxai/2D (cf. equation 24), where u is the time
at the end of the experiment. In Table I, the
ratio of the extrapolated to the true value of g(s)imix
(where the error in extrapolation is most serious)
is given as a function of R. Table | should be a
useful guide to the feasibility of obtaining g(s)
by extrapolation in the case of any symmetrical
distribution with only one maximum.

In Table Il the value of R has been calculated
for the various determinations of g(s) reported in the
literature6-10; p was estimated from the maximum
height of the distribution by the formula for a
Gaussian curve and, since U has not usually been
reported, it was assumed in all cases that swHf =
0. 15. Also given is the error in the extrapolated
value of g{s)mex that would be expected were the
distribution Gaussian and the extrapolation to
infinite time carried out after the manner of Table
1

Tavbre Il
Resolving Power of the Extrapolation to Infinite
Time, as Estimated for Various Determinations of
I
extrap.b D p s
Material Ra 2(i) true (X 10?) (X 10"») (X 10%»)
7 ,-Globulin’ 1.9 0.92 4.3 0.7 7.0
Polyvinylpyrrolidone6
(No. 11) 1.8 91 41 3 1.4
Shiga toxin8 2.2 .93 5.7 .8 4.8
DextranD 9.4 99  (3.3) .9 3.0
7-Globulin7 0.4 3.8 .3 0.6

“In calculating R (R = pawkzoif/2D), w2was taken to be
3.9 X 107sec.-2 in all cases except that of the Shiga toxin,
where w2 = 3.2 X 107sec-2. bIf ¢(S) were Gaussian and
the extrapolation to infinite time carried out after the
maimer of Table I, this would be the ratio of the extrapolated
to the true value of g(S)expected from the corresponding
value of R.

S (Svedberg units).

Fig. 2.—Comparison of g(s) (solid line) with the extra-
polated values of ((S) (dashed line) when the constants in
the expression for g*(S) (equation 5) are those given in
Fig. 1 and the range of time used for extrapolation is 2 X
103to 5 X 103sec. (?-'i = 2.8).

When there is more than one maximum in g*(s),
the ratio of boundary spreading from heterogeneity
to that from diffusion is not a good parameter
with which to characterize the extrapolation to
infinite time. It would be possible to have a
mixture of two components, each homogeneous,
where the value of p for the system would be large
because of the difference in s of the two components;
a high value of R in this case would not mean a good
extrapolation to infinite time. Consequently, other
ways of checking on the extrapolation are needed.

It is probably safe to infer from Table I that if,
at one of the maxima, the value of g*(s) at U =
0.2 is less than 2/3 its final value (he., at zu = 1),
then the extrapolation to infinite time will not give
a good representation of g(s) because too much of
the boundary spread has been caused by diffusion.
A comparable test is whether or not the same value
of g(s)ymex is obtained from the extrapolation of
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g*(S) vs. L/« as from the extrapolation of [<7(8)]“2
vs. I/t. In the limiting law range, both pro-
cedures give the same intercept,Dwhereas, outside
this range, the error in the value of g(s)max. ob-
tained is less when [(7*0S)]~2 is extrapolated vs.
i7+.  (Equation 5 shows that, for a Gaussian g(s),
the plot of [g*(*9]~2 vs. 1/x: gives the correct
value of (s)mas.i regardless of the resolving power.)

This article reveals two reasons for focussing
interest on the calculation of p from measurements
of <2 First, since direct calculation rather than
extrapolation is used, p can be obtained from values
of €2 when the degree of resolution is too low for
g(s) itself to be obtained from the extrapolation to
infinite time. Secondly, comparison of the values
of p found from a2and from g(s) would be a valuable
general check on the method. Before this can be
done, the effects of the dependence of s on ¢ must
be taken into account. This is accomplished in
finding g(s) by extrapolatinglBi1b g(s) to infinite
dilution (where g(s) is the curve obtained by extra-
polation of g*(s) to infinite time, without correc-
tion for the dependence of s on ¢) or by applying a

20
p*(»(3>))is plotted against \/t rather than against V\/XH (the variable

suggested by Gosting3d is less*than 0.5% for the cases listed in Table

I; this is less than the present experimental uncertainty of measuring

7).

C. T. Ewing, J. A. Grand and R. R. Miller
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theoretical correction2l to g{s). However, extra-
polation to infinite dilution of “apparent” values of
p [i.e., values calculated from <2without correction
for the dependence of s on c) is not feasible, because
such “apparent” values would change with time
within an experiment. Work is in progress on the
explicit correction of <2 for the dependence of s
on ¢; thus far only the case of a single solute has
been solved rigorously.2
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(21) R. L. Baldwin, J. Am. Chem. tioc., 76, 402 (1954). The theory
is derived for the case that diffusion is negligible; in order to apply it
when diffusion is not negligible, the assumption is required that g(S),
the curve found by extrapolation to infinite time, is identical with the

curve that would be found if diffusion were negligible.
(22) R. L. Baldwin, Biochem. J., to be published.

VISCOSITY OF THE SODIUM-POTASSIUM SYSTEM

By C. T. Ewing, J. A. Grand and R. R. Miller
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Received May 24, 1954

Viscosity coefficients in the low temperature range from 60° (or the m.p.) to 200° for sodium, potassium and several alloys
have recently been published. A nickel viscometer of the Ostwald type has been used to substantiate these measurements
and to extend results to 700°. For each metal and alloy, the extended coefficients also exhibited normal temperature vari-
ation which is adequately expressed by an equation set forth by Andrade. The coefficients at higher temperatures were
intended for engineering application and no attempt was made to duplicate the precision of the results measured in glass.
A composite curve of isotherms representing both sets of measurements can be drawn from which the viscosity-temperature

curve for any alloy in the sodium-potassium system can be derived.

Introduction

Fluid and thermal properties of liquid metals
should become increasingly important as further
applications for their use as heat transfer agents
become apparent. These properties are also im-
portant in basic theoretical studies because of the
simplicity and ideality of their atomic structures.

Viscosity coefficients to 200° for sodium, potas-
sium and their alloys were measured by the present
authorslin a modified Ostwald viscometer of glass.
A larger capillary type viscometer of nickel has
been used to extend these measurements to 700°.
In overlapping temperature ranges, the two in-
dependent sets of measurements show good agree-
ment. Viscosity coefficients for the pure metals
and their alloys were found to vary with tempera-
ture in a continuous family of curves. Composi-
tion isotherms, therefore, show no apparent dis-
continuities at any temperature.

Coefficients for the liquid metals that appear in
the literature were covered by references in the

(1) CT. Ewing, J. A. Grand and R. R. Miller, J. Ame’B’T]SI.‘.,

73, 1168 (1951).

previous article. The most reliable work was
apparently that of Chiong2who used an oscillating
sphere method to measure coefficients for the pure
metals to 350°. The Naval Research Laboratory
results presented for sodium show excellent agree-
ment with Chiong’s work having a maximum dis-
agreement of less than 2% at 350°. On the con-
trary, the values for potassium, though coinciding
with those by Chiong at 70°, diverge at higher
temperatures and differ by as much as 14% at 350°.

Experimental

Of the applicable viscosity methods, the capillary flow
type was most readily adaptable to the conditions of meas-
urement. The chemical activity of the alkali metals with
moisture, oxygen, and container materials dictated the de-
sign of a nickel, closed-type viscometer. A description of
this viscometer and the factors involved in its operation as a
relative measuring tool by calibration with water will be
described.

Apparatus and Equipment.—The viscometer consisted
essentially of two cylindrical 3-liter tanks which were con-
nected by a long capillary. The rate of liquid flow through
the capillary was obtained from observed weight change in

(2) Y. S. chiong, Proc. Roy. Soc. (London), A157, 204 (1036).
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the lower tank. For this purpose the tank was positioned
directly on the platform of a sensitive dial scale which was
arranged to read weight change of the container continuously.
To obtain maximum sensitivity for the scales, the move-
ment of the dial pointer was magnified by a calibrated op-
tical-beam system.

To permit introduction of the liquid sample and subse-
quent operation of the viscometer as a closed system under a
controlled atmosphere, the two tanks were interconnected
by a system of tubes which had suitable flexibility for weigh-
ing travel. A controlled pressurization of either container
with covering gas was permitted by the tubing system con-
nected to the top of each tank. Helium was used as cover-
ing for the alkali metals and was purified by passage through
copper at 450° and then through activated charcoal at the
normal b.p. of nitrogen. Another tube, interconnecting the
bottom of each tank, was required to speed the return of
the fluid to the upper container. This return line was
equipped with a 200-mesh strainer and a cold trap seal to
prevent downward flow along this route during capillary
flow experiments. The liquid was introduced initially
from a closed reservoir attached to the return fine. Each
alkali metal was introduced through a nickel screen pack
(200 mesh).

The design of the viscometer permitted close temperature
control for the complete liquid path. The temperature sen-
sitive portion of the viscometer, the upper tank and the
capillary, were enclosed in an electric furnace controllable
to £0.2°. Insulated windings were also provided for tem-
perature control of the lower tank and the exposed section
of capillary connecting the two tanks. Liquid temperatures
were determined independently of the control system using
calibrated chromel-alumel thermocouples with a precision
potentiometer.

Effective Head.—A static head for either water or metal
at any temperature and at any position of the liquid relative
to the upper and lowrer tanks was readily determined experi-
mentally by noting the applied pressures on the lower tank
that were just necessary to start the liquid flow upward or
downward in the capillary. In practice an average static
head or an effective head for a given temperature was de-
termined between the positions of the liquid equivalent to
those head limits used in the flow experiments. An alter-
nate method, whieh was used to obtain or to check the effec-
tive heads for the liquid metals, was to calculate the value
directly from the experimental water head. Since equiva-
lent sample volumes of liquid metal and calibration fluid
were always introduced, the effective head for each metal
was readily calculable from the measured water head and the
density of the metal sample by applying a small correction
for any change in head limits vdth volume expansion.

Calibration and Kinetic Energy.—Calibration of the vis-
cometer with water required some variation of the usual
method. With the liquid metals it became necessary to
maintain flow rates approaching the turbulent region which
resulted in an appreciable kinetic energy factor. The ex-
pansion of the nickel capillary over the wide temperature
range also had to be incorporated in the calibration proce-
dure. The Poiseuille equation for relative measurements
which includes kinetic energy and dimension factors may be
reduced to the practical form: ¥ — Ayt — (Bd/ty), in
which N\ is the absolute viscosity, P is the mean effective
pressure, dis the density, tis the time rate of flow in sec./
ml., A and B are viscometer constants, and Y is the ratio
of a length of nickel at the temperature of measurement to
the length at room temperature.

Water viscosity determinations were made for a wide
range of flow conditions by varying both temperature and
applied head. A capillary (520 cm. in length and averaging
0.238 cm. inside diameter) was used for all measurements
on sodium and three alloys. This capillary was disas-
sembled once during the course of measurements for cleaning
purposes; however, a correlation of water data taken be-
fore and after the cleaning operation determined that the
viscometer was not altered. This simplified the calibra-
tion procedure, allowing a single calibration for all four
metals.

A convenient graphical method for determining the con-
stants of the viscometer is to plot rj{ty/d) as ordinate and
pPY'/d as abscissa from the straight-line form of the equa-
tion presented. Viscosity coefficients for water were ob-
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tained from NBS,3 and densities from the “Int. Critical
Tables.” A plot of the water calibration data with the
capillary described above was linear in the major range of
flow conditions for the liquid metals (Reynold’'s numbers
500 to 2500). Only two measurements for sodium at 140°
and two measurements for the 66.9 wt. % potassium alloy
below 85° have Reynold’s numbers below 500.

The calibration just described was for the capillary used
with sodium and three alloys. A smaller capillary (0.159
cm. diameter) of the same length was substituted for the
potassium experiments. This capillary also was calibrated
with water in a manner identical to that just described.

Results and Discussions

In this section are presented viscosity resuits for
metallic sodium, potassium and three alloys.
The experimental results are recorded in Tables
I-V. Density values for the metals were obtained
from data of this Laboratory and the Mine Safety
Appliances Company, Pittsburgh, Pa.4 The ac-
curacy of the density figures to 700° is better than

Table |
Viscosity of Sodium
Viscosity, Viscosity,
Temp., Density, centi- Temp., Density, centi-
°C. g./ml. poises °C. g./ml. poises
143 0.917 0.565 371 0.861 0.308
145 .916 .549 447 .842 .268
196 .904 459 447 .842 271
198 .903 453 506 .828 .243
245 .892 406 506 .828 .238
250 .891 .388 571 .812 .216
292 .881 .354 572 .812 .213
368 .862 .306 686" .783 .183

“ Based on extrapolation of water calibration.

Tabre Il

Viscosity of Alloy (283 Wt. % Potassium)

Viscosity, Viscosity,
Temp., Density, centi- Temp., Density, centi-
°C. g./ml. poises °C. g./ml. poises
144  0.890  0.471 438 0.820 0235
171 .884 433 447 .818 231
176 .883 421 510 .803 .210
241 .867 .359 516 .801 .207
252 .865 .347 566 .789 .195
325 .847 301 570 .788 191
332 .846 .300 637 772 174
395 .830 .258 702" .756 .160
395 .830 .255 708" .755 .160

“ Based on extrapolation of water calibration.

Tabre Il

Viscosity of Alloy (43.3 Wt. % Potassium)

Viscosity, Viscosity,
Temp., Density, centi- Temp., Density, centi-

°C. g./ml. poises °C g./ml. poises

95 0.888 0.549 392 0.815 0.249

95 .888 .551 464 .799 217
143 .876 449 458 .798 217
146 .876 447 509 787 .201
191 .864 .386 517 .785 .200
192 .864 .388 585" .768 .180
250 .850 .333 588 767 .180
256 .848 331 651" 752 .166
320 .833 .292 681 745 .160
327 .831 291 689 743 .158
388 .816 .248

“ Based on extrapolation of water calibration.

(3) James F. swindells, J. Colloid Set., 2, 177 (1047).
(4) Naval Research Laboratory Report, No. C-3287 (1048).
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Tabre IV
Viscosity of Atloy (66.9 Wt. % Potassium)
. Viscosipy. _ Viscos?ty‘
TP P powes S Toimt peises
74.4 0.867 0.604 395 0.791 0.230
76.6 .867 .607 397 .790 231
142 .851 432 438 .780 .200
146 .850 .409 460 775 .202
188 .840 .361 461 775 212
195 .838 .356 467 774 .206
203 .836 .339 479 770 .187
211 .835 .337 490" .768 192
221 .832 .319 511 763 .190
232 .830 .354 560" 751 .182
268 .821 .303 612" 739 .169
275 .819 .296 629 735 .165
321 .808 .261 669 725 154
331 .806 .268 689 .720 .150
“ Based. on extrapolation of water calibration.
Tabte V
Viscosity of Potassium
Viscosity, Viscosity,
Temp., Density, centi- Temp., Density, centi-
° g./ml. poises °C. g./ml. poises
197 0796  0.312 273 0778  0.244
197 .796 .309 350 .759 .210
272 778 .244 350 .759 .216
1%. The composition figure presented for each

alloy represents the average of analyses before and
after the viscosity determinations. A slight com-
position change in the two high potassium alloys
(0.2 to 0.5%) was attributed to some loss of potas-
sium-rich. vapors at the higher temperatures.
Within the limits of the experimental method of
analysis, the pure metals analyzed to 100.0%
purity.

The results at the end of each table identified by
an a represent those results for which the Reynold’s
number is higher than that at the limit of the
water calibration data. The limit of the water
calibration is a Reynold’'s number of 2500 whereas
the result at 689° for the high potassium alloy
represents maximum flow conditions for the liquid
metals—a Reynold’s number of 3500. However,
it is felt that streamline flow, for the long capillary
under the conditions of measurement, will persist
through this flow region and that the Poiseuille
calibration will be valid for the full range. The
uniformity of the viscosity data for the metals over
the full range attests to this conclusion. The meas-
urements for potassium were terminated at 400°
due to the development of a leak and subsequent
plugging of the capillary.

C. T. Ewing, J. A. Grand and R. R. Miller
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The temperature variation of viscosity for each
of the five metals can be adequately expressed by
the equation of Andrade6: = AecAT, in
which jj is the absolute viscosity, v is specific
volume, and T is the absolute temperature. Using
the method of least squares, the constants for this
equation were determined for each metal sample.
In each case the equation was derived from the
combined nickel and glass data. As the alloy
compositions used for the two sets of measurements
differed, low temperature results 'were obtained
from the glass measurements by interpolation. A
summary of the empirical constants for the Andrade
equation, and a comparison for the pure metals
with similar constants from NRL data in glass and
from data by Chiong, are presented in Table VI.
The constants for sodium in all three cases show
close agreement. The discrepancies, which have
been mentioned, for potassium between the NRL
data and Chiong’s data are of course evident in the
constants.

Tabie VI
Empirical Constants for Andrade Formulas
Constants NRL Data
Low Combined high
Compn., temperature temperature Constants
wt. % work work Chiong data
potas- A X A X A X
sium C 10+3 C 10 +s C 10+3
0.0 756.9 1.089 739.8 1142 716.5 1.183
28.3 743.3 1.046
43.3 722.2 1.052
66.9 694.0 1.059
100.0 742.8 0.9114 716.0 0.9673 600.0 1.293

Combining the low and high temperature vis-
cosity results, a composite set of viscosity-composi-
tion isotherms can be readily drawn for the full
temperature range, from which viscosity-tempera-
ture relationships for any composition can be
interpolated. Below 200° the isotherms will
represent the higher accuracy results in glass,
while above 200° they represent the measured
results in nickel. Coefficients estimated in this
manner should have an error of £2% below 200°
and above 200° a graded error from +2% to = 10%
at the highest temperature. The 10% error
would represent a maximum figure taking into
account uncertainties in the extension of the
water calibration for the higher temperature
results.

Acknowledgment.— The authors wish to acknowl-
edge the assistance of Dale D. Williams, H. P.
Richey and R. E. Ruskin of this Laboratory.

(5) E. N.daC. Andrade, Phil. Mag., 17, 698 (1934).
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ISOTHERMS

By M. L. Corrin and C. P. Rutkowski
General Hlectric Research Laboratory, Schenedtady, N. Y.

Received May 26, 1954

Adsorption isotherms of krypton on calcium halophosphate under certain conditions exhibit discontinuities; under other
conditions, the isotherms are smooth. The smooth isotherm is probably the equilibrium isotherm. The very marked
effect of the time allowed for adsorption of the first increment on the later points is indicated.

The existence of discontinuities in adsorption
isotherms, which are equivalent to first-order phase
transitions in the adsorbed film, has been a matter
of controversy. Such transitions have been re-
ported by Harkins, Jura and their co-workers,1
and by Ross and Boyd2, work on similar but not
identical systems by Smith,3 Young, Beebe and
Bienes,4and Corrin5has failed to confirm the earlier
findings. These later workers point out that it was
quite possible equilibrium was not attained in
those experiments in which discontinuities were
observed. Recently Ross and his co-workers6
have reported the existence of first-order transitions
and supersaturation effects on sodium chloride,
potassium chloride and asbestos.

We have observed an apparent first-order phase
transition for the adsorption of krypton on a
calcium halophosphate at 77.3°K. The general

Fig. 1.—Rates of adsorption in cylindrical bulb system.
(Only 1 point, V, shown in transition region.)

(1) G. Jdura, W. D. Harkins and E. H. Loeser, J. Chem. Phys., 14,
344 (1946); G. Jura, E. H. Loeser, P. R. Basford and W. D. Harkins,
ibid., 14, 117 (1946).

(2) S. Ross and G. E. Boyd, MDDC Report 864 (1947).

(3) L. N. smith, J. Am. Chem. Soc., 74, 3477 (1952).

(4) D. A. Young, R. A. Beebe and H. Bienes, Trans. Faraday Soc.,
49, 10S6 (1953).

(5) M. L. Corrin, T his Journal, in press.

(6) H. Clark and S. Ross, J. Am. Chem. Soc., 75, 6081 (1953); S.
Ross and W. Winkler, paper presented American Chem. Soc. Meeting,
Kansas City, Mo., 1954.

experimental setup was that of a surface area
system; stopcocks were employed and a thermistor
gage served as the pressure measuring device.
The sample was contained in a cylindrical glass
container 12 mm. in diameter and was degassed 16
hours at 350°. Gage readings are plotted against
time in Fig. 1; the readings are sensitive to +0.05
pa. or, in the pressure region of interest, +0.3
micron. It should be noted from these plots that
apparently equilibrium has been attained in two
hours; i.e., with the sensitive pressure measuring
system employed, the pressure is apparently then
constant with time. The two hour points are
plotted in Fig. 2 (open circles) as an isotherm;
one marked first-order transition occurs and there
are indications that at least two more discontinui-
ties exist.

Fig. 2.—Isotherms obtained: open circles, 2-hour points
in cylindrical bulb; closed circles in tray system; 16-hour
equilibration time for initial point.

A similar sample was then placed in the tray
system described by Jura and Criddle.7 The
apparent rates of adsorption appeared less than
with the cylindrical bulb and the pressure was still
decreasing markedly at the end of two hours.

(7) G.Juraand D. Criddle, This Journal, 55, 163 (1951).
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The sample was then degassed and the first incre-
ment of gas allowed to remain in contact with the
solid for 16 hours. With succeeding increments
the rate of adsorption was quite high and apparently
equilibrium attained in five minutes. The isotherm
thus obtained is plotted as partially filled circles
in Fig. 2. It should be noted that this isotherm is
smooth and coincides with the discontinuous
isotherm at pressures exceeding 7.5 microns.
We thus have looked at three systems: (1)
Two-hour points with a cylindrical sample con-
tainer. Apparent equilibrium was attained; the
isotherm was discontinuous. (2) Two-hour points
with a tray sample container. Apparent equilib-
rium was not attained and adsorption rates were
slow as compared to (1). (3) Apparent equilibrium
points with a tray sample container; the initial

L. K. J. Tong
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point was measured after 16 hours. The isotherm
was continuous. Isotherms (1) and (3) coincide at
higher pressures; at equal pressures the amount
adsorbed by isotherm (3) is equal to or greater than
the amount adsorbed by isotherm (1).

It would appear that the continuous isotherm
(3) rather than the discontinuous isotherm (1)
represents the equilibrium state. It is not possible,
however, to rule out the possibility that (3) repre-
sents a “supersaturation” phenomenon and that
the discontinuous isotherm has significance. The
marked dependence of the rates of adsorption on
the time allowed for attainment of equilibrium of
the first point is evident; no explanation can be
offered at the present time. These findings suggest
that any measurements vyielding discontinuous
isotherms be carefully checked.

KINETICS OF DEAMINATION OF OXIDIZED
N,N-DISUBSTITUTED p-PHENYLENEDIAMINES

By L. K. J. Tong

Communication No. 1649from the Kodak Research Laboratories,
Research Leboratories, Eastrman Kodak Cormparyy, Rodester, N. 7.

Received May 89, 1954

An experimental technique is described for following the reactions of the deamination of oxidized N,N-disubstituted p-

phenylenediamines.

equation involving the product of the concentrations of hydroxide ion and quinonediimine.

Over a pH range of 7 to 12, the deamination of the substituted amino group fits the second-order rate

The deamination of the unsub-

stituted amino group fits the first-order rate equation in buffered solutions, and the rate constants are insensitive to the change
in pH. The variations in reactivity due to substitution can be largely accounted for by inductive effects.

Introduction

Many of the processes of color photography
employ a substituted p-phenylenediamine type of
developing agent to obtain a reduced silver image
from the exposed silver halide emulsion. In the
reduction of silver halide, the diamine is oxidized
to the diimine, which then undergoes a coupling
reaction with a suitable agent, called a coupler,
to form an appropriate dye.1 In any study of the
mechanism of the dye-forming reactions, a knowl-
edge of the stability and reactivity of the diimines
is a prerequisite. This paper describes the de-
velopment of suitable techniques for studying in
solution the Kkinetics of the reactions involved, the
application of these techniques to the specific
problem of the rate of deamination of the diimines,
and the interpretation of the results obtained.

It has been known for a long time that both
substituted and unsubstituted quinonediimines
undergo deamination reactions in acid solutions.23
In alkaline solutions, N-substituted quinonedi-
imine has been shown by Cameron4to be highly
unstable, but the reactions involved were not
specified. We shall show in a later section that

(1) C. E. K. Meea,
rev, ed., The Macmillan Co.,

“The Theory of the Photographic Process,”
New York, N. Y., 1954, p. 586. R. M.
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the main reaction involved at high pH is the deam-
ination of the substituted imino group.

Experimental

Materials.—For convenience, the developing agents will
be referred to in this article by roman numerals as given in
Table 1. These N,N-disubstituted phenylenediamines be-
long to a class of color-developing agents commonly used.
The samples were as prepared for earlier experiments5 and
have been stored under refrigeration. Compound IX was

Tabte |

Structure op Developing Agents

Rp
AN —<( )>--NH 2aY
Ib- \
X
No. Ri R, X Y (salt)
| H H H 2HC1
11 CH, CH3 1] HOI
11 chb5 ckhb H HC1
v ch5  CH* CHj HCL
\Y c2h5 ch3olhhch4— |l 2HC1
VI CH5 ch3o2hhch4— CH, HX04
VII ch5 chIohchi— ch3 7AS04
ch3

VIl ho— NH2VJCOOH)2
IX HO— NHrHCI

\
CHn

(5) R. L. Bent, etal,, J. Am. Chem. Soc.. 73, 3100 (1951).



Dec., 1954

recrystallized from 95% alcohol before use. Fresh solutions
of the developing agent were made for each experiment by
addition of water to a weighed sample.

Phosphates used for buffers were C.p. KHP04 and
KH2PQi. The solutions were made up to an approximate
pH by addition of concentrated NaOH to 0.2 M phos-
phate. The final pH of each reaction mixture was de-
termined directly with a glass electrode. a-Naphthol was
Eastman White Label grade. Butyl acetate was Eastman
Special grade. K3 e(CN)6was C.p. grade.

Procedure.—Preliminary experiments on the reaction of
the diimines with a-naphthol to form cyan dyes established
several facts which served as a basis for the development of
suitable apparatus and techniques. (1) In aqueous solu-
tions, the rates of deamination of the diimines are quite
rapid at high pH. (2) The deamination reactions are
“stopped” or reduced to a negligible rate when the pH is
lowered to 6. (3) At pH 6, each diimine and one of the
products of its deamination couple quantitatively with a-
naphthol, giving dyes which are blue and red, respectively.
A mixture of these two dyes can be analyzed quantitatively
by extracting with butyl acetate and obtaining spectro-
photometric curves.

On the basis of this information, a standard procedure
was adopted to follow the kinetics of the reactions. First,
the developing agent was oxidized with potassium ferricyan-
ide by mixing the solutions of the two reagents. The de-
amination reaction was then initiated by the addition of
alkaline buffer, and, after a predetermined reaction interval,
it was stopped by the addition of acid buffer to bring the
final pH to C& 6-7. More ferricyanide was then added in
those experiments where it was not initially added in excess
(ferricyanide/developing agent—4/1 mole ratio). Finally,
a-naphthol was added, and after 20-30 minutes’ standing,
the dyes were extracted with butyl acetate and their con-
centrations determined spectrophotometrically.

At low pH values, the deamination reactions are slow,
therefore the mixing of solutions was carried out in flasks
using hypodermic syringes. At higher pH’s, however, the
fast reactions were followed by the steady-state flow method,
using the jet-mixing machine designed by Dr. W. R. Ruby,
of these Laboratories. The details of construction of this
machine will be published elsewhere. Essentially, the
machine has three consecutive mixing chambers separated
by spacers of variable path lengths. In the first chamber
(A), solutions 1 and 2, below, are mixed, and in the second
and third chambers (B,C), solutions 3 and 4, respectively,
are added to the main stream. Solution 5 was placed in the
receiver. The operating velocities were kept sufficiently
high for turbulent flow.

Unless otherwise specified, in all experiments on rates,
the concentrations, volumes, and mixing sequences used
are those according to Table Il. All reaction rates were
measured at 25 + 0.1°.

Tabte Il

Reagents and Order of Mixing

Volume, cc.

Solution Concentration Machine Syringe
I Developing

agent 0.75 X 10“3M 7.33 100
2 K3Fe(CN)6 4.8 X 10“3 7.33 10.0
3 Alkaline

buffer 0.2 MPhosphate 14.66 20.0
4 Acid buffer 0.25 M KILPO, 29.32 100
5 a-Naphthol 2.0 X 10~3M 5.0 5.0

After 20-30 minutes’ coupling, the dyes were extracted
with 50.0 cc. of ra-butyl acetate.

Spectrophotometric curves for each dye extract were ob-
tained between 400-700 mMon a General Electric Recording
Spectrophotometer. Under the conditions in the standard
procedure, the formation of “blue” dyes is very fast, usually
reaching completion in less than one minute. The forma-
tion of “red” dyes is somewhat slower, requiring approxi-
mately 10 minutes. To provide a safety margin, the normal
procedure allows 20 minutes reaction time before the dyes
are extracted. In preliminary experiments it was noted
that, when a-naphthol was added at higher pH, or when a
larger excess of oxidant was used, colored products were
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produced from oxidation of a-naphthol. Fortunately, they
disappeared after a few hours of standing in the extract be-
fore analysis.

Calculations.— Concentrations of Reactants and
Products—The unreacted oxidized developing
agents couple with a-naphthol to produce “ blue”
dyes of the indoaniline type, while one of the prod-
ucts of decomposition couples with a-naphthol to
produce “red” dyes of the indophenol type. The
identification of the “red” dye (see later section)
established the decomposition reaction to be prin-
cipally that of deamination with the removal of the
substituted imino groups. The concentrations of
the two dyes were calculated from the density
measurements in butyl acetate at two wave lengths,
usually at the Ame®s. The sum of their concen-
trations could also be calculated from the isosbestic
point for the pair.

Molar absorbancies were calculated from meas-
urements with dyes produced from known quanti-
ties of the diamine in the presence of excess ferri-
cyanide and a-naphthol. Under these conditions,
side reactions are negligible, and the yields were
assumed to be quantitative. In cases where
isolated and purified dyes were available (com-
pounds Il to 1V), the absorbancies obtained from
them agree with those obtained by the above
method, within the limits of experimental error
throughout the visible range.

The concentration of the oxidized diamine (A)
and that of the deamination product (B) in the
aqueous phase are related to the concentrations of
the “blue” and “red” dyes, (C) and (D), in butyl
acetate by the equations

Vaoreos X (€) (®

Vageas X @) (2)
where VbulAc and Vagueous are the volumes of the
butyl acetate phase and of the aqueous phase,
respectively.
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Treatment of Kinetic Data.—In anticipation of
the supporting evidence to be given later, let us
assume that the following conditions hold.

In the presence of excess K3Fe(CN)G the

diamine is quantitatively oxidized to quinone-
diimine.
NH
Ri Ri

The quinonediimine then reacts according to the
scheme

QY

Reaction

(-H D) > L

Reac;ion (+H D)

In a given buffer, reactions 1 and 3 combine to
remove (A) according to the first-order rate equa-
tion

M) = _(f + K3(A) (3
Upon substitution of (A) from equation 1
= -(fc + fcXC) ®)

and (fci + k3 can therefore be calculated directly
from the concentration change of the “blue” dye.
The individual constants can be resolved in this
case, owing to the fact that the product of reaction
1, quinone-monoimine (B), couples with a-naph-
thol to form the “red” dye, while the product of
reaction 3 does not couple. Therefore, since the
value of k2 and the variation of (B) with time are
known, ki and /;3can be resolved.

The procedure followed was first to measure f2
in the same buffer, starting with (B) produced by
oxidation of the corresponding aminophenols (com-
pounds VIII and I1X). It will be shown later that
reaction 2 is also first-order with respect to (B).
In experiments starting with (A), (B) will therefore
vary with time according to the equation

N = 5(A) - fe(B) 4

Solving the differential equations 3 and 4, with the
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boundary conditionsatt = 0; (A) = (A)0, (B) = 0,
one obtains

(A) = (Ao exp [(h + K3t (©)
(&) fe'[(A()%epr'G)' (A)] )

where (A)0is the initial concentration of the di-
imine. After substituting equations 1 and 2
into equation 6, one obtains

h _ (D)
(h + K3—ki)  (C)oexp (—K&) —(C)

Thus, when (D) is plotted against (C)0exp {—kit)
— (C), the ratio on the left-hand side of equation 7
is obtained from the slope. The values of fg
and ki can now be calculated from this ratio and
the known values of (fci + 3 and 2

For p-phenylenediamine, deamination at either
end-group leads to the same intermediate (B).
We have, therefore

A= 22fc(A) (8)
and
= 203A) - HB) 9

After integration and substitution of appropriate
constants, the following equations are obtained

(A) = (A)oexp (—2X3) (10)
and
e\ 2fa(A)0exp (—kit) —exp (—2<3)]
() P — 1 Al [ EE———— 1)

In terms of (C) and (D), the last equation becomes
/D) = 2c3C)0 [exp (-Kit) - exp (—2AQ)]
2kK3— ki
For reactions taking place between two mixing
chambers and with uniform flow, the reaction time,
t, upon reaching the second chamber, is

_ At
t= Al X AV
where
A = cross-section of the reaction tube (mm.2)

| Ienc};]th of the reaction tube (mm.) (spacer and
chamber)

AF = vol. of soln. delivered (mm.3

At = time required for delivery (sec.)

For a first-order reaction, one obtains the ex-
pression
dlog C

dt

In the experiments, A = 2.045 mm.2and AV =
2.932 X 104 mm.3 After substitution of the ex-
pression for t with its constants, this equation
becomes

= -2.303

, —3.31 X 104d log (C)

* I dAi (13)

The rate constants were calculated graphically
from the slope of log (C) vs. At plots, using the
appropriate value of I for the given spacer.

Results and Discussion

Identification of Reaction Products.—When com-
pound IV was oxidized and allowed to react at pH
12 for increasing time intervals, before the reaction
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Tabre I
Deamination of Quinonediimine fbom Compound |V, leZ
Solution 1 = compound IV (7.5 X 10-4 M); solution 4 = acid stop.
Path length, mm.

Expt. Chambers Chambers

no. Soin. 2 Soin. 3 A-B B-C ki (sec. 1)
10 KFe(CN)g 4.8 X 10"sM Phosphate buffer, pH 12 15.3 90.9 12.3
20 KFe(CN)g 4.8 X 10"3M Phosphate buffer, pH 12 75.0 90.9 12.3
30 KFe(CN)g 7.5 X 104M Phosphate buffer, pH 12 75.0 90.9 17
40 HD Fe(CN)6-32.4 X 10-*M 15.3 50.2 12.6

in phosphate buffer, pH 12

was stopped by reducing to pH 6 and the products
were allowed to couple with a-naphthol, the result-
ing dye mixtures gave a series of absorption curves
in butyl acetate (Fig. 1) showing a continuous
decrease of bm and a continuous increase of Z>510
resulting in an isosbestic point at 518 mu. The
existence of an isosbestic point suggested an equi-
molar conversion of the diimine to a product
capable of coupling with a-naphthol to produce a
red dye. That the red dye was a product of
coupling was evidenced by the fact that it was
absent in the extract without the addition of a-
naphthol. Since coupling would not be likely
without the NH2group, and dyes of the indophenol
type are known to be red in solvents like n-butyl
acetate, it was speculated that the most probable
reaction taking place in the decomposition of the
diimine involved the loss of the substituted imino
group. This was confirmed by comparing the
absorption of butyl acetate solutions of dyes from
three sources as follows.

Sample 1 was extracted from the product of
coupling between a'-naphthol and the deamination
product of oxidized compound IV. The molar
absorbancies were based on the initial concentra-
tion of IV.

Sample 2 was an extract of the product of coupl-
ing between o-naphthol and oxidized 2-methyl-4-
hydroxyaniline (compound 1X). The molar ab-
sorbancies were based on the initial concentration of
I1X.

Sample 3 was a large batch prepared as for
sample 1. This was extracted, isolated and re-
crystallized from a benzene-cyclohexane mixture.
The isolated dye had the following analysis (com-
pared with the theoretical composition based on the
assumed formula for the indophenol dye): Calcd.:
C, 77.6; H, 5.0; N, 53. Found: C, 77.6; H,
5.0; N, 55.

The molar absorbancies were calculated by using
the molecular weight of materials having the same
formula. Comparison of molar absorbancies for
the visual region for the three samples shows that
they were identical.

Further evidence that the deamination product
is identical with oxidized compound 1X is afforded
by the fact that they both underwent further
reaction and disappeared at the same rate (Table
V).

\)/alidity of the Method.—Before the results of
the kinetics are discussed, the characteristics and
performance of the mixing machine upon which
the validity of these results depends will first be
described. It has been implicitly assumed that

the duration of the deamination reaction is the time
required for the solution to flow from chamber B
to chamber C and that sufficient time has been
allowed for the oxidation of the diamine tc take
place beforehand. These assumptions are sup-
ported by the experiments described in Table III.
Thus, there was no observable change in the rate
either in experiment 20, where the time allowed for
oxidation was increased to five times normal
(experiment 10) by insertion of a spacer between
A and B, or in experiment 40, where ferricyanide
was dissolved in the alkaline buffer, so that oxida-
tion and deamination began simultaneously.

The accuracy of the flow method is evidenced
from the results plotted on Fig. 4. Although the
points below log k = —1 were obtained using
manual mixing and those above it using machine
mixing, it is apparent that they all lie on the same
straight line without serious breaks.

In normal runs, the reactions were carried out
using an excess of ferricyanide, the diamines were
oxidized practically completely to the diimines and,
as shown in Fig. 2, the rate was found to be propor-
tional to the diimine concentration. Experiment
30 (Table I11) was performed with one-half the
amount of ferricyanide theoretically required to
oxidize the developer to diimine, additional ferri-

Fig. 2—Extent of reaction as a function of machine
speed and path length. Curves 1, 2, 3 and 4 have spacer
lengths of 0, 9.68, 34.68, 84.68, respectively, and slopes of
6.0, 10.3, 20.0, 38.8 X 10s respectively.
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cyanide being added to the a-naphthol for analysis.
Under this condition, which is most favorable for
semiquinone formation, the rate constant, calcu-
lated on the basis of a diimine concentration equiv-
alent to the limited ferricyanide used, was the
same as when excess ferricyanide was employed.
The fact that ‘'he rate was found to be the same
under the two sets of conditions shows that semi-
quinone formation is insignificant under these
conditions, except for the improbable situation
that the rate of deamination of the semiquinone is
exactly one-half the rate for the diimine.

Kinetics.—In the analysis of kinetic data, k3
was first obtained, using compounds VIII and IX,
which produce the quinonemonoimines (B) directly
upon oxidation The immediate product for this
reaction is suspected to be a quinone; however, in
the presence of high pH and excess KFe(CN)§ it
is likely to undergo further reaction. The rate
law for the conversion of B was found to be of the
first order in respect to (B) from pH 12 down to
pH 5. At lower pH, deviations from the first-
order rate equation were noticed. In Table 1V,
two rate constants are given for compound 1X for
pH 12. In one of the runs, the quinonemonoimine
was produced directly by oxidation of 1X, while in
the other run it was a product of reaction 1, starting
with compound 1V. The close agreement of the
reaction rates supports the conclusion that the
reacting compounds are the same in the two cases.

After f?and (&h + k3 were independently deter-
mined for each pH, Aand k3 were resolved by the
use of equation 7. From the results given by
earlier workers2for p-phenylenediamine, reaction 3,
the predominant reaction in the acid region, is
suspected to be the removal of the unsubstituted
imino group. It is probable that the product of
this reaction also undergoes further reaction in the
presence of excess ferricyanide.

As an example of the graphical method used to
resolve A and k3 for the various compounds, the
data for compound IV at three different pH’s
are plotted according to equation 7, in Fig. 3.

Fig. 3.—Graphical resolution of ki and K2for compound
IV: Curves 1, 2 and 3 have pH’s 7.03, 8.00 and 8.85,
rgsplectively, and slopes of —0.8, 0.95 and 0.77, respec-
tively.

The symmetrical p-phenylenediamine (compound
1) represents a special case where 2k3=(ah + K3.
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T abte IV
D eamination of Unsubstituted Imines, 25 + 0.10
Compound (B)o (moles/l.) pH kt (see.-1)
(@ VIl 25 X 10 M 611 154 X 10-
7.09 0.55 X 10
7.9 192 X 10-3
8.69 131 X 10"@
9.78 115 X 103
10. 95 154 X 10"
11. 89 384 X 10-°
(1» 1X 25 X 10~4M 6. 11 1.62 X 10-3
7.08 0.71 X 10-3
7.95 16 X 10-3
8.75 12 X 10-®
9.9 08 X 10"
12.0 18 X 10-®
12.0 19 X 10-%®
kz (seo,rll)
(0) 1 1.25X10M 6.06 6.34 X 10-3
7.03 1.04 X 10-3
8.04 0.43 X 10-°
868 3B X 102
10. 25 33 X 10-°
1180 3 X 10-°
12. 15 33 X 10-3
Compound (A)o (moles/l.) pH qif-i)q
(d) 111 1.25X 104 0.10 0.546 X 10-2
1.88 X 10-" 7.11 110 X103
1.88 X 10%4 8.00 6.48 X 10
1.25 X 10%4 8.96 57.2 X 10-3
1.88 X 10-4 10.10 1,24
1.88 X 10“4 11.10 11 10
1.88 X 10-4 1 .96 77.6
(e) IV 125X 10"4 7.02 0390 X 102
1.25 X 10~4 8.00 112 X 10-3
1.88 X 10'4 8.85 8.65 X 103
1.88 X 10“4 10.04 0.141
1.88 X 10° 4 nog 2@
1.88 X 10-4 11.59 5.84
1.88 X 10“4 11.93 13.2
® 1.88X10'4 7.10 25 X 10-®
8.02 163 X 1073
10.02 2.53
11.10 30.4
11.95 196
(99 V  1.88 X10%4 7B s X 10°3
8.65 122 X 103
Qg 04177
11.10 421
11.96 2.16
(1) VI 1.88 X 10-4 798 214 X 10°3
8.65 319 X 103
10.06 0.166
11.02 .519
11.93 2.86
(i) VIT 1.25 X 10“4 7.05 0.87 X 102
8.06 55 X 10
8.90 33 X 10-
10.10 0.85
11.09 7.3
11.96 5.5

° Quinonemonoimine was a product of reaction 1.

The concentration of the intermediate (B) has been
calculated from equation 12, using independently
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Fig. 4—Pseudo first-order rate constants for deamination
of non-dissociating quinonediimines

determined values of 2 and 3 The calculated
concentrations plotted vs. time agree with the
experimental points obtained at pH’s 7.03 and 8.88.
To save space, the figure showing this is not in-
cluded here.

A summary of the results appears in Table IV
and Fig. 4, from which it is evident that, while fc
is very sensitive to pH variations, f2and fc3are not.
In Fig. 4, log hi was plotted vs. pH, the data in-
cluding the majority of compounds studied. For
this group, the points for each compound fall on a
straight line, with the slope near unity. It is
apparent that fo is a pseudo first-order rate con-
stant. It was, therefore, converted into a second-
order constant, ft4 by the relationship, fo4 = fci/
OH-. For this calculation, (OH-) was taken as
log-1(pH — 14).

For compounds V and VI, the effect of pH on
fci is twofold; besides the dependence on (OH-)
as shown above, there is an indirect effect due to
the change of ionic forms of the diimine.

Both V and VI have ionizable sulfonamido

groups. Thus, oxidized V ionizes as
NH NH
(+ABH) (+AB-)

Let (+ABH) represent the ion on the left-hand side
and (+AB-) represent the zwitterion on the right-
hand side. Let us assume that the two ions
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Fig. 5.—Pseudo first-order rate constants for deamination
of dissociated quinonediimines. Points are experimental.

Curve calculated from equation 15. Compound V, kt =
2X 104K = 22 X 102and K = 1.3 X 109, compound
VI, KA= 45 X 103 W = 3 X 102and K = 3 X 10'D

deaminate according to the equations

+ABH + OH- —K> P
and

ki
+AB- + OH- — P

Also, let us assume that the ionization is in equilib-

rium, during the reaction, with K = k3/k7. Then
—d[(+ABH) + (+AB-)]
di
[L(+ABH) + fc/(+AB-)]JOH- (14)

where fo4 and f4 are second-order rate constants.
After the substitution of the equilibrium concen-
trations for (+ABH) and (+AB-), we obtain

-din [(+ABH) + (+AB-)]
dl ~
K(oH-)
A(OH-) + knj *
Kt [ K(oH-)

X(OF~ + kng\(©H) @5)

If the proper values are selected for f4 w and K,
with kw = 10-14, the pseudo first-order constant
fci can be expressed as a function of pH. The
experimentally determined values of fci at different
pH's are plotted in Fig. 5, along with the curves
calculated by the above equation, using the follow-
ing values for the constants

Compound \Y% Vi
K, 1./mole sec. 2 X 104 4.5 X 105
Kt 1./mole sec. 2.2 X 102 3 X 102
K, I./mole sec. 1.3 X 10-9 3 X 10-10

It is interesting to note that the pk's (9-10)
so obtained for the diimines are lower than those
for the corresponding diamine developers (pK ca.
11).6 This is reasonable, because the positively

(6) R, J, Gledhill, private communication.
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Table V

Specific Rate Constants and Structures of Quinonediimine

Original diamine 11 1

NH NH
Diimine

¢H3 ¢ H3
log hi or log kJ 4.40 3.72
Original diamine \ \Y

NH NH

A A
y

®N—C2H5

Diimine

1 0
chdhhso2xh3

log ki or log W 4.30 2.34
charged diimine should be a stronger acid than the
unoxidized free base. It is also interesting to note
the linear relationship between Ic, and pH for
compound VII. This developer is similar to VI,
except that the ionizable H on the sulfonamido
group is replaced by a CI[3 group, resulting in
behavior similar to that of other un-ionizable de-
velopers.

Effect of Structure on the Rate of Deamination.
Removal of Disubstituted Imino Group.— For this
reaction, comparisons are made of the specific
rate constant, hi. Since, for different compounds,
this constant is not exactly independent of (OH-),
extrapolated values at pH 12 were used, with the
exception of V and VI, where fc4dand W were ob-
tained as described in the previous section. In
Table V are listed the structures of the reacting
diimines, together with the log of kt.

The structures in Table V show the charge on the
substituted N, but a more complete representa-
tion according to the resonance theory should
include some of the main contributing structures.

NH

(+)N —R.

The experimental results are consistent with the
hypothesis that the rate-determining step is the
direct attack by the (OH-) on the ring carbon to
which the substituted N is attached, followed by a
rapid scission of RIR2N : and H +, and rearrange-

ment of the C -0 bond.

®N—CHS5

CHANSO2CH3

v Vil
NH NH
®N—C2H5
@WI2H5 CARNSOXH3
CH3
3.22 3.78
v 2
NH
1
(fY-CH,
®N— C2H5 ®N—C2H5
1 19
C2HANHS02CH3 CHINSOXH;

3.65 2.48

This mechanism pictures the reaction as an
attack on the ring carbon by a nucleophilic reagent,
and any substituent which effectively makes the
reacting carbon atom more positive should increase
the rate. Conversely, a substituent which makes
the carbon atom more negative should decrease
the rate. The results shown in Table V can be
interpreted on the basis of this assumption.

The difference in structure between compound
11l and compound IV is a-CH 3group in the ring.
By an inductive effect, this substitution of an
electron-repelling -C H 3group deactivates the meta-
position toward nucleophilic attack. This results
in a rate decrease in going from IIl to IV. Simi-
larly, a decrease in rate was observed in going from
V to VI when they are in the acid form.

Inductive effects due to the substituents on the
nitrogen atom produce similar results. In going
from 11 to Ill, there is a rate decrease, which can
be explained on the basis that CZ2H5is more elec-
tron-repelling than -CH 3 In V, the positive effect
of -C 2H4 is partially neutralized by -NHS02CH3
and therefore its rate is higher than that of III.
The partial neutralization of -C 2H5by substitution
of -NH SO ZXZ H3is again illustrated by the fact that
the rate is higher for VI than for IV. The rates
for the dissociated (basic) species of V and VI are
very much lower than for the undissociated (acid)
species, since a formal negative charge on the
sulfonamido group must greatly decrease the
positive charge of the ring.

Removalof=NH .— The unsubstituted p-phenyl-
enediamine differs from the other diamines in that
the resulting diimine is probably neutral. Being
neutral, its reaction with (OH-) would be expected
to be much slower. Based on this and the addi-
tional fact that the rate of deamination for this
compound is relatively insensitive to pH change,
the reaction above pH 8 is suspected to be pre-
dominantly an uncatalyzed hydrolysis.
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In a more acid region, a proton is added to one
of the nitrogens to give the positive ion

and the rate of hydrolysis of this ion is faster than
that of the symmetrical neutral molecule. This
accounts for the increase in rate for the acid region.
This assumption is not unreasonable because the
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uncharged molecule, being symmetrical, is stabil-
ized more by resonance. From the similarity
among all the values of k2 and k3 (except those for
V and V1) and the relative insensitivity to varia-
tion of pH, one is led to suspect that all of the
reactions removing =N H follow the same mecha-
nism, hydrolysis, either uncatalyzed or catalyzed by
H+.
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It is shown that purified sodium dodecyl sulfate, on equilibrium dialysis in the presence of salt, does not distribute itself

equally across a Cellophane membrane when the total concentration is above the critical micelle concentration.

This is

considered to support the hypothesis of Yang and Foster that the solution inside the dialysis bag contains micelles plus

single ions whereas that on the other side of the membrane contains single ions only.

The size of the micelles decreases with

decreasing salt concentration to such an extent that, in the absence of salt, diffusion of micelles through the membrane

occurs, resulting in equal concentrations of detergent on both sides of the membrane when equilibrium is reached.

It is

also noted that certain commercial detergents cannot be completely removed from solution by exhaustive dialysis.

Introduction

The work of Yang and Fosterl with the com-
mercial detergents, Santomerse No. 3 and technical
alkyl dimethylbenzylammonium chloride2 has
shown that, on equilibrium dialysis, the detergent
ions do not distribute themselves equally across a
Cellophane membrane, except at concentrations
below the critical micelle concentration. They
interpreted this as indicating that on one side of
the membrane the solution at equilibrium con-
tains both single ions and micelles whereas on the
other side of the membrane it contains single ions
only. In a subsequent discussion of this paper
Mysels3 suggested that this apparently non-uni-
form distribution may be an artifact due to the
presence of non-diffusible impurities (such as
aromatic oils) in the commercial detergents used.

We had already observed (unpublished work)
that solutions of the commercial detergents
Duponol C, Santomerse No. 1, etc., could not be
completely freed from detergent by exhaustive
dialysis against running water. The work on
which we were engaged at the time required a
detergent which was completely diffusible through
Cellophane and a sample of sodium dodecyl sulfate
prepared from carefully fractionated dodecyl alco-
hol was found to fulfil these requirements. In view
of the uncertainty of the effects of detergent purity
on the interpretation of the results of Yang and

(1) J. T. Yang and J. F. Foster, T his Journal, 57, 628 (1953).

(2) The principal components of these detergents are sodium
dodecylbenzene sulfonate and n-dodecyldimethylbenzylammonium

chlorider
(3) K. J. Mysels, ThisJournat, 57, 633 (1953).

Foster, it seemed of interest to establish whether
there is a non-uniform distribution of detergent
ions across a Cellophane membrane when a pure
detergent is used. That this is indeed the case,
under certain conditions, is borne out by the results
which were obtained from both equilibrium dialysis
and osmotic pressure measurements.

Experimental

(a) Materials.— Pure sodium dodecyl sulfate was pre-
pared by the method of Dreger, Keim, Miles, SLedlovsky
and Ross.4 The first sample was prepared from carefully
fractionated dodecyl alcohol (b.p. 110.9° at 2.00 mm.).5
Later preparations were made from Eastman Kodak do-
decyl alcohol which had not been further purified and this
proved to be equally satisfactory. On exhaustive dialysis
each sample of detergent used was shown to diffuse com-
pletely through the Cellophane bag. This was ir_ contrast
to solutions of the commercial detergents where, initially,
a considerable proportion of the detergent diffused through
the Cellophane bag, but as dialysis proceeded the originally
clear solution remaining in the bag became progressively
more turbid and diffusion almost ceased. On raising the
temperature, the solution in the bag cleared and more de-
tergent diffused through, but a state was reached eventually
where even at 60° there was a precipitate in the bag and
scarcely any effusion of detergent.6

(4) E. E. Dreger, G. I. Keim, G. D. Miles, L. Shedlovsky and J.
Ross, Ind. Eng. Chem., 36, 010 (1944).

(5) This was kindly supplied by Mr. K. E. Murray, Division of
Industrial Chemistry, C.S.1.R.O., Melbourne, Australia.

(6) This phenomenon was attributed to the presence of higher
homologs in the commercial detergents used. Although the higher
homologs have Krafft temperatures above room temperature they
would be initially solubilized by the lower homologs present. As
these latter are removed by dialysis so the solubility o: the higher
homologs would decrease and, since the Krafft temperature increases
rapidly with chain length, it is not surprising that precipitates should
form which are insoluble even at 60°.
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Buffer solutions were made with distilled water and
Analytical Reagent grade salts.

(b) Analysis.— The concentration of detergent on either
side of the Cellophane membrane was determined by titra-
tion with cetyltrimethylammonium bromide (C.T.A.B.)
according to the method of Epton,7 using methylene blue
as indicator. The C.T.A.B. was purified by recrystallizing
1.C.l1. Cetavlon from aqueous acetone.

(c) Equilibrium Dialysis.— Visking Cellophane tubing
was freed from soluble material by repeated boiling with dis-
tilled water. Aliquots (10 ml.) of detergent solution were
placed in Cellophane bags and equilibrated against an
equal volume of buffer at either 28 or 38° for two days with
shaking. The detergent concentrations on either side of the
membrane were then determined by titration.

(d) Osmotic Pressure Measurements.— These were car-
ried out on dialyzed solutions in a llepp-type osmometer as
designed by Scatchard, Brown, Bridgeforth, Weeks and
Gee.8 The osmometer was immersed in a bath at 40° so
that the detergent remained in solution over the range of
ionic strengths used. Measurements were carried out on a
3% solution of detergent in water and in M /25 potassium
chloride. The membranes were Cellophane 300PT9 and
were thoroughly washed before use by repeated soaking in
detergent solution and water to free them from soluble
material.

Results

(@ Equilibrium Dialysis.— It was of interest
first to determine the effect of ionic strength on
the ratio of detergent concentrations (C,/C0O on
the inside (CO and outside (CO of the bag for the
same total concentration level (1% ) of detergent.
Figure 1 shows the results obtained using pH 7.1
phosphate buffers of differing ionic strength. Be-
cause of the increase in Krafft temperature with
ionic strength, ad of these solutions were equili-
brated at 38°, a temperature which is above the
Krafft temperature corresponding to the highest
ionic strength investigated.

ri/2.

Fig. 1.—The ratio Ci/Ci, as a function of ionic strength;
total detergent concentration = 1%, temp. = 38°, pH 7.1.

Figure 2 shows the concentration of detergent
both inside (C,) and outside (Co) the dialysis bag
for a series of solutions of varying detergent con-
centration but constant ionic strength. The buffer
used consisted of 0.02 M K2HP04 and 0.02 M
KH2P 04, pH 7.1 and ionic strength r/2 = 0.06.
The temperature of equilibrium was 28°.

(b) Osmotic Pressure.— In the case of the 3%
solution of sodium dodecyl sulfate in water, dialysis
led to equal concentrations of detergent on both
sides of the membrane and hence there was no
osmotic pressure developed. |If an undialyzed
solution was put in the osmometer the pressure rose
quickly to a maximum and then fell off to zero.
When the 3% solution of sodium dodecyl sulfate
was dissolved in and dialyzed against M /25 po-

(7) S. R. Epton, Trans. Faraday Soc., 44, 226 (1948).

(8) G. Scatchard, et al., Amer. Scient., 40, 61 (1952).

(9) Cellophane 300PT was supplied by E. I. du Pont de Nemours &
Co., Inc., Wilmington, Delaware, U.S.A.
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tassium chloride it was found that a large osmotic
pressure (ca. 40 cm.) was obtained which only
slowly fell off over several days and did not reach
zero.

Ci: mg./ml.
Fig. 2— Ci as a function of COat constant ionic strength;
r/2 = 0.06, temp. = 28° pH 7.1
Discussion

The results summarized in Fig. 1 establish the
main point of Yang and Foster’'s argument, viz.,
that under certain conditions detergent does not
distribute itself equally across a Cellophane mem-
brane. However, it must be emphasized that this
does not occur at low ionic strength. Figure 1
shows clearly that in distilled water there s
virtually a uniform distribution of detergent on
either side of the membrane, although the concen-
tration used (1% ) is well above the critical micelle
concentration for sodium dodecyl sulfate in dis-
tilled water (approximately 0.23%— Goddard,
Harva and Jones1l). The molecular weight of the
micelle at low ionic strength is thought to be in
the range 10-15,000 (Philippoffll), and it is well
known that Cellophane is permeable to particles of
this size. Although stable osmotic pressures could
not be obtained at low ionic strength using Cello-
phane as a semi-permeable membrane, an approxi-
mate value of 15,000 was calculated for the molecu-
lar weight of the micelles at ionic strength r/2 =
0.04 from the osmotic pressure at a concentration of
3%. This assumes no concentration dependence
of osmotic pressure and is therefore of doubtful
accuracy but shows that the micellar size is of an
order which would diffuse through Cellophane.

The decrease in diffusion across the membrane at
higher ionic strengths shown in Fig. 1 may be
attributed to an increase in the size and molecular
weight of the micelles. It should be noted that
Debyel2 showed by the light scattering technique
that the molecular weight of cationic detergent
micelles increases rapidly with chain length.

Figure 2 shows that at detergent concentrations
less than about 0.1% the detergent distributes itself
uniformly on either side of the membrane even
though the ionic strength (T/2 = 0.06) is moder-
ately high. This concentration range is probably
below the critical micelle concentration so that
only freely diffusible single ions are present in solu-
tion. As the detergent concentration increases,
the slope Co/Ci decreases, indicating non-uniform
distribution, until a plateau parallel to the C, axis
is reached. This is in contrast to the results of

(10) E. D. Goddard, O. Harva and T. G. Jones, Trans. Faraday
Soc., 49, 980 (1953).

(11) W. Philippoff, Disc. Faraday Soc., 11, 96 (1951).
(12) P. Debye, Ann. N.Y. Acad. Sci., 51, 575 (1949).
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Yang and Foster who found no plateau but simply
observed a curve of decreased slope after the initial
region where C/Ci = 1. This is probably ac-
counted for by a distribution of homologs in the
material used by later investigators. On the basis
of Yang and Foster’s discussion, the concentration
Co at which this plateau occurs would bte taken as
the critical micelle concentration of the detergent.
However, in view of the fact that micelles of
sodium dodecyl sulfate are able to diffuse through
Cellophane under certain conditions, this assump-
tion is not always justified. For purpose of com-
parison all results in Fig. 2 were obtained after a
standard time of two days. The concentration CO
corresponding to the plateau (ca.0.14%) thus repre-
sents not the CMC but the sum of the critical
micelle concentration and the concentration of
micelles which have diffused in this time. When
the concentration of detergent within the dialysis
bag exceeds approximately 1.5%, the concentration
Co increases with increasing C-, until a further
plateau is reached at C, approximately 2.0%. The
concentration Co at this plateau is approximately

Ternary Systems of Liquid Carbon Dioxide
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0.27%. This plateau extends to C; = 4.0%, the
highest concentration investigated. It is difficult
to understand the significance of this second
plateau. The most likely explanation is that it

represents the formation of a second type of micelle,
this latter being in equilibrium with a different
concentration of single ions. (For a compre-
hensive discussion of the types of micelles postu-
lated from time to time see McBain.18 It is
interesting to compare this effect with the results
of Ekwall and Passinen.l4 These workers studied
the solubilization of decanol in sodium oleate and
sodium myristyl sulfate and found that the com-
position of the detergent-alcohol complex was
constant as the detergent concentration was in-
creased above the critical micelle concentration
until, at considerably higher concentrations, (ca.
5%), the alcohol/detergent ratio increased, again
suggesting that the nature of the micelles changes
at these higher concentrations.

(13) J. W. McBain, “Colloid Science,” D. C. Heath and Co.,
Boston, Mass., 1950, pp. 255-261.

(14) P. Ekwall and K. Passinen, Acta Chem. Scand., 7, 1098 (1953).

TERNARY SYSTEMS OF LIQUID CARBON DIOXIDE1
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Dep?trrert, Pauisboro, New Jersey

Received June 1, 1954

Mutual solubilities of liquid carbon dioxide with each of 261 other substances are reported.
Some relations to structure are noted.

miscible with carbon dioxide.
fifteen per cent on mixing.

Triangular graphs are presented for 464 ternary systems involving liquid carbon dioxide.
They include those with three separate binodal curves (and three plait points) and several with

types, some of them novel.

a binodal band across two sides of the triangle and a separate binodal curve on the third side.

plait points although one pair of components is miscible.

Nearly half of these are
Density observations show contractions of ten to

These are of many different

Another system has three

Carbon dioxide has a strong homogenizing action upon pairs of other liquids at moderate concentrations, but a precipitating

action at higher concentrations.

In contrast to most solvents it has a selectivity against dicyclic hydrocarbons.

Cosolvents

were found necessary to make these unusual properties effective in solvent extraction of hydrocarbon mixtures.

The large collection of unusual graphs provides experimental evidence on methods of merging of binodal curves.

contact of convex curves always occurs at both plait points.

No ternary systems of liquid carbon dioxide have
been published. Miscibility relations of this con-
densed gas with other liquids have now been stud-
ied in an investigation of its possibilities for use in
solvent extraction.2 Cosolvents are necessary to
make its unusual properties available for that pur-
pose.

Several ternary systems with two separate bino-
dal curves were presented in a recent paper.3
Graphs with three such curves are suggested in
many physical chemistry textbooks, but no actual
example is recorded in the chemical literature.
For this type two incompletely miscible liquids
must become homogenized by addition of a third
liquid which is not miscible with either of the other
two; and this effect must occur with all three pairs.

(1) Presented before the Division of Physical and Inorganic Chem-
istry of the 126th Meeting of the American Chemical Society, New
York, September 15, 1954.

(2) A. W. Francis, U. S. Patents 2,463,482 (1949); 2,631,966;
2,632,030; 2.646,387 (1953); three other U. S. Patents applied for;
Ind. Eng. Chem,., in press, 1955.

(3) A. W. Francis, J. Am. Chem. Sue., 76, 393 (1954).

External

This would not normally be expected.4 Liquid
carbon dioxide yields many such systems.

Ternary diagrams were observed for 464 systems
involving carbon dioxide at or near room tempera-
ture. Several of these are of novel types including
21 systems with graphs showing three separate bi-
nodal curves, and 38 showing a binodal band across
two sides of the triangle and a separate binodal
curve on the third side. There are also 76 systems
with two separate binodal curves, 82 systems with
a binodal band so highly concave on its borders
as to indicate that it can be considered as a result of
a merger of two binodal curves; and 29 systems
with three liquid phases. The only type of ternary
all-liquid system observed elsewhere but no', among
the carbon dioxide systems is that of island curves
(ternary miscibility gaps not connected with binary
ones).

The property of liquid carbon dioxide which
makes these uncommon diagrams possible may be

4 C. R. Bailey, J. Chem. Soc., 123, 2579 (1923);

textbooks.

and several
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Apparatus and Materials.— All of the observations on
carbon dioxide miscibility were made in a visual autoclave.l

(5) A. W. Francis in “Solubilities of Inorganic and Organic Com-
pounds,” A. Seidell and W. F. Linke, eds., Suppl, to 3rd ed., D. Van
Nostrand Co., New York, N. Y., 1952, pp. 991, 994, 997, 1002, 1018.

(6) J. H. Hildebrand, B. B. Fisher and H. A. Benesi, J. Am. Chem.
Soc., 72, 4348 (1950).

(7) C.J. Egan, U. S. Patent 2,582,197 (1952).

(8) A. W. Francis and G. C. Johnson, IT. S. Patent, 2,663,670
(1953).

(9) E. H. Biichner, Z. physik. Chem., 54, 665 (1906).

(10) E. B. Auerbach, Brit. Patents 277,946 (1926); 285,064 (1927);
Can. Patent., 285,782 (1928); U. S. Patent, 1,805,751 (1931).

(111 W. F. Caldwell, Ind. Eng. Chem., 38, 572 (1946).
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This is a Jerguson gage of 116-ml. capacity with narrow
Pyrex glass windows about 17 mm. thick, front and back.
It has been tested to 400 atmospheres. Incandescent
lamps are mounted behind the vertical position. Agitation
results from rotation end-over-end within a heat insulated
case.

The reagents used were mostly from Eastman Kodak
Company, first grade, but not further purified except to
dehydrate those suspected of containing water. The in-
accuracies due to the amounts of other impurities likely to
be present are believed to be less than other experimental
errors. The hydrocarbon mixtures mentioned had the

following properties
Aniline

CS.T.,

Hydrocarbon mixture d™4 71200 °C.
Gasoline (straight run) 0.723 1.397 58.7
Kerosene (refined) .796 1.438 61.2
Fuel oil .853 1.479 62
Transformer oil .867 1.490 80
Lubricating oil (naph-

thenic) 910 1.5076 72
Bright stock (residual,

refined) .948 1.532 73.2
Crystal oil (Nujol) .891 1.4797 123
Binary Systems.— A “system” in this investigation in-

cludes only condensed phases, even though the weight of
the vapor phase is appreciable, because, with a few excep-
tions, it is substantially pure carbon dioxide. The auto-
clave was charged with liquid reagents from pipets through
a small glass funnel inserted through a 4.5 mm. hole in the
autoclave. Their weights were calculated from their den-
sities. Liquefied gas reagents were then added in the order
of increasing vapor pressure (butane, sulfur dioxide, propane,
propylene, hydrogen sulfide, ethane, carbon dioxide) from
steel lecture bottles attached through cone joints and a valve.
The lecture bottle was detached before agitation.

The weight of carbon dioxide (and those of other condensed
gases) added to a system was estimated from the increase
in liquid volumes, as indicated by the positions of the
meniscuses, and from the apparent density of dissolved
carbon dioxide as a function of the concentration. The
apparent density was ascertained from the new actual
density observed in typical cases by a special technique,
and an average value (0.7 to 1.36 depending on concentra-
tion) was then used for the various systems. Apparent,
density is here defined as the ratio of total increase in
Weight to the total increase in volume.
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The visual autoclave was charged with 5.0 mI or 4.39 g.
of pure benzene and three floats of densities 0.8486, 0.8203
and 0.7916, respectively. Carbon dioxide was added. All
three floated with a small volume and sank with a largo
volume. They barely floated at volumes (corrected for
volumes of floats) of 30.1, 44.3 and 64.6 ml. corresponding
to 25.5, 36.4 and 51.1 g., respectively (using the densities
of the floats, which equalled those of the liquid mixtures).
These indicated percentages of 82.8, 88 and 91.4% carbon
dioxide, respectively. In a single binary system two com-

positions with the same density were often observed.
Although the floats were necessarily thin walled (less than
0.2 mm.) in order to float, they were sufficiently rugged to
stand tumbling in agitating the system. They also had to
support an external pressure of 65 atmospheres without
crushing. The elastic contraction of the floats due to pres-
sure, which would make density observations too low, must
be very slight since a float which just sank (even in water)
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was floated by an increase in pressure, showing that the
I'q uid was more compressible than the float. In fact, it was
found that a fI at was compressed less tha e part in 105
per atmospher
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Tabte Il

M utual Solubilities with Liquid Carbon Dioxide

Each code letter or pair of letters refers only to the substance opposite it. Substances without codes are listed by name
in Table 11l (except those forming solid salts, which are not illustrated in the graphs).

Hydrocarbon miscibilities are at 25° as liquid. A solid is considered miscible with a hydrocarbon or carbon dioxide if
it is highly soluble in it without the formation of two liquid layers in equilibrium, and it is probable that the subcooled liquid
would mix with the solvent at 25°.

If a substance is miscible with one group of hydrocarbons, as indicated by a footnote letter, it is also miscible with all of
the hydrocarbons indicated by letters following this one in the series, a to/. Thus “b” means “6, ¢, d, e,/ ”; “
¢, d, e, f7) “d” means “d, e,f”; and “e” means “eg,

C’ means

Code Hydrocarbon Carbon dioxide
(legend miscibility solubility
in (see foot- (M = Miscible) |
graphs) Substance notes) X y Graphs
AA Acetal a M A64
AB Acetaldehyde b M Cc25
AC Acetamide (m.p. 82°) 9 1 B10
AD Acetic acid c M A7, 42, 64, B9, 10, C21
Acetic anhydride e M C8, 21
AE t Acetone b M A26, 49, 50, 52, B51, C I,
22
AF Acetonitrile 5 M A8, C12, 20
AG Acetophenone b M BI
AH Acetyl chloride a M A64
AJ Acrolein d M A65
Acrylonitrile d M C8
AK Aldol d 31 11 B33, D8, 43, 56
Al Aluminum chloride (m.p. 190°) 9 0 A47
2-(2-Aminoethylamino)-ethanol 9 Forms salt
2-Amino-2-methyl-1-propanol f Forms salt
AM i-Amyl alcohol a M Ad4
A Anidne - 20 3 A64, B17, 27, 35, D9, 38,
44, 53, 54
AN o-Anisidine e 20 1 B13, D38
AS Anisole a M A64
PE Benzalaeetone (m.p. 42°) d 40 5 C67, D5
(4-Fhenyl-3-butene-2-one)
BD Benzaldehyde b M Bl, 49
B Benzene a M Al6, 32, 36, 37, 43, 45,
51, 64, BI, 4, 19, 34
Benzoic anhydride (m.p. 42°) e 20 3 B40, D39
BE Benzonitrile b M A60, B62
BF Benzophenone (m.p. 48°) c 25 4 A31l, C65
BH Benzoyl chloride a M B6
Bl Benzyl alcohol d 27 8 B18, C34, 41, 46, D 11, 37
BJ Benzyl benzoate c 40 10 A19, C62
BK Bibenzyl (m.p. 52.5°) a A 16, C66
Biphenyl (m.p. 71°) a C66
BL Bright stock a 15 0.5 B4, 62
Bromine a 8 2 Al7
BM Bromoform a 40 30 A13, C26
BN ra-Butane a M A64, BI, 4
BO sec-Eutyl alcohol b M B54
BP ¢-Butyl alcohol b M A64
BS 2-Butanone (methyl ethyl ketone) a M B, 55
BT n-Butyl ether a M BI
BU Butyl oxalate a M A64
BV Butyl phthalate b 55 8 Cc47
B X Butyl stearate a 55 A18
BY n-Butyraldehyde a M AB65, 66
Ca Calcium nitrate (m.p. 561°) 9 0 A50
CA Camphor (m.p. 176°) a M A38, 61
cB Caproic acid a M Bl
ccC Caprylic acid a M A34, BI
DH Carbitol (see below) C M A35, B62
CD Carbon disulfide a M B6
CE Carbon tetrachloride M A 17, BI
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Tabie Il (Continued)

Code Hydrocarbon Carbon dioxide
(legend miscibility solubility
in (see foot- (M = Miscible) i

graphs) Substance notes) X y Graphs

CF Castor oil d 15 1 B21, D22
Cellosolve (/3-ethoxyethanol) b M B63
Chloral hydrate (m.p. 48°) e 2 Al6

DC Chlorex (see below) c M B61, 63, 66

CcG Chloroacetie acid (m.p. 61°) £ 10 Al0, 56, D47, 57
Chloroacetone e M C13

CH o-Chloroaniline c 25 5 D6, 33

Cl m-Chloroaniline e 23 1 B35, D38, 49

cJ Chlorobenzene a M A65

CK /3-Chloroethanol f 40 10 B31, 32, C30

43, D15, 57

/3-Chloroethyl acetate c M C13

cL Chloroform a M AB5, B50

CM Chloromaleic anhydride (m.p. 33°) f M A62
a-Chloronaphthalene a 15 1 A29, C49

CcO o-Chlorophenol c M A54, 55, B2, CI

CP p-Chlorophenol (m.p. 43°) d 25 8 B39, D7, 23

CR 2-Chloro-6-phenylphenol d 20 1 B14

CS a-Chloropropionic acid f 52 26 D2, D55

CT Cinnamaldéhyde e 20 4 B25, D27

cu Cinnamyl alcohol (m.p. 30°) e 20 5 B40, D59

cv o-Cresol (m.p. 30°) b 30 2 D18

C wi-Cresol b 20 4 A28, 30, 33, C42,

61, D16, 33

p-Cresol (m.p. 36°) b 30 2 D18

cw Crotonaldehyde b M A64

cX Crystal oil a 20 1 cl, 7, D26

cYy Cyclohexane a M B13, 17, 44, 53
Cyclohexanol a 20 4 A28

cz Cyclohexanone a M A60

D Decahydronaphthalene (decalin) d 42 22 32 Systems
1-Decene a M B17

DA 1-Decyl alcohol a 30 1 D28

HY Diacetone alcohol (see below) c M C6

DB Di-sec-butylbenzene d M A27, B37, 53
p-Dichlorobenzene (m.p. 53°) a M B7

DC S,/3-Dichloroethyl ether (Chlorex) c M B61, 63, 66

DD /3,(3'-Dichloroisopropyl ether d M A60

DE 2,4-Dichlorophenol (m.p. 45°) d 30 14 A23, C29, 63

DF a,a:-Dichlorotoluene d M B6
Di-((3-cyanoethyl)-amine f Forms salt

DG N,N-Diethylacetamide c M Al
N, N-Diethylaniline a 45 17 c36, 62
Diethylene glycol g 10 1 B23, 47, D50

DH Diethylene glycol monoethyl ether c M A35, B62

(Carbitol)

N ,N-Diethylformamide e M A4

DI p-Dimethoxybenzene (m.p. 53°) a M B7

DJ N ,N-Dimethylacetamide e M A4

DK N,N-Dimethylaniline a M B6
N,N-Dimethylformamide f M C3, 8,9 19

DL Dimethylnaphthalenes (mixed) a 40 2 A21

DM 2,2-Dimethylpentane a M A30, B32, 35, 39
2,5-Dimethylpyrrole a 32 5 C28, 33, 48

DN 2,4-Dinitrochlorobenzene (m.p. 62°) f 15 1 A32, D66

DO p-Dioxane b M B1
Diphenylamine (m.p. 53°) c 1 A51, C6G

DP N,N'-Diphenylethylenediamine e 1 A36

(m.p. 62°)
DT Diphenylmethane (m.p. 27°) a 30 4 AB3

DV Dipropylene glycol e 15 2 B26, D12, 60
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Code
(legend
in
graphs)

D X

EA
EB
EC
ED

EE
EF
EG
EH
El
EJ

EK

EL
EM
EN
EO

EP
EQ
ER
ES

EU

FA
FB
FC
FO

FU

HA

HB
HD

HE

HN
HZXS
HV
HX
HY

HZ
IN

1j

1P
1S

Substance

n-Dodecane
Ethane

0-Ethoxyethanol (Cellosolve)

Ethyl acetate
Ethyl acetoacetate
Ethyl alcohol
N-Ethylaniline

Ethyl anthranilate
Ethyl benzoate
N-Ethyl-N-benzylaniline
Ethyl carbonate

Ethyl chloroacetate
Ethyl chloroformate
Ethylene bromide
Ethylene diformate
Ethylene glycol

Ethylene glycol monobutyl ether

(Butyl Cellosolve)
Ethyl ether
Ethyl formate
2-Ethylhexanol
Ethyl lactate

Ethyl maleate

Ethyl oxalate
p-Ethylphenol (m.p. 46°)
Ethyl phenylacetate
Ethyl phthalate

Ethyl salicylate

Ethyl succinate

Ethyl sulfate

Eugenol

Formamide

Formanilide (m.p. 47.5°)
Formic acid

Fuel oil

Furfural

Furfuryd alcohol
Gasoline

Glycerol

1-Heptaldehyde
n-Heptane

Heptyl alcohol
rc-Hexadecane (Cetane)
2,5-Hexanedione

Hexyl alcohol

Hydrocinnamaldehyde
Hydrogen sulfide

o-Hydroxybiphenyl (m.p. 56°)

/3-Hydroxyethyl acetate

4-Hydroxy-4"methyl-2-pentanone

(diacetone alcohol)
/3-Hvdroxypropionitrile
Indene
lodine (m.p. 113.7°)
Isocaproic acid
Isopropyl alcohol
Isopropyl ether
Kerosene

Atfred W. Francis

Tabte Il (Continued)

Hydrocarbon
miscibility
(see foot- (
notes) X
a M
h M
b M
a M
d M
b M
a 35
b 40
a M
a 33
a M
b M
a M
a M
f M
9 7
a M
a M
b M
a 53
c M
d M
c M
b 8
a M
d 60
a M
d M
e M
b 38
9 10
f 10
9 M
a 42
e M
f 30
a M
9 7
a M
a M
a 38
a 38
e M
a M
c 55
a M
d
f 50
c M
9 30
a M
?
a M
b M
a M
a M

M

Carbon dioxide
solubility .
Miscible) 1

13

0.2

17

10

10

0.5
0.5

18

0.05

17

17

Voi.

Graphs
A5, 6, 8, 12, 14, 20, 51, B8
C25
B63
Bl, 51
A3, B67
A41, C12
Al4, C31

C62

A64

C58

Bl

B59

A64

A64, B48

A5, C20, 21

A35, B49, 50. 51, D28,
48, 51

AG65

A47, 65
A64

C28, 59
Ce, 14

C13

A2, B67
C53, 54
A60, B23
B12, D46
A65

B67

C9, 13
C48, D1

B47, D50

A43, B53

All, 12, CIO, 16, 24

Co9, 23

A5, 63, B56, C3, 8, 17

B16, 34, C41, 44, D12, 58

B47

A44, B51, 52, C55, 56, 61,
D52

A65

62 Systems on A & B

C33, 43

44 Systems (after A53)

c21

B6

D3, 4, 19

A67

D30

D25, 34, 41, 42, 55
C6

B22, 34

B15

A53

B52

A39, B60

A64

A2,5,7,9, 11, 33, B6, 27

58
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Code
(legend
in

grande)
LA

Li
L
MA
MC
MD
ME

MF
MG

MH
M1
MJ
MK
ML
MM
BS

MN
MP

NA

NB
NC

NM
NN
NP

NS
NT

ON

OoX
PA
PB

PC
PD
PE

PF

Ternary Systems of Liquid Carbon Dioxide

Substance
Lactic acid
Laurie acid (m.p. 48°)
Limonene
Lithium chloride (m.p. 600°)
Lubricating oil

Maleic anhydride (m.p. 57°)
Mercuric chloride (m.p. 282°)
Mesityl oxide

Methanol

2-Methoxybiphenyl (m.p. 29°)
d-Methoxyethanol
a-Methoxynaphthalene
Methyl acetate

Methylal

N-Methylaniline

Methyl benzoate
Methylcyclohexane
p-Methylcyclohexanol
Methylene iodide

Methyl ethyl ketone (2-butanone)
Methyl formate
oi-Methylnaphthalene

13-Methylnaphthalene (m.p. 35°)
Methyl phthalate

Methyl salicylate

Methyl sulfate

Monoacetin

Morpholine

Naphthalene (m.p. 80°)
a-Naphthylamine (m.p. 52°)
o-Nitroanisole

Nitrobenzene

o-Nitrobiphenyl (m.p. 37°)
o-Nitrochlorobenzene (m.p. 32°)
Nitroethane

Nitromethane
a-Nitronaphthalene (m.p. 58°)
0- Nitrophenol (m.p. 45°)
1- Nitropropane
o-Nitrotoluene

p-Nitrotoluene (m.p. 51°)

n-Octadecane (m.p. 28°)
1-Octadecene
2-Octanone

Oleic acid

Oleum (20%)

Olive oil

p-Oxathiane (thioxane)
Paraffin wax (m.p. 52°)
Paraldehyde
p-Phenetidine

Phenol (m.p. 41°)

Phenylacetic acid (m.p. 77°)
Phenylacetonitrile
4-Phenyl-3-butene-2-one
(benzalacetone) (m.p. 42°)
Phenylcyclohexane

Table Il (Continued)

Hydrocarbon
miscibility
(see foot-
notes)

DO P ©

- @ o —

QO DYDY T TV PD

coocaoo™ aag o O ® o ®» oo™ oo o

QO oo ® oo o e

o

Carbon dioxide

M
X

8
40
M

20
55

29
43

10

20
35

15
42

<

56

30
26

22

20

12

52
40

35

solubility
= Miscible) i
y
0.5

1

o o o

20

30

21

20

10
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Graphs
B23
A22, C64
A5, 67
A48
151 Systems

B57, D65

A52

A64

A6, 9, 35, 40, 46, 48, B I,
C8, 9, 12, 16, 23

A28

B64, C4, 5, 19

A29, C37

A67

B1

Al4, C36, 40, 50, 62, D26, 48

AB5

B28, 45

A25

B44, 45, 46

BI, 55

Cll

A27, 55, 56, 58, 62, B5,
C16, 43, 44, 45, 46, 52,
C54, 59, D34, 35, 50

A59

B30, D17, 40

B2, 23

Cc18, 21

A26

Forms salt

A51, C57, 66

B43

B34, D58

A53, 54, 57, B5, 6, 61, 62, 63,
c7

B41, D39

C32, 52, D14, 20

B64, C13

A5, 54, 58, 59, C9, 18, 21

D32

Cc2

B60

B6

c27

C9, 15, 18, 20, 50

D8

A60

A33

A42

A28

AB0

B8

Ab4

Forms salt

A38, B29, C56, D29, 31,
67

A34

B24, D36

C67, D5

C30
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Code
(legend

in
graphs)
PG

PH
PI

PJ

PK
PL

PM
PN
PO
PP

PR
PT

PV
PX
PY

R

SN

TD
TE

TF
oXx

TH

TK
TL
™
TN
TO

TP

“ Miscible with all liquid hydrocarbons.

heptane.

aromatics.

re-octadecane, but not with the four heaviest oils mentioned.
in substance in weight per cent, of the solution;
of the solution.

d Miscible with methylcyclohexane and
/ Miscible with benzene.

Atfred W. Francis

Tabte Il (Continued)

Hydrocarbon

Substance
Phenylethanol
Phenylethanolamine
Phenyl ether (m.p. 28°)
Phenylhydrazine
Phenyl isocyanide
Phenyl phthalate (m.p. 70°)
Phenyl salicylate (m.p. 43°)

Phosphorus trichloride
Phthalyl chloride
2-Picoline

Pinacol (m.p. 38°)
Pinene

Piperonal (m.p. 37°)
Propane
Propionaldéhyde
Propylene

Propylene glycol
Pyridine

Resorcinol (m.p. 109°)
Salicylaldéhyde
Saligenin (m.p. 86°)
Silver nitrate (m.p. 212°)
Stannic chloride
Succinonitrile (m.p. 54.5°)
Sulfur dioxide

Sulfuric acid (95%)
Sulfuryl chloride

Tetrabromoethane
re-Tetradecane

Tetrahydrofurfuryl alcohol
Tetrahydronaphthalene (tetralin)

Thiophene
Thioxane (p-oxathiane)

Thymol (m.p. 51.5°)
Toluene

o-Toluidine
rei-Toluidine
p-Toluidine (m.p. 45°)
Tolunitriles (mixed)
Transformer oil

Triacetin

Tri-sec-butylbenzene
a,a,a-Trichlorotoluene (benzotrichloride)
Triethylene glycol

2,2,3-Trimethylbutane (triptane)
Urea (m.p. 132.7°)
Valeraldehyde

Water

3,5-Xylenol (m.p. 68°)
3,4-Xylidine

miscibility
(see foot-
notes)

d

f
a
f

o ®

o0 TcO » » T 0o v o

PO cQ v

®» o

- o @ » T O 0 o0 o ® o )

T « raQ @

Carbon dioxide

solubility

(M = Miscible) i
x \%

15
15
35
M

38

33

23

45

<

10

10
50

20
41

41
37
40
37

14

20
12

33

lower naphthenes.
s Not miscible with any hydrocarbon.
carbons except those with three or more condensed aromatic rings.

3

10

16

12

0.104

1
9

b Miscible with n-dodecane and lower liquid paraffins.
< Miscible with di-sec-butylbenzeno and lower
hPropane is miscible with liquid hydro-

Vol. 58

Graphs
B36, D22
A45, D60
C51
Forms salt
B1
A37
A23

B1

B20, D21

A60

A24, D23

B16

B28, 42

B3, 4

A64

B58

A35, B23, 38, 48, D61
A60

A40

B67

A40

B58

Al

B19, D64

A2, 55, C5, 13, 15
A41, 42

A54

D24
C4, 10, 28, 35, 37, 58, 66,
D3, 6, 7, 11, 16, 17, 24,

41, 51, 61

B25, D10, 38

Al4, 54, 57, C41, 42, C60,
D25, 63

AG60, B22, 23, 38

A60

Al5

B36

D8, 45

D8, 52

C55, D13

A60

A64, 66, B63, 66, C14, 17,
19, 22, D54

B65, C8, 17, 18

B17

Al7, C38, 42

A45, B15, 36, 37, D35,
60, 61, 62, 63

A5, 28, 33, B31, 34, 35, 39

B9, 11

Ab64

A39, 41, 42, 46, 49, B54,
55, 56, D64, 67

A37, 51, C35, 57

C39

' Miscible with re

Ethane is miscible with liquid paraffins including

* M, complete miscibility; x, solubility of liquid carbon dioxide
y, solubility of the substance in liquid carbon dioxide in weight per cent.
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Additional Ternary Systems D escribed by the Graphs

Graph*

Al
A2
A4
A5

Al2
Al4

Al7

A23
A28

A29
A33

A35
A37
A40
A4l
A42
A45
A51
A51

A54

A54

A55

A64

Ab64

A67

B1

B2
B4
B6

B7
B17

B23
B23
B25
B32

Tabre Il

(Indicated there by plus signs)

Left hand componentsb

Stannic chloride
Ethyl oxalate
Diethylformamide
Ethylene diformate

Nitromethane

Formic acid

Ethylaniline or methyl-
aniline

Chloral hydrate

Bromine

2,4-Dichlorophenol
wi-Cresol, cyclohexanol, 2-

methoxybiphenyl or olive oil

a-Chloronaphthalene
Oleic acid

Propylene glycol

Phenyl phthalate

Saligenin

Sulfuric acid

Oleum or sulfuric acid

Phenylethanolamine

Diphenylamine

Naphthalene

o-Chlorophenol or nitro-
benzene

Sulfuryl chloride

o-Chlorophenol

BE, CZ, DD, EQ, ON, OX,
PM, TF, or TN

AA, AH, AS, BP, BU, CW,
EE, EI, EJ, EM, IS,
MD, PB, PT, or V

Benzene or re-butane

AJ, BY, CJ, EK, EL, ES,
HA, or MJ

Limonene or methyl ace-
tate

AGC BDe BN, BS, BT,
CB, CC, CEe, DO, EA,
EG, MH, PI, or PK*

Methyl salicylate

n-Butane or propane

BH, CD, DF, DK, HE, K,
or NS

p-Dichlorobenzene

Aniline

Diethylene glycol
Lactic acid
Cinnamaldehyde
fl-Chloroethanol

Right hand
components
n-Heptane
re-Heptane
re-Heptane
n-Heptane,
limonene,
or triptane
re-Dodecane,
re-heptane,
or triptane
re-Dodecane
re-Heptane

Benzene

Carbon tetra-
chloride

re-Heptane

n-Heptane

n-Heptane
n-Heptane or
triptane
Methanol
Benzene
Methanol
Ethyl alcohol
Acetic acid
Benzene
n-Heptane
Benzene or n-
dodecane
Decalin

n-Hexadecane
re-Hexadecane
Lubricating oil

Lubricating oil

Transformer oil

Lubricating oil

Lubricating oil

Lubricating oil

Lubricating oil
Bright stock
Lubricating oil

Lubricating oil

1-Decene or
tri-sec-butyl-
benzene

Methyl salicylate

Thiophene

re-Heptane

2,2-Dimethyl-
pentane

B34

B34
B35

B36
B39

B40
B47

B51
B53
B60
B61
B62
B63
B64
B67*

C3
C5
C6
Cc8
Cc8

(of°]
Cc9
Cc9
Clle
C12
CIl3*

CileC
Ccive
ciscC

c19"

C20c

C21le

C23c

C25
Cc28
C33
C36
C41
C42
C43

Ternary Systems of Liquid Carbon Dioxide

Furfuryl alcohol

o-Nitroanisole
Aniline

Triethylene glycol
p-Chlorophenol

Benzoic anhydride
Diethylene glycol

Ethylene glycol

Formanilide

1-Nitropropane

Chlorex

Benzonitrile or nitrobenzene

Chlorex or /3-ethoxyethanol

Nitroethane

Ethyl oxalate, ethyl suc-
cinate, or salicylaldéhyde

Dimethylformamide

/S-Methoxyethanol

Ethyl lactate

Acetic anhydride

Acrylonitrile, dimethyl-
formamide, furfural
or triacetin

Methanol

Ethyl sulfate

Dimethylformamide

Methyl formate

Acetonitrile or ethyl alcohol

Chloroacetone, ~-chloro-
ethyl acetate, ethyl mal-
éate, ethyl sulfate, or
nitroethane

Methanol

Furfural or triacetin

Methyl sulfate or nitro-
ethane

Dimethylformamide

Acetonitrile or ethylene
diformate

Acetic acid, acetic anhy-
dride, ethylene diform-
ate, 2,5-hexanedione,
or methyl sulfate

Methanol

Ethane at 15°
2,5-Dimethylpyrrole
2,5-Dimethylpyrrole
Diethylaniline

Benzyl alcohol
a,a,a-Triehlorotoluene
Heptyl alcohol

2,5-Dimethylpyrrole
a-Chloronaphthalene
p-Ethylphenol
Naphthalene.

i
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re-Heptane or
triptane
n-Heptane
n-Heptane,
triptane, or
2,2-dimeth-
ylpentane
Toluene
n-Heptane or
triptane
re-Heptane
Gasoline or re
heptane
Ethyl acetate
Cyclohexane
Lubricating oil
n-Hexadecane
Bright stock
Lubricating oil
Decalin
Lubricating oil

Decalin
re-Hexadecane
Lubricating oil
Decalin
n-Hexadecane

Fuel oil
re-Hexadecane
re-Octadecane
Lubricating oil
Lubricating oil
Lubricating oil

re-Hexadecane
Lubricating oil
re-Hexadecane

Lubricating oil
or trans-
former oil

n-Hexadecane

Lubricating oil

}\50% re-Hexa-
decane
[50% Fuel oil
Lubricating oil
re-Tetradecane
Decalin
Decalin
Tetralin
n-Hexadecane
a-Methyl-
naphthalene
Lubricating oil
Lubricating oil
n-Hexadecane
n-Hexadecane
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Table Il (Continued)
Right hand
Graph« Left hand components components
C58 Ethylbenzylaniline Decalin
C62 Benzyl benzoate, diethyl- Lubricating oil
aniline, or ethyl anthra-
nilate
C66 Biphenyl, diphenylamine, n-Tetradeeane
or naphthalene
D8 o-Toluidine n-Hexadecane
D8 m-Toluidine 1-Octadecene
D12 Dipropylene glycol Decalin
D18 p-Cresol n-Hexadecane
D22 Castor oil Lubricating oil
D23 Pinacol Lubricating oil
D33 o-Chloroaniline n-Hexadecane
D38 o-Anisidine, m-chloro- Lubricating oil
aniline, or tetrahydro-
furfuryl alcohol
D39 Benzoic anhydride Lubricating oil
D41 (3-Hydroxyethyl acetate Decalin
D50 Diethylene glycol a-Methyl-
naphthalene
D53 Aniline at 0° Lubricating oil
D55 Chloropropionic acid Lubricating oil
D57 Chloroacetic acid Lubricating oil
D58 o-Nitroanisole Lubricating oil
D60 Dipropylene glycol or Lubricating oil
pher.ylethanolamine
D61 Propylene glycol n-Tetradecane

“ The temperature observed for all graphs was 21 to 26
except those noted, as follows: C25, below 17.6° the mini-
mum critical temperature of ethane and carbon dioxide
mixtures; D53, at 0° to permit merging of band and bite.
D57, at 37° to melt chloroacetic acid in contact with carbon
dioxide. bCapital letters refer to first column of Table I1.
c These systems have isopycnics or twin density lines (17).

Nearly half (127) of the 261 substances tested
were miscible with liquid carbon dioxide (M in col-
umn 4). In nine other cases of incomplete misci-
bility the carbon dioxide poorer phase contained
over 50% of carbon dioxide. It will be noted from
Table Il that the solubility of carbon dioxide in
another liquid is (with one exception) much greater
than that of the other liquid in carbon dioxide, and
that the ratio of these two solubilities is greatest
for those liquids of low miscibihty with carbon diox-
ide. The solubilities in and for water were taken
from the work of Wiebe and Gaddyl2 and that of
Stone,13respectively; and those for lubricating oil,
naphthalene, iodine and glycerol in carbon dioxide
from the work of Quinn and Jones.4

From Table Il the miscibilities of many other
solvents with carbon dioxide may be predicted.
Homologs differ only slightly in miscibility. With
increasing molecular weight, solubilities may in-
crease at first and then steadily decrease (e.g., ani-
line-toluidines-xylidine). Halogen atoms and car-
bonyl and ether groups also have slight effects (car-
bon tetrachloride, 2-octanone and n-butyl ether are
all miscible with carbon dioxide); but hydroxyl,

(12) R. Wiebe, Chem. Revs., 29, 475 (1941); R. Wiebe and V. L.
Gaddy, J. Am. Chem. Soc., 61, 315 (1939); 62, 815 (1940); 63, 475
(1941).

(13) H. W. Stone, Ind. Eng. Chem.., 35, 1285 (1943).

(14) E. L. Quinn, ibid., 20, 735 (1928); J. Am. Chem. Soc., 50,

677 (1928); E. L. Quinn and C. L. Jones, “Carbon Dioxide/" Reinhold
Pvbl, Corp., New York, N. Y., 1936, pp. 109-10.
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amino and nitro groups diminish solubility, espe-
cially if two or more are present. Complete mixing
is prevented also by a bicyclic structure in deriva-
tives (e.g., methoxynaphthalene) as well as in hy-
drocarbons. These effects are similar to but not
quite parallel with those involved in hydrocarbon
miscibilities.15

Ternary Systems.— Mutual binary solubilities of
two normally liquid components, usually a hydro-
carbon and a non-hydrocarbon, were observed in
graduated test-tubes if not already known. They
are indicated approximately in the graphs by misci-
bility gaps on the base line. Then various charges
of the two liquids were placed in the autoclave and
carbon dioxide was added as before. With increas-
ing amounts the composition of the system follows
a straight line (isologous line or line with a constant
binary ratio) toward the apex (carbon dioxide
corner) of the triangular diagram from a point on
the base line corresponding to the relative weights
of liquid reagents charged. Whenever a new inter-
face appeared (after agitation), or one disappeared,
the weight of carbon dioxide added, when plotted as
percentage on the isologous line gave a point on a
binodal curve of the diagram.

Sometimes with increasing amounts of carbon
dioxide two liquid phases became miscible; and
with further additions of carbon dioxide another
two layers appeared which did not mix on agita-
tion. It is even possible for the second pair of
layers to mix at compositions higher up on the same
isologous line. The diagrams (e.g., graph D38)
clarify the reasons for this peculiar behavior.

After proceeding up the isologous line as far as
was practicable (when the autoclave was full), the
carbon dioxide was released, sometimes gradually
so as to check the previous observations. If the
other two reagents w'ere sufficiently non-volatile
so that no loss was feared, more of one of them was
added and a new isologous line was studied. Other-
wise, the whole system was discharged, and a new
proportion of reagents was charged. Sometimes
one or two isologous lines were sufficient to define
the system adequately, provided they were chosen
judiciously with respect to the expected diagram.
In other cases a dozen of them might be required,
depending on the complexity of the diagram.

Graphs.— The 464 systems studied are presented
in 268 graphs numbered 1 to 67 on each of pages
A to D. Carbon dioxide is assigned the top corner
in each graph. The other components are indi-
cated by code letters under the appropriate corners,
referring to the first column of Table Il. The left
hand component or “solvent” is the more polar
one, usually the non-hydrocarbon.

A considerable saving in number of graphs re-
sults from the close similarity in many of the sim-
pler systems. Additional ternary systems illus-
trated by a single graph are listed in Table III.
Indication that there is an alternate component
for either position is by means of a plus sign after
the code letters. Thus, graph A64 illustrates 18
systems with a binodal curve on the right side.
One of these is acetic acid-aniline as indicated by
the codes AD and A onthe graph. Plussigns after

(15) A. W. Francis, Ind. Eng. Chem., 36, 764, 1096 (1944).
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these codes refer to Table 111 which lists the other
17 systems, namely, 15 solvents designated by code
letters, each with lubricating oil, and also benzene
or w-butane, each with transformer oil. The curve
has an altitude of about 30% solvent, and the tie
lines are nearly parallel to the side line, as indicated
by the position of the plait point near the apex of
the curve. This multiple representation by graphs
results in compromises and minor inaccuracies in
drawing. Binary solubilities with carbon dioxide
should be taken from Table Il in preference to scal-
ing the graphs.

The tie lines shown as shading on the binodal
areas were not observed; but their orientations
were estimated from observed plait points and phase
boundaries. They serve to clarify the differences
in those areas.

The graphs are arranged in order of number, po-
sitions and altitudes of binodal curves. In graph Al
all components are miscible. It would represent
an unlimited number of systems not tested because
of no interest. However, a few ternary systems
with three pairs of consolute components were
tested in an unsuccessful search for a system with
an island curve. In graphs A2 to Al12 carbon di-
oxide is miscible with each of the other two compo-
nents, which are not mutually miscible. They are
miscible in the systems of graphs Al13 to BIl, but
carbon dioxide is incompletely miscible with the
solvent in graphs A13 to A53 and with the hydro-
carbon (or other right hand component) in the
others. In graphs B12 to B58 only the carbon
dioxide and right hand component, and in graphs
B59 to C25 only the carbon dioxide and solvent are
miscible. In C26 to C66 the liquid compohents are
miscible with each other, but neither with carbon
dioxide. In the systems of graphs C67 to D67 no
pair of components is miscible. In the first 18 of
this group of graphs (21 systems) the three binodal
curves are separate, and there are three plait
points.

Solids are considered “miscible” for this purpose
if it is probable that subcooling of melted solid
would not give two-liquid phases in metastable
equilibrium. However, solid phase equilibria are
shown in the graphs. Some are isolated from the
binodal curves (58 systems in which solid-liquid
tie lines radiate from a base corner of the diagram,
e.g., Al5, 56); some submerge probable binodal
curves (no plait point, graphs A51, 52, 53, Bll);
and some intersect the curves or bands (39 systems,
e.g., A10). The last occurrence gives a triangular
three phase area (a solid and two liquids) one corner
of which is at a base corner of the graph. These
are shown in black with white crosshatching.
Graph B58 is a special case of this type in which
some of the phase boundaries coincide with the
side lines. It is virtually identical with that pub-
lished16 for silver nitrate-propane-propylene. In
graphs D30, 32 two S-Li-L2triangles appear, one
across each binodal area.

Systems with three liquid phases (29 systems,
graphs CIO, 24, D48 to D67) are shown as usual
with an internal triangle not quite touching any
border line, though often close to some of them.

(16 A W, Frardis J Am Gem S, 73, 3710 (1961).
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These triangles are crosshatched. The last three
graphs contain triangular areas of both types.
Graph CIO is almost unique in having three plait
points although one pair of components is mis-
cible.

In 45 systems (especially those of graphs C13
to C23) a change in the amount of carbon dioxide
present caused a reversal in the relative densities of
the phases, so that the layers inverted. These
isopycnics or twin density linesl7are marked on the
graphswith straight dashed lines though in some sys-
tems they should be slightly curved. An inversion
is interesting to watch but has no theoretical signifi-
cance. Quinnl4 considered it pertinent that the
greatest solubility of a lubricating oil in carbon
dioxide occurred at the temperature, 10°, at which
the densities of the two liquid phases were equal
(binary twin density line). This was probably
coincidental. In two graphs (C22, 23) two twin
density lines are shown.

The “dual solubility effects” of liquid carbon
dioxide at different concentrations mentioned
above are shown in 99 graphs with a binodal curve
on the bottom side and other binodal curves on the
left or right side or both, and also in 23 graphs
(D18 to D40) with a binodal curve on the bottom
side and a band across the other two sides. Thus
in graph D39, o-nitrobiphenyl, a solid, and lubri-
cating oil (of only moderate mutual miscibility)
are mixed by adding about 30% carbon dioxide to
the system. Yet carbon dioxide dissolves only
about 2% of o-nitrobiphenyl and less than 1%
of the oil. Neither is it very soluble in either of
them nor much more so in their mixture.

The homogenizing action of carbon dioxide,
evident in almost every graph, is common to many
solvents. The precipitating action is recognized
in at least seven patents.18 In the fourth of these,
for example, Lantz states “an increase in the quan-
tity of the carbon dioxide actually reduces the
amount of oil dissolved. ..”

Merging of Curves.— The existence of 97 systems
with separate binodal curves and 118 systems with
concave bands apparently resulting from coales-
cence of such curves affords an opportunity for
testing the validity of conflicting speculations19~2
as to the manner of merging.

Examples were sought but nqt found of two
separate convex binodal curves approaching each
other externally at points other than both plait
points, or of a three phase area resulting from such
a merger.D2L In the only graph suggestive of this
postulate, that for formic acid—-hexadecane (C24),
the triangular area was shown to be present as in
graph CIO before the band was formed by direct
plait point merger of two small binodal curves.

(17) A. W. Francis, Ind. Eng. Chem.. 45, 2789 (1953).

(18) U. S. Patents, 2,130,147; 2,16-3503; 2,188,013;
2,246,227, 2,315,131- 2,346,639.

(19) Reference 5, pp. 829-31; A. W. Francis in “Physical Chemistry
of Hydrocarbons,” A. Farkas, ed., Academic Press, Inc., New York,
N. Y., 1950, pp. 251-4.

(20) J. E. Ricci, “The Phase Rule and Heterogeneous Equilibrium,”
D. Van Nostrand Co., New York, N. Y., 1951, pp. 215, 244.

(21) A. E. Hill in “Treatise on Physical. Chemistry,” H. S. Taylor,
ed., D. Van Nostrand Co., New York, N. Y., 1931, pp. 574-575; R. E.

Treybal, “Liquid Extraction,” McGraw-Hill Book Co., Inc, New York,
N. Y., 1951, p. 17; and several other textbooks.

2,188,051,
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Components: Carbon dioxide is assigned the top corner in each graph. The other components are indicated by-
letters referring to the first column of Table Il. Additional systems are indicated by plus signs after one or both sets
of the code letters. These are listed in Table I11.

Shading: White areas indicate homogeneous compositions. Oriented shading indicates two phases. It is solid-
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liquid if the lines radiate from a base corner of the graph. Otherwise it is a binodal or two liquid phase area. A cross-
hatched triangle indicates three phases. Black on white shows three liquid phases. White on black (with a corner
at a base corner of the graph) indicates a solid and two liquid phases. No solid phases other than the pure compound
are shown on these graphs. A dashed line across a binodal area is an isopycnic or twin density line.
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As in the systems reported previously,3 external meet at all. Thus in graph C7 the upper curve
contact of convex curves always occurs at both plait probably would contact the side line instead.
points. Two separate curves do not necessarily On the other hand, meeting of a band with a bite
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(free binodal curve) is possible although there is (or diluted with a little hexadecane) to accomplish
only one plait point. The system aniline-lubri- the merger as in graph D53. The result was a
cating oil (graph D38) was cooled to about 0° triangular three-liquid phase area, as predicted.
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However, at the point of contact (which occurred
at the plait point of the bite) the border of the
band just before contact was distinctly concave.
This is a theoretical requirement to satisfy Schreine-
makers’ rulel920 with respect to triangular areas
representing three phases. That rule would pro-
hibit the more wusual illustration of merger of
convex curves. 021

The three-liquid phases in some of the carbon

dioxide systems result from the above mechanism.
Those of the others, including the formic acid
systems mentioned above, and probably all of the
published systems with three liquid phases2 result
from eruption of a second binodal curve from
within another one at a point other than the latter’s
plait point. This is possible, and is the type cited
by Hill2lin support of his hypothetical diagram.

(22) Reference S, pp 847, 977, 1009, 1015, 1029-31, 1035-fi, 1070.
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Thermohydrodvnamie calculations were made by the “inverse” method (measured detonation velocity-density equation
included in the solution) for EDNA using three fundamentally different equations of state leading to widely different internal
pressures ((d-S/dvR). Two sets of measured velocity data were used with each equation of state. The results show that all
the calculated thermodynamic quantities except temperature are less sensitive to the form of the equation of state than to
errors in the determination of detonation velocity. Hence, temperature alone provides an adequate criterion of an objective
evaluation of the equations of state when one approaches the problem solely from detonation theory. However, so far
reliable detonation temperature measurements have not been possible, and this criterion cannot therefore be applied. A
corollary of this conclusion is that any reasonable equation of state provides, through detonation theory and measured
velocities, as reliable thermodynamic data as any other. Objective detonation equation of state studies must evidently
await more accurate velocity-density measurements and the development of methods for measuring some detonation

property with sufficient accuracy to allow one to evaluate the various forms of the equations of state unambiguously.

Numerous equations of state of various forms
have been used in thermohydrodynamic, calcula-
tions. In spite of wide differences in form and
character of these equations of state the thermo-
dynamic quantities computed, either by direct
use of experimental detonation velocity vs. density
data or by adjustment of parameters to give best
agreement with observed velocities, have been in
surprisingly close agreement, except for computed
detonation temperatures. Temperature alone
turns out to be strongly dependent upon the nature
of the equation of state. This situation led one
of us2to conclude that the detonation temperature
is the only factor where a comparison between com-
puted and observed values could be used to evaluate
the accuracy of the equation of state. Un-
fortunately, even such a comparison with detona-
tion temperatures is inadequate in view of the
great limitations of temperature measurements.
It was therefore considered advisable to make a
thorough theoretical study of the influence of the
form of the equation of state on the various thermo-
dynamic quantities computed from the thermo-
hydrodynamic theory and also to study theo-
retically the influence of experimental errors in
velocity.

The explosive EDNA (Haleite)3was selected for
this study since it appeared to be well suited both
from the viewpoint of reliability of computed
products of detonation and from measured veloci-
ties. In fact, two sets of velocities have been
obtained showing good agreement at high densities
but differing considerably in the velocity at low

(1) This project was supported by Office of Naval Research (Con-
tract Number N7-onr-45107, Project Number 357 239).

(2) M. A. Cook, ./. Chem. Phys., 15, 518 (1947).
(3) Ethylenedinitramine O2NHNCH2CH2NHNO2

density and in the slope of the velocity-density

curve. These were as follows4
D = 5650 + 3860(pi - 1.0) (la)
D = 5960 + 3275(pi - 1.0) (Ib)
(See Appendix | for definitions of symbols)
The general equation of state
pv = nRT<p 2)

was adopted for this study. Specific forms of 9
were selected such as to exaggerate differences in
the equation of state, using the specific definition

T
x = K(v) =
v

Three cases were treated using the following values
ofc

c= -0.25 (3a)
c=0 (3b)
c= +0.1 (3¢)

Definition 3a leads to an equation of state of much
the same form as that of Kistiakowsky-Wilson-
Brinkley,5although K is here allowed to vary with
density (experimental velocities being used to
determine K ) whereas in the KW B equation it is a
constant. Also here 9 = ex, but in the KW B case
1 + xex. One will, however, note that these
two forms are not radically different. Definition
3b is equivalent to the a(v) approximation used by
Cook2 and in different form by Caldirola63 and
Paterson.6b Definition 3c is probably completely

<P =

(4) Measured at Bruceton, Pennsylvania (NDRC, Division 8).

(5) OSRD No. 69, 905, 1231, 1510, 1707, NDRC Division 8 Staff.

(6) (a) P. Caldirola, J. Chem. Phys., 14, 738 (1946); (b) S. Pat-
terson, Research, 1, 221 (1948).
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erroneous since it leads to an internal pressure
which apparently is inconsistent with detonation
conditions.

Derivation of Equations and Methods of Solution.
— The fundamental equations of the hydrodynamic
theory are:

(Conservation laws)
D = *-- v'\h
Wi %) (4a)
(. DA WA (4b)
Ei = I/Zp2+ piXti — v2) (4c)
(C-J condition)
22 — Pi / <IpA ad
Vi —v2 \dt)2/ s (4d)
Using equation of state 2 (with 9 = ex and x
K(v)Tcov~1) one obtains the relations
D2= nRT2x{1 + 6)8 (5)
where
- : ooy NREX
L= 1+ (cx + 1) Cﬁ,y [<.+ cX) +
n \dT2/vJ \K dv2- 1) - n oy 8 (6)
Cy = Cy* — nRc ~e*(l + ¢cx) — 1 —
CKM
1 :
Jiceoy & TG T ooxe ¥] ™
{T 2 — constant)
Cy = Cy* - € - 1+
r2- T,
cNRT2 f* « ,d K

U ik(oo) 2 K ®

(T2 = constant)

IP2  nRT2 (9)
r, = (Q + CyTi)/(Cy - nRex/2d) (10)
(Derivations are given in Appendix I1.)
The K(v) function can be evaluated, in lieu of

any fundamental basis for it, only by introducing
the experimental D(p{) data given by equation 1.
In solving these equations one needs also to know
the composition of the products of detonation for
the particular conditions corresponding to detona-
tion.

In studies of detonation it is necessary to solve a
relatively large number of equilibria simultaneously
for various specific conditions. The problem is
complicated and arduous since iteration of the
numerous generally non-linear simultaneous equa-
tions is required. Moreover, in the completion of
a single problem, i.e., a single explosive calcula-
tion, solutions of the problem for many different
sets of conditions are required. For instance, in
the problem of obtaining reliable thermodynamic
data from the hydrodynamic theory by the “in-
verse” method, one requires a minimum of about
one hundred separate solutions each involving an
iterative solution of about twenty-five simultane-
ous equations. Furthermore, in many specific
applications, numerous additional solutions are
required for the various specific conditions for
which data are desired. After extensive study of
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this problem it is suggested that perhaps the most
efficient method in many cases of providing the
necessary product compositions is to compute for
the explosive a series of composition vs. fugacity
isotherms covering a broad enough range to include
the real solution in order to have the necessary
composition data available for use in the much
easier thermohydrodynamic calculations. This
more systematic method will here be illustrated for
EDNA. Defining the equilibrium constants A’; in
the manner suggested by Brown,7using the equa-
tion of state given by equations 2 and 3 following
the recent methods,8o0ne obtains

b X
IK

-FA"  (11)
1 K
(T2 = constant)

where

_Dbdinp (12)

F——VeprK

(T2 = constant)

Introducing equation 3, equation 12 becomes

F = X ex| \e§ - X-
vEOP e e (o5 13 R Fa L)
cK) dk ) dan/
1 + Cc 1 12a
Jrc(-) ) Kk n(»)( ) Ci (1z2)

(T2 = constant)

Figures 1 to 5 give the various isotherms needed
to carry out the thermohydrodynamic solution by
the simultaneous solutions of equations 5 to 12.
Incidentally, one will note from Fig. 1 that the
equilibrium CO + 2H2 CH30OH not previously
considered was found to be important at large F.
This will be discussed in a future article where the
necessary heat and statistical mechanical data to
justify the use of this and other previously ignored
possible products of detonation and their influence
in determining over-all composition of detonation
products will be discussed.

In the first approximation, one may neglect
dK/Av2 and the integrals in equations 7, 8 and
12a, and ignore the variation of n with F shown in
Fig. 2. It is convenient to solve the equations for
various values of x (or ) noting that the term in
the exponential of equation 12a is then completely
determined (see Table I). The next approxima-
tion can now make use of these first approximation
plots of K{v) vs. v2and n(v) vs. v allowing one to
determine as a next approximation the integrals
and dK/dvi neglected in the first approximation.
This process is then repeated as often as necessary
for complete stabilization of the approximation
variables. The solution in which one takes into
account the factor (dn/dTOv in dis actually non-
tractable. However, this is evidently not serious
since one can show that the term involving this

(7) F. K. Brown, Bureau of Mines Technical Paper No. G32.
(8) M. A. Cook, J. Chem. Phys., 16, 1081 (1948).
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factor, at least in the case of EDNA, is negligible,
e.g., at F = 104_and 3500°K, T./n (dn/dT2v
is about 0.05 which is its maximum value. If
(dn/d2V)v were not negligible, one could not of
course drop the subscript S in the factor (dn/du2)s.
In this study, however, (dn/dT2v was taken as
zero, and dn/di2 evaluated from successive plots
of n vs. Vi. In one set of calculations (dn/dy2s
was neglected as has been done in all previous
theoretical treatments, i.e.,, in all previous work

M. A. Cook, R. T. Keyes, G. 8. Horsley and A. S. Filler
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n has (tacitly) been taken to be constant. The in-
fluence of treating n as a constant as compared with
the assumption n = n(v) is illustrated in the calcu-
lated results of this article.

The integrals in equations 7, 8 and 12a should
be evaluated at constant temperature. Actually
they were computed at the calculated detonation
temperatures. The error so introduced is small
for the equation of state determined by (3a) since
then the detonation temperature is almost con-
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30 6.0"

LOG F.

Fig. 3.— Heat of explosion versus V isotherms.

stant. In the case of the equation of state de-
termined by (3b), since the integrals in (7) and
(8) are multiplied by ¢, which is zero, the only error
is in (12a). In the case of the equation of state
determined by (3c) there will be error in all three
equations 7, 8 and 12a. One of the advantages of
the type of equation of state given by equation 3
is that the major parts of the equations 7, 8 and 12a
are given in analytical form. The analytical parts
are more important than the parts given by the
integral, and the effects of errors in the integrals are
thus reduced.

Results of Calculations

Calculations were first carried through with the
three equations of state defined by equations 2 and
3 for the velocity data given by equation la.
In these calculations the n = n(v) approximation
was employed. To show the influence of this more
refined treatment, calculations were also carried
through for equation of state (3b), pv = nRTekavly,
treating n as a constant. Then to show the in-
fluence of measured velocities on these calculations,
results were repeated with two of the equations of
state (x defined by 3a and 3b) and the set of
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30 6.0
LOG F.

Fig. 4.— Constant volume heat capacity versus F isotherms.

Table |

Table of eX — 1 +

log™ F =

where

and

0.05
.10
.15
.20
.25

.30
.35
.40
.45
.50
.55

.60
.65
.70
.75

.80
.85
.90
.95

05
10
15
20
25
30

N

1.40
1.45
1.50

n=innl
Tn equation (12a) and (viiic)
calculated using the entries in the second column

logic F

is conveniently

M(x + 3 —F) + MY - logicVi
17 = log« e = 0.4342945
Kk (V)
r ()(el_ HYC W s
JKX =) K+ Jn(co) n
M (X + Mix +
J~ v X J Y)
0.04426 1.55 2.67003
.09022 1.60 2.82775
.13796 1.65 2.99254
.18756 1.70 3.16474
.23911 1.75 3.34469
.29269 1.80 3.53277
.34841 1.85 3.72939
40635 1.90 3.93494
46663 1.95 4.14987
52935 2.00 4.37462
59462 2.05 4.60967
.66256 2.10 4.85552
.73330 2.15 5.11270
.80697 2.20 5.38175
.88370 2.25 5.66327
.96364 2.30 5.95784
1.04694 2.35 6.26611
1,13375 2.40 6.58875
1.22425 2.45 6.92645
1.31860 2.50 7.27998
1.41699 2.55 7.65006
1.51961 2.60 8.03754
1.62665 2.65 8.44326
1.73834 2.70 8.86813
1.85489 2.75 9.31306
1.97652 2.80 9.77906
2.10349 2.85 10.26715
2.23606 2.90 10.77843
2.37448 2.95 11.31403
2.51904 3.00 11.87515

velocity data given by equation Ib. The two sets
of velocities (la) and (Ilb) are in good agreement
at high densities, but differ considerably at low
densities. It is possible to obtain super-velocities
at low densities in explosives of very high chemical
reaction rate and coarse granulation; that is,
the detonation wave can conceivably propagate
independently in the individual grains such that the
effective density is not the average over-all density,
but somewhere between this density and the
individual grain density. By this means velocities
200 to 300 m./sec. higher than normal were ob-
served by one of us in unpublished studies of loose-
packed RDX. Perhaps because of effects of this
sort as well as difficulties in density control it has
not been possible to reproduce velocities at low
density with much better accuracy than is indi-
cated by the differences between sets (la) and (lb).
It therefore seemed desirable in this study to de-
termine the relative importance of the form of the
equation of state on one hand and differences of
velocity in the range of such experimental error on
the other.

Discussion of Results

The functions p2 Ti and the CO/CO02ratio are
plotted against the explosive density in Figs. 7-9,
inclusive, for each of the sets calculated in this
study. Figure 6 reproduces K vs. v2 plots for the
various sets. These seem to represent the most
significant differences of all quantities determined.
(Detailed data on the calculations are available
upon request.) The results of these studies show
that the equation of state actually influences all
the calculated thermodynamic quantities in addi-
tion to temperature appreciably, the influence on
temperature being, however, greatest. For in-
stance, definition (3a) for x leads to 15-20%
higher pressures than definition (3c) and 10-15%
higher pressures than definition (3b) in the range
of operating densities. However, except for tem-
perature, the form of the equation of state is seen
to have less effect than changing from the one set of
velocity data (la) to the other (lb). For ex-
ample, using one particular equation of state but
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different velocities one calculates pressures differing
by as much as 30% (at the density of maximum
difference). The calculated temperature is enough
more sensitive to the form of the equation of state
than to experimental errors in velocity that it
could readily be used to ascertain the correct equa-
tion of state if it could be measured. Unfortu-
nately, this has not yet been possible as far as the
detonation temperature To is concerned.

From the results of this study, it may be con-
cluded that fundamental theoretical-experimental
evaluations of the equation of state applicable in
detonation must await (1) reliable and accurate
measurements of temperature, and/or (2) the
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developments of techniques which will allow one to
determine detonation velocity vs. density de-
pendent parameters not only at high densities, but
also at low densities with an experimental error
of 0.5% or less, together with experimental tech-
nigues for the measurement of pressure, composi-
tion, density, and/or particle velocity with suit-
able precision. For instance, if it were possible
to measure detonation pressures within 2% and
velocities within 0.5%, one could distinguish satis-
factorily between the three equations used here.
Available techniques for velocity determinations
are already adequate, the limitation being wholly
in obtaining reproducible densities at low density,

Fig. 6.— The K(v) curve for different equations of state and two sets of D (Pi) data.
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and in regulating particle size such as to avoid
the influence of the heterogeneous distributions of
density within the charge. So far no experimental
methods are available for measurement of any of
the thermohydrodynamic quantities or composi-
tion factors with accuracy sufficient to allow one
to distinguish between the various equations of
state even if velocities and densities could be
measured with sufficient accuracy. However, this
task does not appear hopeless. For instance, one
might develop an X-ray technique capable of
measuring densities in the original explosive (pi)
and at the C-J plane (p2, or the ratio pi/p2 with
sufficient accuracy to accomplish this purpose.

M. A. Cook, R. T. Keyes, G. S. Horsley and A. S. Filler
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This would require velocity measurements of
greater accuracy than y 2, and pi/p2ratios within
about 1%. To be sure such precision measure-
ments are difficult in explosives technology.
Another conclusion of the present study is that
any convenient equation of state is suitable for
calculating thermodynamic and composition data
(except temperature) in detonation within the
limits of objective study with present techniques.
Hence one should adopt for such purposes the most
convenient (yet reasonable) equation of state
available. Therefore, even if no other arguments
were available these considerations justify com-
pletely the use of the most tractable but, of course,
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reasonable equation of state available, ey., pv =
nRT -f- a(v)p, or the equivalent equation pv =
NnRTeK ). This is an important consideration
in any fundamental study of explosives because one
frequently needs to know the thermodynamic
quantities under various specific conditions.
Finally, it is worthy of note that a successful
study of reaction rates of explosives at low and high
densities has the potentiality of providing, as a
by-product, a solution to the equation of state
through absolute reaction rate theory. Thus, one
will note from Fig. 7 that, whereas at very low
densities all equations of state lead to the same
detonation temperature, at high densities the
temperature is very sensitive to the form of the
equation of state. Reaction rate theory would
provide the temperature coefficients of rates if
temperatures were known. Conversely, if rates
were known, one might compute temperatures by
the inverse process. The reaction rate studies
carried out at this Laboratory have indeed already
provided crucial evidence favoring ¢ = 0 in the
equation 3. This however, is an extensive sub-
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ject requiring detailed study and will not be
cussed in this article.

Appendix |
Definitions of Symbols and Units.—

dis-

= pressure

= specific volume (l./kg.) of esplosive

= (moles/kg.) of explosive

gas constant

temperature, °K.

density, g./cc.

Lewis fugacity

internal energy

actual heat capacity, kcal./kg. °K.

ideal heat capacity, kcal./kg. °K.

v = av. actual heat capacity (kcal./kg.
300°K. to T

av. ideal heat capacity (kcal./kg. °K.) from 300°K .
to T

chemical energy released in detonation, kcal./kg.

detonation velocity, m./sec.

particle velocity, m./sec.

defined in equation 12

defined in equation 3

defined in equation 3

{v) = defined in equation 3

= defined in equation 6

= defined in equations 3a, 3b, 3c

0O00OmM~™ 0™ 41035 <7D

°K.) from

9]
<
*
o I

0@ XX Ng 00
o nn
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The symbol (CO), etc., indicates the concentration
of CO in moles/kg. of detonated explosive.
Note: A subscript 1 on any of the above symbols refers

to initial conditions in the undetonated explosive, and a sub-
script, 2 refers to detonation conditions.

Appendix 11
Derivation of Equations.— From the hydro-
dynamic theory using the conservation laws one
has
-
a = _ (ia)
Ei —Ei — X272 ~h Pi)(vl —v1) (ib)
™ - V2)2P1 ~ PI i
. ) vi — V2 (ic)
and the C-J condition
P2~ Pi /dp2\ id
Vi — v \dv2/s (id)
Using the definition 6 = v2Z{vx — v2 and the fact
that p2 » pi in condensed explosives equation
(ia) becomes
D2= -_i\2 (iia)
v2
Introducing the equation of state pv = nRT<p(T,v);
P = ex; x = K(v)Tdv (where n = n(v,T) and

M. A. Cook, R. T. Keyes, G. S. Horsley and A. S. Filler
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¢ = constant) and realizing that vjv2 = (1 -f- d)/6
one obtains from (iia)
/> = nR'N\e* (1 +O eY (iib)

(This is equation 5 of the article.)

Using equation (ia) and the C-.T condition (id) one
has

Comparing this with (iia) one gets the result

Differentiating the equation of state holding the
entropy constant one obtains

+tU2 (£ )s=a"RT-(s). + "B'(S ).+
RT2<p\de
Hence
- v2 [dT2
P2 \dy2/8" 1~ \30 s + »; \dt2/s
\2/dn\ 1
n Vd~/sd (iiib)

The term v2<p(dp/di>2s can be evaluated from the
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equation of state and the definitions of pand x as

(a=-(8&).

K'TS + fw C /p) 1
1'22 2 \WVi) sJ

thus

‘\I/ (&35 = fA (de)/s -F 4 >r2]((?r2)/ s (“iC)

The term (dTh/dz”~s can be evaluated as follows:
For a constant entropy process the first and second
laws of thermodynamics give

Cvdr = - [(? )t+ pldv = -O, + v)dw

(1s).--8(5+0 &>

But from thermodynamics

thus

Again using the equation of state one obtains

/dp2\ nRip nRT2/d.p\ RT2s / dn\
IdTjv* T7 + 1T UrJd. + v2 \dTjy ~
nRe? cnRxd* RT2? / dn\
V2 v2 V2 ydrzl/v
Hence
1 ZWdpA , ,T2/dn\ ...
=—&w_r) —1=CX+—&t_f (me)
2 V2 \Cli2lv di2/v

From equation (iiib) using (iiic), (iiid) and (iiie) one
obtains finally

=1+~ (1 + CX)[(1+CS)+ "

(This is equation 6 of the article.)

The actual heat capacity is obtained from the

thermodynamic formula

+r,/;(8 )_ dn (iva)
(T2 n constant)

using the equation of state

/dp2\ nRT2/dp\ , nR<p nRex, ,
(drjv= \drjv+ TT = D T (cx + 1}
and
/d A _nR&

\df)r ~ (t+crceD(C)v=

nRex , CX e
— "(l+c+cx)y (ivb)

Using (ivb) and the fact that at T2 constant
&2lv2 = d K/K — dx/x, equation (iva) becomes
J'K(V)
Cy' + cnR xex (L + ¢ + cx)
K("*)

Cy = K

1+ c+ cx)'% (ive)
. X
(Ti, n constant)

The last integral can be evaluated explicitly, leav-
ing finally
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Cy = Cy* — cnR[e? (1 + ¢cx) — 1] +
CK(x) (iv
cnR 1 xex(l + ¢ + c¢x) -rr (ivd)
JHe(@8) A

(T2 n constant)

(This is equation 7 of the article.)

The average heat capacity is obtained from the
thermodynamic formula

1 ™2
— * a
Ov — Cy* + T2. Ty (va)
(T2 n constant)
which becomes using (iiie)
Cv — Cv* + ¢ pxdv2  (vb)

r2- T,x
(T2 n constant)

Using the equation of state to eliminate p2 and

the relation dw2”2 = dK /K — dx/x at To constant
(vb) becomes
aiRTi CK{v) ydK
Cy = Cy* + N o
Y Y ~ Ti Jjc~) X8 ! ad I v9)

(T2 n constant)

The integral involving x can again be evaluated,
leaving

cnRT2 chRTj_ CK(V) ydK
Cy = Cy* - ex - y
YEMT AT Ti JK(«)y K
(yd)

(This is equation 8 of the article.)
Introducing the equation of state, using the defini-
tion d = v2/(vi — v2), and neglecting
pi (ic) becomes

since > >

W2 = nRTi (xia)

(This is equation 9 of the article.)

The detonation temperature is derived from the
fundamental equation

rr2
Q + Ei —Ei = . CydT = Cy(Ti — Ti) (viia
Using (ib), neglecting pi with respect to p2 and

introducing the equation of state to eliminate p2
together with the definition of 9, (viia) becomes

nRTpx —
Q-+ = Cy(T2- Ti)

29
or
+
T2= QF OYT. -
c nRex (viib)
Y© 29
(This is equation 10 of the article.)
The relation for the fugacity factor
\-/exp. TP - 1) ~2? = V.
« JO V2
(viiia)
P2
constant); J = D -'fe
Jo P

is evaluated by means of the equation of state as
follows.
At constant To
dp2 _ dn do _ dvz
Pi n 9 Vi



1124

Using the definition of ¢ and the relation — =

Vi
jjummmmm———- — at Ti constant J may be expressed

J n(v) Ayi fr X

(ex - 1)~ + (ex - l)ydx +
/I(co) n Jo
L'xex — 1 fKto) d/f
] —-— dx - 1 (e* - 1)-~r (viub)
(5Pj = constant)
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The second term in (viiib) can be integrated and
the third term can be expanded in an infinite series
and integrated term by term giving

J - ex 1+ x2[22!'+ 33!+ 44! + menm

V) dK
Xm)(«* = l)A\ +

(This is equation 12 or}(tﬁe article.)

J ' n@

(e* - 1)— (viiic)

IN WATER212

By Eric Hutchinson, Kenneth E. Manchester and Lorraine Winslow

Department of Chemistry, Stanford University, Stanford, California
Received June 1, 1954

The heats of solution of three alkyl sulfates in water have been obtained by direct calorimetry and from solubility measure-

ments.

A relationship is deduced between the turbidity of the solution and the factor required to convert the apparent

heats of solution obtained from solubility measurements made above the Krafft point.

Theoretical

Particular interest is attached to a knowledge of
the heats of solution of detergents since from a
knowledge of this quantity above and below the
critical concentration for micelle formation it is
possible to derive the heat effect associated with

the formation of micelles. This latter affords
valuable information on the structure of the
micelles. A number of papers3 have been pub-

lished on the subject of heats of micellization,
derived by indirect means, but so far as we know
no direct calorimetric data have been published.

Conflicting views have been expressed4about the
structure of detergent micelles, some suggesting
that a micelle is similar to a crystalline bimolecular
leaflet, others suggesting that the micelle is a
loose aggregate of spherical or spheroidal shape.
Since the extreme views differ greatly in the degree
of organization involved in the micelle it may be
expected that measured heat and entropy effects
associated with micelle formation will help to re-
solve the difficulties of deciding which model is
the more accurate representation. A further
point of interest is that these detergent solutions
become highly non-ideal even at low concentrations
owing to micelle formation, and consequently offer
a good case for testing the theories of non-ideal
behavior.

Stainsby and Alexander,6in a paper interpreting
the solubility data obtained by Tartar and his co-
workers6have put forward a thermodynamic argu-
ment about non-ideal solutions which is incorrect,
and we present below an accurate thermodynamic

(1) This work was carried out with the support of the Office of
Naval Research under Contract N60ONR 25130 with Stanford Univer-
sity.

2,2) Presented at the September 1953 meeting of the American
Chemical Society.

(3) (@) G. S. Hartley, Kolloid Z., 88, 33 (1939); (b) B. D. Flock-
hart and A. R. Ubbelohde, J. Colloid Sci., 8, 423 (1953).

(4) W. Philippoff, ibid., 5, 169 (1950).

(5) G. Stainsby and A. E. Alexander, Trans. Faraday Soc., 46, 587
(1950).

(6) H. C. Tartar and K. A. Wright, 3. Am. Chem. Soc., 61, 539
(1939).

interpretation of the solubility relations in non-
ideal solutions which differs somewhat from that
given by Wi illiamson,7 and which is of interest in
that it is related to the theory of light scattering
by solutions.8

For the equilibrium between a pure solute and its
saturated solution we have, in general, that the
chemical potential of the solvent (component 1) is
a function of four variables

Ml = MI(P, T, ill, 72)
where
T = Kelvin temperature
P — pressure
mi and ri2 = the numbers of moles of solvent and solute,
respectively
Hence
dvi

(\% «Oi/r,T,n-id -t \%L;/;))n w2

Imposing the conditions of constant pressure and ni

(anA
\aT/p,n,n

/O mA (an,\

\O«2/ P.r.nAaiy Py, @
Now (dpi/dT) = —Si = partial molal en-
tropy of the solvent in solution. From the Gibbs-

Duhem equation for the solution at constant pres-
sure, we have

dMi = --£S dr o+ AdM)

and

Since the solute is in equilibrium with pure excess
solute we also have

~solution _ ~Bolid

MN(si) .-

(7) A. T. Williamson, Trans. Faraday Soc., 40, 421 (1944).
(8) E. Hutchinson, Technical Report No. 3, ONR Contract N60NR
25130.

(t T ),., - -A - w
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where A>° is the molal entropy of pure solid solute.
Substituting in equation 1 we have

=S+ GBnZerm X ot /o0
(4)
But by definition
S — TmSl -} 71252
where S2is the partial molal entropy of the solute
in solution. Thus on rearranging terms

If Hi and 112° are the partial molal heat content of
solute in solution and in the pure state, respectively

L2

s2- si°
.

where L2is, conventionally, the differential heat of
solution of the solute. Thus

L2

T ®)

Writing

In which Lapp is the apparent differential heat of
solution.9 It is readily shown that since
Mi — mi°(P, T) + QiRT in Ni

where gi is the osmotic coefficient of the solvent,
and Ni is the mole fraction of the solvent, defined
by the relation

W
v, =
Ml + VU2
where
v = 1 for a non-electrolyte solute
r=r+ + > for an electrolyte Aw-B,,_
Then
Mi /c>MI\

RT\anZ) p.T.m

to a very close approximation. In the case of an
electrolyte which is ideal, (gg = 1), Lapp is de-
fined as VRT2{(dInNi/dT)p:m} so that

L — La, g]_

for both electrolytes and non-electrolytes.
Hutchinson8 has shown that

, ( 2d \ = Hci
\d Inn2Jp.T.m t ®)

where

r = the turbidity of the solution

C2 = the molal concn. of solute

H = the conventional light scattering constant
Thus

For dilute solutions which are ideal the dif-

ferential and integral heats of solution are almost
identical. For detergent solutions above the

(9) Except as noted below.
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critical micelle concentration the deviations from
ideality are almost entirely ascribable to associa-
tion into micelles, which are approximately ideal
considered as micelles, so that below the critical
micelle concentration we may expect the calori-
metrically determined heat to agree with the dif-
ferential heat of solution obtained from solubilities.
Above the critical micelle concentration we may
expect the calorimetric heat to agree reasonably
well with the above theoretical result.

Because sodium tetradecyl and hexadecyl sul-
fates have a limited solubility in water at room
temperature, we have not been able to obtain
light scattering data for these solutions. The
measured solubilities are included in the tables
below, however, since the results themselves are
of some empirical value apart from the calculation
of heats of solution. The light scattering data for
sodium dodecyl sulfate are taken from the work of
Hutchinson.8

Experimental

The sodium dodecyl, tetradecyl and hexadecyl sulfates
were prepared as described by Dreger, et al.10 The cetyl-
pyridinium chloride was supplied by the Wm. S. Merrill
Company.

Solubilities were determined by a method similar to that
used by Tartar.6 Analysis for solute was carried out by
drying known weights of solution at 100°, which caused a
faint yellowing of the solute but no appreciable change in
weight when prolonged. Since it is, as Tartar6 points out,
very difficult to ensure that true equilibrium is established,
it is possible that some of the solubilities quoted may be
in error by as much as 10% in the worst cases. All data are
the average of at least three determinations.

For the measurements of integral heat of solution the
calorimeter consisted of a dewar flask of 500-ml. capacity
with a tightly fitted Bakelite lid. It contained a stainless
steel stirrer with a Bakelite section to minimize heat leakage,
a heating element which was made of manganin wire and en-
closed in a cylindrical brass jacket which in turn was coated
with glyptal, a stainless steel platform for breaking the
sample bulb, and a spring-loaded Bakelite shaft which held
the sample bulb in position. The sample was contained in
a thin-walled glass bulb which was sealed by the insertion
of a tapered Teflon plug in the neck. This latter unit was
screwed to the Bakelite shaft. The dewar vessel was sur-
rounded by a constant temperature bath which showed a
variation of £+0.005°. The bath was housed in a plywood
box insulated with about two inches of fiberglass. Tem-
perature measurements inside the calorimeter were made
with a five-junction copper-constantan thermel in conjunc-
tion with a White double potentiometer. A change of
1.5 X 10~i0 could be detected.

The electrical energy necessary to restore the original
temperature of the calorimeter after dissolution of the sample
was measured by determining the current in the heating
circuit, the potential drop across the heater, and the time
of current flow. The current and potential drop were meas-
ured on the “P” scale of the White potentiometer, and the
heating period was determined with an electric timer. Cur-
rent and potential drop measurements were reproducible to
1 part in 15000 or 0.007%, but errors in the time of heating
varied from 0.11% in the case of the smallest temperature
changes to 0.05% in the case of the largest changes.

Samples were weighed to 0.0001 g. in all cases.

The procedure for a typical run was to assemble the cal-
orimeter and heat the contents to a predetermined tempera-
ture. The system was then allowed to equilibrate for at
least 30 minutes before time-temperature readings were
started. The initial heating rate was observed for about
eight minutes and the bulb broken. Time-temperature
readings were continued until a constant heating rate was
attained and then the heater was turned on for whatever
period was necessary to raise the temperature to the original
value. Current and potential readings were taken during

(10) E. E. Dreger, etal., Ini. Eng. Chem., 36, 610 (1944).
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this period. After the heating period the final heating
rate was observed for a period of about ten minutes. The
observed temperature changes were corrected for heat of
stirring and heat transfer, and the heat of solution was then
calculated by the equation

AH Eit w HiM
4.183(1000) X H2w
where
E = potential drop across the heater in international
volts

i = current in international amp.
t = time in seconds
Hi = temp, change due to dissolution of the solute
H2 = temp, change during the heating period
w = weight of the sample
M the molecular weight of the sample (g. formula wt.)

The quantity Eit/4.183 multiplied by H2is termed the cal-
orimeter constant.

In order to determine the accuracy of the apparatus we
measured the heat of solution of one mole of potassium chlo-
ride in 200 moles of water at 25°. We also measured the
heat of solution of one mole of potassium chloride in 2000
moles of water at 25°, in order to determine the precision of
our measurements for small temperature changes. The
average value of five determinations for the heat of solu-
tion at the higher concentration was found to be 4.200 *
0.003 kcal./mole/200 moles water at 25°. This result is
in excellent agreement with the value given in the literature”
as 4.201 kcal./mole/200 moles water. For the dilute solu-
tions the average of three determinations was found to be
4.179 + 0.005 kcal./mole/2000 moles water. The heat
of solution at this concentration, determined by extrapola-
tion of the values given in the literature 1 is 4.177 kcal./
mole/2000 moles water.

Molality.
Fig. 1.—-The heat of solution of sodium deeyl sulfate in
water as a function of the concentration.
Results
The solubilities of sodium dodecyl, tetradecyl

and hexadecyl sulfates in water at a series of tem-

peratures are given in Tables I-11l. In the case
of the dodecyl sulfate the values8 of Hc~/r are
also given, together with the product of L»pp

and Hci/ . The calorimetric work has been car-
ried out mainly with sodium decyl sulfate, but
values for sodium octyl sulfate, sodium dodecyl
sulfate and cetylpyridinium chloride, over more

restricted ranges of concentration, have been
determined. These are given in Tables IV-VII,
while Fig. 1 shows a plot of heat of solution of

sodium decyl sulfate as a function of concentration.

(11) "Selected values of chemical
Circular of the Bureau of Standards, 500, U. S. Government Printing
Office, Washington, D. C., Feb. 1, 1952, p. 487.

E. Hutchinson, K. E. Manchester and L. Winslow

thermodynamic properties,"

Vol. 58

Table la

The Solubility of Sodium Dodecyl Sulfate in W ater

Solubility, Lapp-» Solubility, Lapp.,

Temp., g./1000 kcal./ Temp., @/l0OO kcal./
°K. g. water mole °K. g. water mole
274.8 1.73 8.64 289.4 72.0 55.6
278.8 2.16 8.89 291.6 144.0 47.5
282.1 2.59 9.10 293.2 216.0 40.1
286.9 28.8 58.8 294 .4 288.0 40.1

Table |Ib

T he Heat of Solution of Sodium D odecyl Sulfate in

W ater
Solution, L, kcal./
m Lapp. He2/r mole
6 X 10'3 8.64 0.862 7.62
1 X 10-' 58.8 .125 7.35
25X 10"1 55.6 .20 11.12
5.0 X 10-' 47.5 .20 9.5
Tabite Il

T he Solubility of Sodium Tetradecyl Sulfate in W ater

Solubilitv, Lapp.,

Temp., g./1000 g. kcal./
°K. water mole
297.5 1.896 112.6
297.9 2.528 112.9
303.5 31.6 75.0
305.2 63.2 75.9
306.2 94.8 76.4

Tabte Il

T he Solubility of Sodium Hexadecyl Sulfate in W ater

Solubility, Lapp.,
Temp., g./1000 g. kcal./
°K. water mole
310.4 3.44 103.6
311.7 6.88 104.5
314.9 34.4 64.9
316.5 51.6 39.4
Table IV

Heat of Solution of Sodium Decyl Sulfate in Water

No. of Final
determina- soin., Temp., AH®°,
tions m °C. kcal./g.f.w.
3 0.0100 25.01 5.699 + 0.019¢
3 .0150 25.00 5.692 + 0.021
3 .0200 25.01 5.775 £ 0.005
3 .0250 25.00 5.862 + 0.030
2 .0275 25.00 5.842 + 0.058
3 .0300 25.01 5.762 + 0.015
1 .0325 25.00 5.871 + 0.010
3 .0350 25.00 5.912 + 0.011
3 .0400 25.01 6.050 + 0.009
3 .0500 25.00 6.130 +0.016
3 .0600 25.01 6.193 + 0.023
“ Errors are estimated by the method of F. D. Rossini,
Chem. Revs., 18, 233 (1936).
Table V
Heat of Solution of Cetylpyridinium Chloride in
W ater
No. of Final
determina- soin., Temp., AH" 0
tions m °C. kcal./g.f.w.
3 0.0099 25.01 14.00 + 0.03
4 .0199 25.02 14.17 + 0.04
3 .0299 25.02 13.95 + 0.17
3 .0399 25.00 13.98 + 0.03
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Tabte VI
Heat of Solution of Sodium Octyl Sulfate in W ater
No. of Final
determina- soin., Temo., Atf2S°,
tions m °C. kcal./g.f.w.
2 0.0200 25.02 3.868 + 0.081
2 .0400 25.02 3.967 £ 0.096
2 .0600 25.01 4.062 £+ 0.010
2 .0800 25.01 4.128 + 0.040
Table VII
Heat of Solution of Sodium Dodecyl Sulfate in W ater
No. of Final
determina- soin., Temp., AH™®,
tions m °C. kcal./g.f.w.
2 0.0060 25.00 7.63 = 0.11
5 0.0500 25.02 7.64 + 0.09

Discussion

To deal with the solubility data first: the results
for sodium dodecyl sulfate may be regarded as
providing good confirmation of the theory outlined
earlier, particularly when the possibility for error
in both the light scattering and solubility de-
terminations is borne in mind. It isclear, however,
that if differential heats of solution obtained from
solubility are to be of any value in interpreting
the structure of detergent solutions in detail a
considerable improvement in experimental ac-
curacy is required, and it is questionable whether
such improvements are worth striving for in view
of the relative ease of making direct determinations
by calorimetry.

The calorimetric results obtained in the case of
sodium decyl sulfate show that there is an abrupt
change in the integral heat of solution between
0.025 and 0.030 molal concentration. (The critical
micelle concentration as determined by light
scattering8is in the region 0.030 to 0.035 molal and
as determined by electrical conductance2is 0.031
molal.) From Hess’s law the heat of mieellization
is readily deduced to be of the order —0.21 kcal./
mole, and if there is true equilibrium between
micelles and single species the corresponding
entropy of mieellization is 0.70 cal./mole/degree.
Although the data for cetylpyridinium chloride
are more restricted they are sufficient to indicate
that the heat effect is about —0.3 kcal./mole and
the entropy change about 1 cal./mole/degree.
The apparent critical micelle concentration for
this solute is in fair agreement with the value
0.029-0.035 molal derived from solubility data.12

Sodium octyl sulfate and sodium dodecyl sulfate

(12) N. K. Adam and K. G. Pankhurst, Trans. Faraday Soc., 42,

523 (1946).
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present problems of experimental technique for
these studies in terms of the large amount of solute
required to exceed the critical micelle concentra-
tion, in the first case, and the small quantify re-
quired to fall below the critical concentration, in
the second case. It is of interest to note that
Flockhart and Ubbelohde3 determined the heat of
mieellization of sodium dodecyl sulfate by measur-
ing the temperature coefficient of the critical micelle
concentration determined by electrical conductance,
and found values varying between +0.8 kcal./mole
at 5° and —1.9 kcal./mole at 45°. These results
are in better accord with our direct measurements
than are those of Stainsby and Alexander.6

It will be seen from the data for the octyl, decyl
and dodecyl sulfates that the heat of solution of a
—CH2— group is of the order of 0.9 kcal./'mole.
This value may be compared to the value 0.64 to
0.71 kcal./mole derived by Langmuirl3 as the
heat of adsorption of a-CH 2 group on water, and
with the value 1.18 kcal./mole derived by Hering-
ton14 from solubility measurements for hydro-
carbons in water.

Stainsby and Alexander have attempted to break
dowm the heat of mieellization into a number of
terms, accounting for changes in surface energy,
changes in rotational energy, etc. On this basis
we are led, from our results, to conclude that micel-
lization is a process in which there is a very delicate
balance between the kinetic energy on the one
hand and end group interactions on the other.
W hatever the details may be, our results show that
mieellization is certainly not a process comparable
to a phase change, in the concentration range
studied. From light scattering data8 we know
that the micelles of sodium decyl and dodecyl
sulfates contain some 60 or so single species, and
the small heat and entropy effects are in good
agreement with the loose structure which such an
aggregation would involve on the basis of a spheri-
cal or spheroidal micelle. The results certainly
rule out, in the solutions examined, the existence
of the bimolecular leaflet lamellar micelle, which
is essentially a micro-crystallite. Such a struc-
ture would involve entropy changes far in excess of
the measured values.

Acknowledgment.— It is a pleasure to acknowl-
edge the kind advice of Dr. F. 0. Koenig, and the
generosity of Dr. G. S. Parks in making available
to us the White potentiometer and auxiliary
equipment used in our calorimetric work.

(13) 1. Langmuir, 3. Am. Chem. Soc., 39, 1883 (1917).
(14) E. F. G. Herington, ibid., 73, 5883 (1951).
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The interaction of cupric ions with polyacrylic acid has been investigated spectroscopically, polarographically and by

pH titration curves.

The absorption spectra suggest the formation of a complex between copper and polyacrylic acid.
The polarographic studies also show that the copper is associated in some way with the polyanion.
tion curves demonstrate that each cupric ion replaces two hydrogens, thus suggesting the formation of a chelare.

Finally, the pH titra-
The inter-

action of copper ions with polyacrylic acid is not a simple electrostatic phenomenon, since the behavior of copper is markedly

different from that of the alkaline earths.
to form complexes with polyacrylic acid.

Introduction

When polyacrylic acid (PAA) is partially neu-
tralized with sodium hydroxide, it is found that an
appreciable number of the sodium ions become
bound to the polymer anion in such a way that
they are carried along with the anion during
electrical transference, diffusion, etc.2-4 When
divalent ions, such as those of calcium or strontium,
are introduced into such a system, it is found that
they are preferentially taken up by the polyanions,
which appear to act as miniature ion-exchange
systems. The binding of ions like sodium or cal-
cium appears to be essentially electrostatic in
character, since ordinary equilibrium considera-
tions cannot account for the binding quantita-
tively.5 However, when cupric ions are substi-
tuted for the alkaline earths, it is found that a dif-
ferent kind of binding takes place. By investi-
gating the interaction of copper ions with poly-
acrylic acid, we have obtained evidence for the
formation of complex structures which appear to
involve intramolecular pairs of carboxyl groups
associated with copper ions. The experiments
consisted of the measurement of absorption spectra,
polarographs and pH titration curves.

Experimental

Reagent grade materials were used throughout. Copper
perchlorate was prepared by dissolving copper oxide in per-
chloric acid, filtering and crystallizing the salt from a con-
centrated solution. The pH of the copper solutions used
was never less than 4.5.

The polyacrylic acid was made by the organic preparations
section at the University of Illinois, and its solutions were
standardized by drying aliquot portions.

A Cary Recording Spectrophotometer with a 1-cm.
length quartz cell was used for obtaining absorption data.
Solutions were maintained at an approximate ionic strength
of 0.084 by the addition of sodium perchlorate.

Polarographic studies were made at 25° using a Sargent
X X1 Polarograph. A conventional “H” cell was used with
the solution under investigation in both sides. Connection
to the external saturated calomel reference electrode was
made through an agar-saturated potassium chloride salt
bridge. The diffusion current values were taken as V? of the
maximum diffusion currents with no damping. The capil-
lary had the following characteristics: h = 91 cm. and
jnVsfVe = 1.766 mg.A sec._1A at —0.200 volt.

(1) The work discussed herein was performed as a part of the re-
search project sponsored by the Reconstruction Finance Corporation,
Office of Synthetic Rubber, in connection with the Government Syn-
thetic Rubber Program.

(2) J.R. Huizenga, P. F. Grieger and F. T. wall, J. Am. Chem. Soc.,
72, 2636 (1960).

(3) J. R. Huizenga, P. F. Grieger and F. T. Wall, ibid., 72, 4228
(1950)

(4) F. T. wall, J. J. Ondrejcin and M. Pikramenou, ibid., 73, 2821
(1951)

(5) F. T. wall and J. W. Drenan, J. Poly. Sci., 7, 83 (1951).

Other ions like those of nickel, cobalt and zinc exhibit to a small extent tendencies

pH readings were obtained with a Beckman pH meter
model G. Temperatures of the solutions were in the range
23 + 2°.

Discussion

A strong absorption peak is observed at 2570 A.
for aqueous mixtures of polyacrylic acid and copper
perchlorate. This is significant because the optical
density of the separate solutions is negligible at this
wave length. An effect can also be observed
without instruments because the mixtures exhibit
an intense blue color, which is, of course, readily
borne out by absorption spectra measurements.
However, the visual band is much less intense
than that at 2570 A. The absorption can be in-
tensified by increasing the copper perchlorate or
polyacrylic acid concentration, or, more markedly,
by neutralizing the polyacrylic acid with a base
that does not give appreciable absorption at
2570 A. with polyacrylic acid alone. Figure 1
illustrates this effect of neutralization upon the
copper ion-polyacrylic acid absorption peak when
the ratio of copper ion to carboxyl group concen-
tration is about one to ten. It is worth noting
that the height of this absorption peak rises with
increasing neutralization and passes through a
maximum at about 45% neutralization; this effect
disappears for smaller ratios of copper ion to car-
boxyl and is entirely absent for ratios below one to
twenty, when the polyacrylic acid concentration is
of the order of 4 X 10-3 N. Ratios higher than
one to five result in precipitation upon partial
neutralization.

Absorption spectra on related systems were
examined to provide comparison -with the copper-
polyacrylic acid data. These included spectra of
partially neutralized sodium polyacrylate, stron-
tium polyacrylate and zinc polyacrylate, none of
which showed any absorption comparable to the
copper mixtures. Therefore we conclude that the
intense band at 2570 A. is peculiar to copper in the
presence of polyacrylic acid. Cupric solutions
with simple monobasic and dibasic acids, such as
propionic, glutaric, succinic, adipic ando citric,
show weak absorption peaks below 2500 A. when
the acids are partially neutralized. No maxima in
absorption peak heights were observed for neu-
tralizations less than 100%, nor was precipitation
encountered for large ratios of copper to acid
concentrations.

The above facts are consistent with the follow-
ing picture for the interaction of copper with
polyacid chains. When there is a large ratio of
copper to carboxyl groups, intramolecular associa-
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Fig. 1—Absorption spectra of solutions with total copper
concentration of 4.32 X 10-4 M and polyacrylic acid con-
centration of 4.05 X 10~3 N, neutralized to” the following
extents with NaOH: (1) 0%; (2) 4.9%; (3) 14.7%; (4)
21.2%; (5)40%; (6) 49%; and (7) 97% (0.08 M NaCICh
present).
tion through copper occurs to such an extent that
the chain is partially constricted. This constric-
tion will be opposed by the increasing net ionic
charge that attends increasing neutralization.
A maximum in absorption is therefore quite likely
if enough copper is present to distort the polymer
configuration without producing precipitation.
Presumably some Kkind of copper complex is
formed, such as a chelate, which could distort the
polymer chain.

To test this hypothesis, polarographic measure-
ments were carried out ho investigate the stoichi-
ometry of the complex. The reduction wave of
the complexed copper proved to be irreversible,
thus prohibiting detailed interpretation. How-
ever, two effects were noted, namely, a marked
shift of the wave to a negative potential (—0.08
volt vs. S.C.E.), and a marked reduction in wave
height. Assuming the wave height to be con-
trolled by diffusion, the Ilkovic equation6 can be
used to calculate diffusion coefficients which at
25° appeared to have the following values.

D cm .2sec. -1
0.71 X 105
(1.97 £0.05) X 10~7

Solution
Cu(C104)2(1.072 X 10-*M)
Cu(C1042(1.072 X 10~4M)
84% neutralized PAA (0.12 N)
Cu(C104)2(1.072 X 10-4 M)
84% neutralized PAA (0.24 N)

(Supporting electrolyte:

(1.34 + 0.05) X 107

1M NaC104

(6) I. M. Kolthoff and J. J. Lingane, “Polarography,” Interscience

Pub. Inc., New York, N. Y., 1941, p. 55.
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Fig. 2.—Titration of 20 ml. of 0.01041 N PAA with copper
nitrate solutions.

The difference between the last two values might
be attributed to viscosity effects. The small dif-
fusion coefficient of copper in the presence of poly-
acrylic acid is attributed to the large size of the
polymer coil.

Final evidence for the formation of a copper
complex was gained from pH curves as shown in
Fig. 2. Data for these curves were obtained by
titrating copper nitrate solutions of different con-
centrationsinto 20 ml. of 0.01041 N polyacrylic acid.
It should be noted that the position of the curves
with respect to titrant concentration could not be
ascertained precisely because of experimental
errors in pH measurements made on different days.
(Copper nitrate was found to give results identical
to those of copper perchlorate.) For pH values
below 2.9, precipitation occurs with the more con-
centrated copper solutions. When log [H+] is
plotted versus the log of the total copper concen-
tration, straight lines are obtained with slopes of
3.1 to 3.3 over wide ranges of copper concentration.
The curves of Fig. 2 are consistent with the reaction

Cu+++ (COOH)2— > (COO)iCu + 2H+ (1)
which has the equilibrium constant
[(COO)Zu] [H+]2

[cu++][(COOH)Z N

At this point we should explain why the carboxyl
groups are indicated as (COOH)2 instead of
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2COOH. This is done to emphasize the fact that
intramolecular carboxyls appear to react with
copper and not just any two carboxyls from dif-
ferent molecules that get close enough together.
Evidence for this is obtained from the fact that the
equilibrium constant expression is found to vary
inversely with the first power of the acid concen-
tration and not with the square of that concen-
tration. The inverse first power thus implies that
the pairs of carboxyls involved come from the
same molecule, and that they might even be ad-
jacent. If enough copper has been added to the
solution so that self-ionization of the acid is re-
placed by reaction 1, we can write that

[(COO)X] = | [H+] (3)
Moreover, from the experimental conditions we

note that the following approximations can be
made for the straight portion of the curves

[Cu++] ~ [Cu]t = total copper concn. (4

[(COOHW = ~ equivalent concn. of PAA  (5)

Equation 2 can now be simplified to

BURNING RATE STUDIES. |
DISTRIBUTION

ByD. L.Hildenbrand,

D. L. Hitdenbrand, A. G. Whittaker and C. B. Euston
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H+I3
K= wkieam )
Since PAA remains essentially constant for the
titrations with the higher concentrations of copper
nitrate, a log log plot between [H+] and (cu i«
should have a slope of approximately 3, as con-
firmed by experiment.

Other salts such as potassium nitrate, strontium
nitrate, zinc nitrate and even nickel perchlorate
and cobalt perchlorate do not show nearly as
strong a tendency for replacement of hydrogen in
polyacrylic acid as copper ion does. This be-
havior is consistent with the behaviors of these ions
in forming other complexes.

The pH results thus corroborate the polaro-
graphic and absorption spectra observations which
suggest that a copper polyacrylate complex exists,
presumably a chelate structure involving adjacent
carboxylate groups.7

Acknowledgment.—Acknowledgment is made for
the assistance given by Robert L. Rebertus in
obtaining the polarographs.

(7) Professor Paul J. Flory recently reported (private communica-

tion) that a decrease in viscosity occurs when copper salts are added
to polyacrylic acid. This fact can also be explained by the formation,
of a complex: see P. J. Flory and J. E. OsterheJdd, T his Journal,
58, 653 (1954).
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Fine wire thermocouples (0.0003 inch diameter) carefully prepared by micromanipulative techniques have been used to
explore the temperature distribution in several burning liquid systems as an aid in the theoretical approach to liquid combus-

tion.
rates to give the steady-state temperature distance curves.

The experimental temperature-time records were combined with simultaneously determined liquid consumption
Work to date has been chiefly concerned with the liquid phase
profiles and the effect of variables such as liquid viscosity on the shape of the profile.

High-speed motion pictures of the

burning process have been synchronized with the temperature-time records to determine the relative positions of the thermo-

couple and the liquid surface.

Introduction

A knowledge of the temperature distribution in a
combustion wave is essential for understanding the
mechanism of propagation of the wave. Ideally,
the experimental temperature profiles will give such
valuable information as the distribution of heat
sources and a characterization of the modes of
energy flow within the system. These data will,
in turn, be helpful in working out the detailed
chemical kinetic processes taking place in the
combustion wave.

This study has been primarily concerned with
the liquid phase temperature distribution in the
hope of acquiring information about chemical
reactions occurring in this region and the possi-
bility of their influencing the over-all rate of
burning. The data would also be useful for check-
ing the validity of theoretical treatments such as
that developed for solid powders by Rice and

The three liquid systems studied thus far have been the two component systems 2-nitro-
propane-nitric acid, metriol trinitrate cooled with triacetin, and ethyl nitrate.
data and their application to determining surface temperature.

Emphasis has been on interpretation of the

Ginelll which is based on a rate of burning con-
trolled by the surface temperature. However, it is
the intent to present only the experimental method
and some of the preliminary results in this paper.
Details of the results and conclusions reached in this
work will be published at a later date.

Experimental Procedure

The temperature profiles were obtained with thermo-
couples prepared from a 0.0003 inch diameter platinum and
platinum-10% rhodium Wollaston wire. In the early
work, the thermocouples were made by dissolving off about
one-half inch of the silver coating and passing the crossed
wire ends through a gas-oxygen flame as described by
Klein, €al.2 Using this method, the size of the bead at the
junction could not be closely controlled and the bead diame-
ter varied from three to six times that of the wire. When
it became apparent from the early records that at least a
portion of the temperature-time trace was much steeper

(1) O. K. Rice and R. Ginell, This Journal, 54, 885 (1950).
(2) R. Klein, M. Mentser, G. Von Elbe and B. Lewis, ibid., 64, 877
(1950).
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than anticipated, it was decided to use micromanipulative
techniques in preparing the thermocouples. In this way,
the bead could be kept at a small, uniform size, thereby
reducing thermal lag to a minimum.

A deFonbrune Micro-forge was modified slightly and used
as a micromanipulator. The thermocouples were then
made in the following manner. About '/4inch of the silver
coating was dissolved from a short length of platinum Woll-
aston wire. The 0.0003 inch diameter platinum wire was
then brazed to a 0.004 inch diameter platinum lead wire
with a gas-oxygen microtorch and the small wire cut off to
the appropriate length. The process was repeated for the
platinum-10% rhodium wire. The two large lead wires
were then mounted in opposite arms of * he micromanipulator
and brought together until the tips of the 0.3 mil wires were
just touching. By bringing the tip of the microtorch into
the field of the microscope, the welding operation could be
very carefully controlled; the flame was removed as the two
wires just fused together. Using this method, essentially
a butt-weld was obtained with the junction about 70%
larger in diameter than the wire. To remove any uncer-
tainties regarding the temperature-e.m.f. relation, one of
the 0.3 mil diameter couples was compared with a Bureau of
Standards calibrated platinum, platinum-10% rhodium
thermocouple in the temperature range 25-1000°. The
behavior of the fine thermocouple was entirely normal and
it followed the standard couple within £1° over the whole
range. For most of the work, bare thermocouples were
used. However, a few runs made using couples coated with
a very thin Teflon film gave profiles identical to those ob-
tained with bare couples, indicating a lack of catalytic ac-
tivity by the platinum.

The thermocouples were mounted in Pyrex tubes by drill-
ing two holes with a hot tungsten wire and stretching the
couple diametrally across the tube using additional micro-
manipulators. A wax seal held the thermocouple firmly
in position, with the junction located as closely as possible
in the center of the tube. Conduction errors were mini-
mized by this type of mounting since the couple lay essen-
tially in an isothermal region.

For the temperature profile measurements, the liquid
filled tube was placed in a two-window bomb and pressur-
ized with nitrogen gas. Thermocouple leads and igniter wires
were brought out through the bomb head by high-pres-
sure insulated connectors. The liquid was ignited by
passing a current through a length of iron wire on which
was threaded a small piece of ballistite. By locating the
thermocouple sufficiently far down the tube, any igniter
effects were completely damped out by the time the com-
bustion wave reached the vicinity of the couple. As the
liquid burned past the thermocouple, the temperature rise
was recorded. A mask could be attached to the tube to
provide reference marks a known distance apart for measur-
ing consumption rates. The thermocouple output was am-
plified with a Tektronix Type 112 direct coupled amplifier
and fed to an Electronic Tube Corp. Model H-21 dual beam
cathode ray oscilloscope; the scope pattern was photo-
graphed on continuous strip film with a Fairchild Type 314
Oscillograph Record Camera. One of the scope beams was
modulated at 250 c.p.s. and used as a baseline while the
other was modulated at 1000 c.p.s. and used to record the
thermocouple signal. At the same time, motion pictures
of the combustion wave traveling down the tube were taken
with an Eastman high-speed camera at a rate of about 400
frames per second. Signals from a time base pulse generator
were used to Z-axis modulate the oscilloscope and to actuate
the high-speed camera timing light in order to synchronize
the two film records and provide a common zero time refer-
ence. By means of appropriate lenses, the high-speed
camera covered a field of view about  inch square in which
the thermocouple could be clearly seen. Before and after
each run several known voltages were impressed on the os-
cilloscope to calibrate the record. The sensitivity of the
instrument was usually such that a full scale deflection cor-
responded to a temperature rise of about 600°. A traveling
microscope was used for assessing the temperature record.
Separate experiments showed the time lag in the electronics
of the temperature measuring system to be less than two
milliseconds, which was entirely negligible in this work.
The actual frequency response of the thermocouple was not
determined. However, since the couple readily recorded
changes of fifty to one hundred thousand degrees centri-
grade per second obtained as described later, it was felt that

Temperature Distribution in Burning Liquid Strands

1131

the response would be adequate for recording the rise in the
liquid preheat zone which had a maximum rate of change
of one to three thousand degrees per second.

Results and Discussion

Thus far, profile data have been obtained for
three liquid systems'—the stoichiometric mixture
(for complete combustion) 2-nitropropane-95%
nitric acid, metriol trinitrate3 (82%)-triacetin,®
and ethyl nitrate. The temperature records for
all three systems have the same general
shape. The various features of the profile appear
to be related to the combustion wave in the follow-
ing way. As the burning surface approaches the
couple, there is a rapid exponential rise of 100—
300°, depending on the system, which is from 0.1
to 0.3 millimeter in depth. High-speed motion
pictures show that the couple is visible beneath
the liquid surface in this region. This is followed
by a very gradual rise of some 20-50° extending
over a region 0.3 to 1 millimeter in length in which
the couple is no longer visible. The length of this
plateau was not entirely reproducible and was
shown by the motion pictures to be caused by the
thermocouple pulling up a film of liquid as it
works against the surface forces. At the end of the
plateau there is an extremely abrupt rise of over
1000° in about 10 milliseconds. The start of the
abrupt rise was shown to coincide exactly with the
breaking of the liquid film as seen in the high-
speed pictures. Because of this filament pull-out
effect, the couple finds itself well up into the hot
gases above the surface when the film breaks.
There is a further gradual rise until the thermo-
couple reaches the hottest portion of the flame.
Only a part of the gas phase profile can be ob-
tained, of course, if the flame temperature exceeds
the melting point of platinum, as it did in the case
of the nitropropane-nitric acid mixture. In this
study, however, the liquid preheat region and the
surface temperature were of primary interest.

It is clear that because of the filament pull-out
effect, the present method does not yield the correct
gas phase profile in the region directly above the
surface. However, the effect is helpful in de-
termining the actual liquid surface temperature.
The thermocouple is interpreted as reading the
“true” surface temperature when it becomes
tangent to the liquid surface and just begins
pulling up the liquid film. This corresponds
to the point on the profile at which the exponential
rise breaks over into the gradual plateau, as indi-
cated at point A of Fig. 1. In calculating the
temperature-distance curves from the experi-
mental data, the temperature distribution was
assumed to move down the tube at the steady-
state consumption rate and only enough points
were included to show the shape of the curve.
By comparing data obtained from a series of runs
made under identical conditions it was found that
the exponential liquid phase temperature rise was
reproducible to well within £10° and that surface
temperatures may likewise be obtained within the
same limits.

High-speed photographs pointed out a striking

(3) (a) Methyl trimethylol methane trinitrate; (b*
acetate.

glycerol tri-
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MILLIMETERS.

Fig. 1—Temperature V&SUS distance from burning
surface for ethyl nitrate burning at 100 p.s.i.g.; consumption
rate 0.052 cm./sec.

feature in the combustion behavior of the 2-nitro-
propane-nitric acid system. There is a great deal
of random motion or turbulence in the liquid pre-
heat region beneath the surface, presumably due to
convection currents caused by the large thermal
gradients and possibly by heat generated in exo-
thermic chemical reactions near the surface. Be-
cause of these disturbances the profiles for this
system were quite erratic in the liquid preheat
region as shown in Fig. 2. Addition of 0.5%

MILLIMETERS.

Fig. 2.—Temperature V&YSLB distance from burning sur-
face for 2-nitropropane-95% nitric acid burning at 300
p.s.i.g.: consumption rate 0.160 cm./sec.

Lucite by weight increased the viscosity from 0.7
to 18 centipoises and damped out completely the
irregularities in the profile as seen in Fig. 3. Un-
fortunately, the Lucite itself did not burn completely
and a considerably higher surface temperature was
recorded, probably because of a polymer-rich film
on the surface. The experiment does serve to
show, however, that the “thermal noise” can be
damped out by increasing the viscosity sufficiently.
Photographs of the burning Lucited mixture
tended to confirm this by revealing a greatly
reduced amount of activity in the preheat zone.
The other two liquid systems, metriol trinitrate
and ethyl nitrate, with viscosities of 25 and 0.6
centipoises, respectively, both yielded smooth and
very reproducible liquid phase profiles with the

D. L. Hitdenbrand, A. G. Whittaker and C. B. Euston

Vol. 58

photographs showing only a very thin region of
extremely mild convection currents in the preheat
zone. This would seem to indicate that with the
two nitrate esters any liquid phase reactions must
be occurring to a much lesser extent than in the
nitropropane-nitric acid system and they must be
occurring in a region much closer to the surface if
they occur at all.

MILLIMETERS.

Fig. 3.—Temperature V&S distance from burning sur-
face for 2-nitropropane-95% nitric acid plus 0.5% lucite
burning at 300 p.s.i.g.; consumption rate 0.132 cm./sec.

A detailed theoretical treatment of the com-
bustion process cannot be made until more is
known about the chemistry involved. However,
some useful information may be gained from an
analysis of the experimental profiles according to
treatments such as that developed by Reid.4 He
has proposed an expression for the steady-state
temperature distribution in a burning liquid or
solid resulting from heat conduction and radiation
absorption by treating a region sufficiently far
below the surface so that heat generated by chemi-
cal reaction is negligible. Exclusion of the chemi-
cal reaction term, of course, allows the heat flow
equation to be solved analytically. The tempera-
ture distribution may then be expressed by the
equation

VKT-T, ) =P (fX+A ~exp(-.r)

where v is the steady-state consumption rate, T and
T © are temperature recorded by the thermocouple
and initial temperature, respectively, A2 is the
thermal diffusivity, t is time, A is the radiation
intensity at the burning surface, p and c are
density and specific heat, a is the radiation ab-
sorption coefficient and r is the distance below the
surface at which T and dT/dt are measured. All
but A, a and h2are known from the experiment.
From three sets of data taken at three different
times, simultaneous solution of the resulting three
equations will yield these quantities. As an ex-
ample, the following values for these parameters
were obtained from an analysis of a metriol tri-
nitrate—triacetin liquid phase profile: a = 121
cm.-1,A — 17 cal./cm.2sec. and h2= 3.6 X 10-4
cm.2sec. None of these quantities have been
determined independently so that a comparison

(4) W P. %id, This Journal, 57, 2‘2 (m
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can be made, but the calculated values do appear to
be reasonable. By applying the treatment to other
systems, it may be possible to classify them accord-

STUDIES ON COORDINATION COMPOUNDS. XII.
THERMODYNAMIC FORMATION CONSTANTS AT VARYING
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ing to certain models, e.g., a radiation and con-
duction model or a conduction only model. Work
of this type is planned.

CALCULATION OF
IONIC

STRENGTHS1

By Reed M. lzatt, Charles G. Haas, Jr., B. P. Block and W. Conard Fernettits
Contribution from the Gallege of Chemistry and Physics, The Pernsyivania Sate University, State Callege, Pa.

Received June 16, 1954

Molarity quotients determined potentiometrically at varying ionic strengths have been converted to stepwise thermo-
dynamic formation constants ir_aqueous solution for the reactions of Zn++, Ni++, Ce3+, and Pr3+ (as the perchlorates) with

the acetylacetonate ion at 30° by means of activity coefficients calculated from the Debye-Hiickel equation.

Agreement of

the several thermodynamic constants calculated for each metal ion is good. The molarity quotients in the literature for the
Pb++citrate8 and the Cu++-, Ni++-, Cd++, and Mg++malonate4 systems may be satisfactorily converted to thermo-

dynamic constants by the same procedure.

Introduction

Much of the quantitative work in the determina-
tion of formation “constants” of coordination com-
pounds has been done in solutions containing a
large excess of neutral salt, which was added to
maintain the activity coefficients of the various
species constant throughout the determination.
This procedure allows comparisons to be made
among different metal ions, if the same medium is
employed in each case. Unfortunately, however,
work on different coordination systems has been
done at various ionic strengths and often with
different anions. It would be more desirable if the
“constants” were true thermodynamic constants
and therefore theoretically comparable.

The present investigation was undertaken to
determine for a given chelating agent, the acetyl-
acetonate ion, the practicability of obtaining
thermodynamic constants by correcting molarity
quotients with theoretically calculated activity
coefficients. The data obtained also indicate the
range of ionic concentration in which such a
calculation procedure yields concordant values.
A further object of the investigation was to illus-
trate the desirability of the use of the method by
applying it to data for molarity quotients already
available in the literature and noting the agreement
obtained.

Theoretical.—The calculation of thermodynamic
formation constants requires that the activity
coefficient term of equation 1 be known.

— 7I(MCh,))(" +) "
K f Qt X (vm N4 )(ym -y 1)
where

Kt — the thermodynamic formation constant.
= the molarity quotient
Y = the molar activity coefficient of the ionic species,

as indicated, present in the soin.

X and Y refer to the number of ligands, Ch, attached to
M "+ and the charge on the ligand, respectively

It may be learned by (i) making determinations

(1) From a dissertation presented by Reed M. lzatt in partial ful-

fillment of the requirements for the degree of Doctor of Philosophy,
August, 1954,

near infinite dilution (as in conductivity methods),
(ii) determining Qi at several ionic strengths and
extrapolating the plot of ionic strength or square
root of ionic strength vs. Qf to infinite dilution,
or (iii) calculating activity coefficients from theo-
retical relationships (e.g., the Debye-Hiickel
theory). Procedure (i) yields thermodynamic con-
stants so that no correction is necessary. Pro-
cedure (ii) gives accurate values if one is able to
determine the ot values at sufficiently dilute
concentrations so that the error involved in the
extrapolation from the last point to infinite dilution
is minimized. This error is usually large since the
curve is steepest at the last points measured.
Procedure (iii) eliminates the necessity of making
the large number of determinations required to
define the curve because the activity coefficients
enable one to determine the value of the thermo-
dynamic constant from the molarity quotient at
some concentration, C.

lonic strength is defined by Lewis and Randall2

as

y = QzXmizi2
Harned and Owen3 give the expression for the
activity coefficient of an ion, /i, based on the Debye-
Hiickel theory as
-Z,

Lg/j = (joooCDA7T3 A~ 72)

where

(a) all terms have their usual significance (for a complete
definition of terms see ref. 3)

(b) the expression in the parentheses is constant for a
given solvent and temperature, and is referred to
hereafter as H

€ r=2M

Equation 2, then, makes possible the calculation of

the activity coefficient of an ion in dilute solutions.

Since the work reported in this paper was per-

formed in fairly concentrated solutions, it was

(2) G. N. Lewis and M. Randall, “Thermodynamics and The Free

Energy of Chemical Substances,” 1st ed., McGraw-Hill Book Co.,

Inc., New Y'ork, N. Y., 1923, pp. 373-74.

(3) H. S. Harned and B. B. Owen, “Physical Chemistry of Electro-

lytic Solutions,” 2nd Ed., Reinhold Publ. Corp., New York, N. Y.,
1950, pp. 35-42, equation 3-4-4, 117-121.
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necessary to introduce a term, A, which takes into
account the effect of the diameter of the ions on the
activity coefficient. This has been done in equa-
tion 3, below, which was used to calculate all
constants reported in this paper.

loglj = - "M VT @)
i+ AVr
where3A = f(a°,D,T,T).
No method is available to calculate an exact

value for a°, the diameter of an ion in a solution.

A discussion of the problem is given by Glasstones
who states that for most electrolytes this ionic

diameter is about 3 to 4 X 10-8 cm. Mclntyre3
calculated values of a° from data given by Harned

and Owen3 for activity coefficients of KC1 and

HC1 over a range of concentrations from 0.0010

to 1.0 m. He found that these a° values ranged

from zero at the lowest concentrationsao 5 or 6 A.

at 0.10 to 0.50 m. The value 10 A. has been

used for a° in all calculations in this paper since

the acetylacetonate ion is appreciably larger than

Iv+ or C1-.

At the present time there is no way known to
verify experimentally activity coefficients of single
ions except by indirect evidence such as the agree-
ment of a large number of calculations made at
different ionic concentrations. At infinite dilution
/+ becomes equal to y +, the ionic molar activity
coefficient. At moderate dilutions these terms
differ by a factor involving the densities of the
pure solvent and the solution. Throughout this
paper y + is used to denote the activity coefficient
and is taken as equal to /+ throughout the con-
centration range used.

Experimental Procedure

Potentiometric determinations of the Ni2+~, Zn2+,
Pr3+ and Ce3+acetvlacetone systems were made at several
metal ion concentrations and in the cases of Zn2+ and Ni2+
at several ionic strengths (metal ion concentration con-
stant and of the order of 0.0010 M, standard Na0104
added to give r = 0.10, 0.20, etc.).

Weighed quantities of PrZ0s (98%) (obtained from Re-
search Chemicals, Inc., Burbank, California), and CeX:i
(prepared from G. Frederick Smith Ce(C104i hydrated!
were dissolved in known amounts of standard HCIO,. The
Zn(C1042 and Ni(C104)2 solutions were prepared bv dis-
solving the metal salt (obtained from the G. Frederick
Smith Chemical Co.) in water and standardizing the resulting
solutions. The acetylaeetone was obtained from Eastman
Kodak Company.

A stock solution of the metal ion and aeetylaeetone was
prepared in each case and varying amounts of this solution
were taken for analysis except in two cases (designated by *
in Table 1) in which the metal ion and aeetylaeetone were
added separately to the titrating vessel. These portions
containing varying amounts of metal ion, aeetylaeetone
and water were titrated with standard NaOH (1.0 to 0.0060
N depending on the metal ion concentration). An excess
of about one equivalent of aeetylaeetone over the amount
necessary to chelate the metal ion completely was present
in each titration.

A glass electrode (Beckman, Type E. No. 1190-80) and a
saturated calomel electrode (Beckman No. 1170) were
placed in the solution, and the pH was measured with a
Beckman Model G pH meter. The pH meter was checked
periodically against Beckman standard buffer solutions (pH
4.01 and 6.98). The solutions were stirred continuously

(4) S. Glasstone, D. Van
Nostrand Co., Inc.,
(5) G. H.

versity, pp.

“An Introduction to Electrochemistry,”
New York, N. Y., 1942, pp. 145-145.
Molntyre, Jr., Ph.D. Thesis,

13-15 (1953).

Pennsylvania State Uni-

R. M. lzatt, C. G. Haas, Jr., B. P. Block and W. C. Fernklius

Vol. 58

and the temperature was maintained at 30.0 + 0.1° during
the titrations.

Calculations.— The formation molarity quotients
were calculated by means of simultaneous equa-
tions.6

The thermodynamic dissociation constant of
aeetylaeetone, Ad = (H+)(Ch-)/(HCh), was
found to be 1.12 X 10-9. This constant was
transformed to the corresponding concentration
constant for the particular ionic strength at which
the titration was made by means of activity
coefficients.

’ XcJ/HCh

VD = Thtydh-
where lynch is assumed to equal 1, yu+ is assumed
to equal YCIf-

The pH reading was converted by means of an
activity coefficient to [H+] before calculating n
and [Ch-]. From sets of n and [Ch-] values,
molarity quotients, Qf, were calculated for the
reactions neglecting in each case hydration of the
ions:

MChi(“i>+ + Ch-%Z| MChi+1<-i- 3+
_ [MChi+i("-i~1>
W> [MCh(n-i,+][Ch-] ( >

Values were calculated for Qf, and Qf, in the
cases of Ni2+, Zn2+, Pr3+ and Ce3+, and also for
Qf, in the case of Pr3+. No value for Qf, was
calculated for Ce3+ because precipitation occurred
above n ~ 2.0. These molarity quotients were
utilized to calculate the concentration of the ionic
species present in the solution at the pH’s at which
the n and [Ch-] values were taken. Values of v
were calculated at the various pH’'s. Activity
coefficients were then calculated and utilized to
convert (4) to (5). It was assumed that the
activity coefficients of all neutral species were

unity.
4 M(e—i-1) +

KN\ = QfiX yin i1y

Discussion

The constants obtained are tabulated in 'Fable I.
The average value is given in each case. The
indicated range is the 05% confidence interval
calculated from the individual values for each
constant by the method indicated by Youden.7
It is seen that values of log in the cases Ni2+,
Zn2+, Ce3+ and Pr3+ are reasonably constant,
throughout the concentration range used. As
would be expected, the value of the molarity
quotient in each case is dependent upon the ionic
strength. Thus, whether this ionic strength is
made up of neutral salt or metal ion or both, the
activity constants calculated by means of activity
coefficients (the values of which are a function of T)
are constant throughout the concentration ranges
investigated. Considerable work which has been
reported in the literature is within the range of
ionic strength values given in this study. If
desired, these values readily could be converted
to activity constants using equation 3.

(5)

(6) B. P. Block and G. H. Mclintyre, J. Am. Chem. Soc., 75, 5667
(1953).

(7) W. J. Youden, “Statistical Units of Measurement,”
Bureau of Standards Report 1539, March 26, 1952.

National
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Table |

T hermodynamic Log K Values for the Reaction of zn2+, Ni2+, Ce3+ and Pr3+ with the Acetylacetonate lon at

Several MnNn+ Concentrations and Several lonic Strengths, Temperature = 30°
Mei;ar:l [M -+] r log Qn log Kf! log Qf! log Kt, log Qfj
2 X 10-3 0.0098 4.90 5.02 3.77 3.82
5 X 10-3 .024 4.82 4.99 3.72 3.80
1X 10-2 .049 4.74 4.95 3.68 3.78
2 X 10-3 .10 4.70 4.96 4.98 3.62 3.76 3.83
Zn2+ 2.5 X 10-2 122 4.70 498 mt 0.05 3.70 3.83 mx 0.07
2 X 10-3 .20 4.66 4.98 3.67 3.83
5 X 10-2 .25 4.64 4.98 3.68 3.84
2 X 10-3 .30 461 4.96 3.63 3.81
1X 10-1 487 4.61 5.00 3.80 3.98“
4 X 104 0.00197 5.82 5.89 4.44 4.47
1X 10-3 .0053 5.86 5.95 4.46 4.50
3 X 10-3 .0141 5.80 5.93 5.92 4.36 4.43 4.46
Ni2» 1X 10-2 .043 5.75 595 .+ 0.05 4.40 449 «: 0.11
1X 10-3 .10 5.59 5.86 4.21 4.35
2 X 10-2 .119 5.62 5.90 4.33 4.46
1X 104 482 5.56 5.94 4.32 4.49
7.5 X 104 0.0055 5.10 5.24 3.95 4.04
9.2 X 104 .011 5.09 5.29 5.28 3.99 4.12 3.98
Ce3+ 2.0 X 10-3 .026 5.06 531 <+ 0.11 3.71 3.90 <+ 0.20
4.5 X 10-3 .053 4.96 5.28 3.69 3.92
7.5 X 10-3 .108 4.86 5.28 3.64 3.92
T X 10-3 0.0182 5.23 5.46 4.00 4.15 3.26 3.32
2.3 X 10-3 .0338 5.17 5.45 5.43 3.96 4.15 4.13 2.90 2.99
Pr3+ 4.8 X 10-3 .069 5.09 544 + 0.13 3.91 4,15 = 0.10 2.84 2.96
T X 10-2 1132 491 5.38 3.77 4.09 2.78 2.93
° The calculated average does not include these values. 6 See Experimental.
Since the tervalent ions require calculation of a S. S. Kety12 has determined Q, the molarity
y *+ 9term, one would not expect good agreement of dissociation quotient, for the reaction
th_e activity cons‘Fants to be maintained at. as Pb Citrate™ < > Pb2+ + Citrate3-: (10)
high T values as in the case of the M 2+ species. OH
However, in Table | agreement is seen to be good |
throughout the concentration range used (to r -~ Citrate3- = -O0OC—CH2-C—CH2-COO-
0.20). I
Two examples are given below in which activity COO-
coefficients have been wused to change molarity at several different concentrations of excess neutral
quotients to activity constants. Stock and Davies8 salt (NH4N 03. He has plotted pQ Vvs. V and
determined, by a method involving the colorimetric extrapolated from 0.03 to T = 0. (Kety's

measurement of pH, molarity formation quotients
of several bivalent metal ions with malonate ion,
-OOCCH2C0O0O-. They then calculated activity
coefficients thermodynamic constants in a
similar manner to that given above, and compared
these thermodynamic constants with values deter-
mined by different investigators using conductivity
measurements.9-1011 Good agreement was ob-
served in all cases.8 The metal salt used was the
chloride in the determinations made by Stock and
Davies, whereas the metal malonate was employed
in the conductivity measurements. This is of
interest since one w'ould expect more than the
observed deviation in the log Kt values of the two
cases due to Cl- coordination with the metal
From these data it appears that good values of the
in metal

and

ion.

thermodynamic constants are obtainable
chloride solutions as well as in the metal perchlorate
solutions.

(8) D. I. Stock and C. W. Davies, J. Ckem. Soc., 1373 (1949).

(9) R. W. Money and C. W. Davies, Trans. Faraday Soc., 28, 609
(1932).

(10) H. L. Riley and N. L. Fisher, J. Chem. Soc., 2006 (1929).

(11) D.J. G. lves and H. L. Riley, Ihd., 1998 (1931).

symbol n apparently corresponds to I as T is de-
fined in this paper. This was shown to be the case
by calculating activity coefficients for charge

type * 2 at several values of T between 0.05 and
0.005. These calculated activity coefficients
showed excellent agreement with activity co-

efficients of Pb2+ which were experimentally de-
termined by Ketyl12). His value for pQ at
infinite dilution is 6.50. However, he states that,
since this value is obtained by extrapolation from
a portion error
is the greatest, the value obtained is only approxi-
mate. If one takes values for T and pQ from his
graph, calculates activity coefficients for the ions
involved in (10) and from these activity coefficients
and PQ values calculates values for PK, the
internal agreement is good. These values are
summarized in Table 11. The values calculated
appear to fit the experimental curve of pQ VS. r
as well as does Kety's extrapolated value, 6.50.
The deviation of a molarity quotient from the
corresponding constant increases

(12) S S Kety, 3. Biol. chem., 142, 181 (1942).

of the curve where experimental

thermodynamic
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Tabre Il

Calculation of pK Values from mand 2yVaIueS

as Given by Ketyll

All pQ and 2 Y values except the last (marked*) are inter-
polations from a plot of pPQ VS 2 y. The (*) values are
given by Kety.

(—) log dissn. quotient, jiQ pK calcd. from
(from Kety) pQ of Kety
2" vQ pQ (eq. 3)
0 6.50
0.028 6.20 6.72
.0876 5.95 6.71
.138 5.82 6.68
.164* 5.74* 6.64

with (1) increasing ionic strength, and (2) increasing
charge on the metal ion or ligand or both. A con-
sideration of the effect of these two factors on the
magnitude of the molarity quotient illustrates the
desirability of thermodynamic constants
making published data.

using

when comparisons of

THE EFFECT OF ALCOHOLS

Ko0z06 Shinoda
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reactions of Zn2+ and
0.121 (Table I) and

For example, consider the
Ce3+with acetylacetone at T =
Pb2+ with citrate ion at F = 0.138 (Table 11).
Comparing log Qt, the cases of Zn2+
and Ce3+ with pQ for Pb2+ one observes that the
differences between molarity quotients and thermo-
0.28, 0.42 and 0.86 log
respectively. The corresponding differences
for (1) aunivalent metal ion with aunivalent ligand
and (2) a ter- or quadri-valent metal ion with a ter-
or quadri-valent ligand would be less than 0.29
and greater than 0.86 log unit, respectively, at T~
0.12.
of such

values in

dynamic constants are

unit,

The resulting uncertainty in any comparison
data especially where different ionic
strengths and/or different ionic charge types are
represented is likely to be very great.
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The effect of various alcohols on the critical micelle concentrations (CMC) of potassium octanoate, decanoate, dodeca-
noate and tetradecanoate was determined by the change in color of pinacyanol chloride. It was found that (a) the CMC of
fatty acid soaps is a linear function of the alcohol concentration, (b) the logarithm of the rate of change of CMC with alcohol
concentration is a linear function of the number of carbon atoms in the alcohol molecule, and (c) the logarithm of the rate
of change of CMC with the concentration of a given alcohol is a linear function of the number of carbon atoms in the soap
molecule. These relationships are explained by a decreased charge density on the micelle surface and a decrease in the
free energy of mixing resulting from the penetration of alcohol molecules into the palisade layer of the micelle. The ener
change per methylene radical, o3 passing from the aqueous phase into the hydrocarbon environment is estimated as 1.1KT,
on a gram mole basis it is 620 cal./mole at 10°. The CMC of several ternary soap mixtures were determined and a theo-
retical equation derived for the CMC of multi-component soap mixtures; the experimental results are in good agreement with
the calculated values.

Introduction given alcohol; for alcohols with chain lengths of
The effect of alcohols on the critical micelle con- three to ten carbon atoms
centrations (CMC) of some long chain salts has logl0(dC/dCa) = 0.5017m' - 3.7024 1)
been investigated by several authors.1’6 Corrin | ,..c m' is the number of carbon atoms in the

and Harkins7 measured the CMC of dodecyltri-
methylammonium bromide and dodecylammonium
chloride in the presence of the lower alcohols.
Herzfeld, Corrin and Harkins,8 who measured the
effect of hexanol-1, heptanol-1, decanol-1 and un-
decanol-1 on the CMC of dodecylammonium chlo-
ride, found that the rate of change of CMC with
alcohol concentration, dcsdca, is constant for a

W e have determined the CMC
of a series of fatty acid soaps in the presence of a
series of alcohols which permits a determination
of the effect of chain lengths of either components.
The data fitted the equation

log dC/dCa = —0.69m + 1.1m' + Const,

where Mis the number of carbon atoms in the soap
chain. The inaccuracy of the individual CMZC
values is believed to be less than 50% which

alcohol molecule.

(1) A. F. H. ward, Froc. Roy. Soc. (London), A176, 412 (1940).

is a
(2) A. W. Ralston and C. W. J. Am. Chem. Soc., 68, 851

Hoerr,

(1946); ibid., 68, 2460 (1946). small error when compared to the hundred thou-
(3) E. C. Evers and C. A. Kraus, ibid., 70, 3049 (1948). sandfold range covered.
(4) P. F. Grieger and C. A. Kraus, ibid., 70, 380.3b.i11948). The CMC of binary soap mixtures has been in-
5) G.L.Brown, P. F. Grieger and C. A. Kraus, IDIO., 71, 95 (1949). .
EG; A. W. Ralston and D. ﬁl Eggenberger, ibid., 70, 983 (19(48). ) VeStlgated by several authors.9-11 We have deter-
(7) M. L. Corrin and W. D. Harkins, J. Chem. P hys14, 640 (9) K. Shinoda, ibid., 58, 541 (1954).

(1946). (10) H. B. Klevens, J. Chem. Phys., 14, 742 (1946); T his Journal,

(8) S. H. Herzfeld, M.
54, 271 (1950).

L. Corrin and W. D. Harkins, This Journal, 52, 130 (1948).

(11) H. Lange, Kolloid-Z., 131, 96 (1953).
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mined the CMC of ternary soap mixtures and
compared them with the values calculated from the
equation for multi-component soap mixtures. The
data fitted the equation

CLt Kx, + CLTK + C'Jk-3 = CA E (Xi+Xx2+ x3= 1)

in which Omi, cne, cngand cmil. are the CMC of the
respective soaps and the soap mixture in moles per
liter. Mole fractions of the soaps are denoted by
Xi, x2 and x3 the value of K determined experi-
mentally is 0.56.1213

Experimental

The soap solutions, prepared by neutralizing a known
quantity of carbonate-free potassium hydroxide solution
with the fatty acid, were made up in boiled-out distilled
water and contained 2 equivalent per cent, excess of potas-
sium hydroxide to suppress hydrolysis. These solutions
were then diluted to the proper concentrations with the
dye solution, alcohol (or aqueous alcohol) and water.

Aliquot portions containing varying amounts of alcohol
were then titrated with water containing the dye in the
same concentration, 5 X 10-5mole/liter, as the soap solu-
tion; the original soap solution was used as a blank.4 The
first visible change of color from blue to reddish-violet was
taken as the end-point.22 Then, various amounts of dye
solution, approximating that necessary to reach the end-
point, were added to a series of vessels which contained a
definite quantity of soap solution. In the course of two
hours the colors change gradually and a series of solutions
results ranging from blue to reddish-violet. The end-point,
which is always at a somewhat higher concentration than
in the preliminary test, was determined 2 to 4 hours after
the mixing as the concentration in the vessel at the bound-
ary between the blue and reddish-violet solutions. Both the
CMC and the concentration of alcohol were calculated from
the titration end-point.

Propanol-1 and butanol-1 were purified by distillation
through a 2-ft column; b.p. 97.5 and 117°, respectively.
Isoamyl alcohol, hexanol-1, octanol-1, decanol-1 and oc-
tanoic acid were purified by distillation through a 3-ft glass-
packed column; b.p. 131, 156, 96° (16 mm.), 101° (5 mm.)
and 120° (9 mm.), respectively. Nonanol-1 was synthe-
sized from enanthol and purified by distillation through a 1-ft
column; b.p. 96-96.5° (8 mm.), decanoic acid (m.p.
31.5°) and dodecanoie acid (m.p. 44.5°) were “Nihon-
yushi” purest grade materials. Heptanol-1 (b.p. 176°)
and tetradecanoic acid (m.p. 54°) were “ Kahlbaum” pure
grade materials. The pinacyanol chloride was not purified
since it was used in very low concentration.

The CMC of ternary mixtures, whioh were made up from
these soap solutions, were determined by the procedure pre-
viously described.9

Results

The CMC of potassium octanoate are given as a
function of various alcohols in Figs. 1-3; the
corresponding values for potassium decanoate®b
are given in Figs. 4-6; those of potassium do-
decanoate in Figs. 7-9; and those of potassium
tetradecanoate in Figs. 10-12.

Within the error of the determinations and the
alcohol concentrations employed, the rate of
change of critical concentration with alcohol con-
centration, dC/dCa, is constant for a given alcohol.
The values of dC/dCafor the various alcohols and
soaps investigated are listed in Table I.

The logarithms of dC/dCaversus the number of
carbon atoms in the alcohol and the soap chain are
plotted in Figs. 13 and 14, respectively.

(12) sS. H. Herzfeld, This Journat, 56, 959 (1952).

(13) M. L. Corrin and W. D. Harkins, J. Am. Chem. S o ¢ 69, 683
(1947).

(14) M. L. Corrin and W. D. Harkins, ibid., 69, 679 (1947).

(15) The CMC of this soap are in good agreement with the values
obtained by conductivity measurements.
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Concentration of Alcohol (moles/l).

Fig. 1—The effect of ethanol, propanol-1 and butanol-1 on
the CMC of potassium octanoate at 10°.

Concentration of Alcohol (moles/l).

Fig. 2.—The effect of isoamyl alcohol, hexanol-1 and hept-
anol-1 on the CMC of potassium octanoate at 10°

Concentration of Alcohol (moles/l).

Fig. 3.—The effect of octanol-1, nonanol-1 and decanol-1 on
the CMC of potassium octanoate at 10°

Tabte |

The Rate op Change of the CMC of Fatty Acid Soaps

with the Concentration of Alcohor, dC/dCa

-dC/dCa

Alcohol CrCOOK CiCOOK CuCOOK C.aCOOK
Ethanol 0.057 0.020 0.0048 0.0010
Propanol-1 .14 .065 .012 .0032
Butanol-1 .38 19 .038 .0098
Isoamy! alcohol .78 43 .091 .025
Hexanol-1 3.6 1.3 37 .098
Heptanol-1 8.3 4.4 1.0 .32
Octanol-1 23 8.3 3.5 1.0
Nonanol-1 57 29 8.1 2.6
Decanol-1 112 55 18 8.1
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Fig. 4—The effect of ethanol, propanol-1 and butanol-1 on
the CMC of potassium decanoate at 10°.

Fig. 5.—The effect of isoamyl alcohol, hexanol-1 and hept-
anol-1 on the CMC of potassium decanoate at 10°.

Fig. 6.—The effect of octanol-1, nonanol-1 and deeanol-1 on
the CMC of potassium decanoate at 10°.

Figure 13 shows that the logarithm of d(7/dCa
is a linear function of the number of carbon atoms,
m*, in the alcohol molecule. The slope in Fig. 13
is about 1.1 per carbon atom on a natural logarithm
basis. Figure 14 indicates that the logarithm of
dC/dCa for a given alcohol is proportional to the
number of carbon atoms in the soap chain, m,
and/or that dC/dC. is proportional to the CMC
of the respective soaps. The slope in Fig. 14 is
0.69 per carbon atom on a natural logarithm
basis.

These relations may be expressed in one equation

C dc
log— -— = Iog&% = —0.69m + 1.1m' + Const.

=logC+ 1.1m' + Const. (2)

Ko0z6 Shinoda
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Concentration of Alcohol (moles/L),

Fig. 7.—The effect of ethanol, propanol-1 and butanol-1 on
the CMC of potassium dodecanoate at 10°.

Fig. 8.—The effect of isoamyl alcohol, hexanol-1 and hept-
anol-1 on the CMC of potassium dodecanoate at 10°.

Fig. 9.—The effect of octanol-1, nonanol-1 and decanol-I on
the CMC of potassium dodecanoate at 10°.

The deviation of dC'/dC. from the logarithmic
relationship for the longer chain alcohols mixed
with the shorter chain soaps indicates some in-
completeness or difficulty in the penetration of the
non-polar portion of the alcohol molecules into the
interior of the micelle. This presumably results
from the relative shortness of the hydrocarbon
chain of the micelle forming ions. Values in the
case of alcohols having chain lengths longer than
that of the soap are excluded from the calculation
of the slope in Figs. 13 and 14. The other devia-
tions may be attributed to experimental error.

The CMC of the following ternary soap mixtures
were determined: potassium hexanoate, heptanoate
and octanoate; potassium decanoate, undecanoate
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Concentration of Alcohol (moles/l).

Fig. 10.—The effect of ethanol, propanol-1 and butanol-1 on
the CMC of potassium tetradecanoate at 18°.

Fig. 11.—The effect of isoamyl alcohol, hexanol-1 and hept-
anol-1 on the CMC of potassium tetradecanoate at 18°.

Fig. 12—The effect of octanol-1, nonanol-1 and decanol-1
on the CMC of potassium tetradecanoate at 18°.

and dodecanoate; potassium octanoate, decanoate
and dodecanoate; potassium decanoate, dodecano-
ate and tetradecanoate. Some of these data are
illustrated on the equilateral triangle in Figs. 15
and 16 together with the calculated equi-CMC lines.
In all the cases studied the CMC of soap mix-
tures lie between the highest and lowest CMC value
of the individual soaps. When the differences in
the number of carbon atoms of the mixed soaps
are the same, the variation of the CMC is similar.

Discussion

In the process of micelle formation two energy-
factors are of major importance: a decrease in
free energy which is brought about by the transfer

1139

Fig. 13.—The logarithmic relation between the rate of
change of CMC with alcohol concentration, dC/dCa and
the number of carbon atoms in the alcohol.

Fig. 14—The logarithmic relation between the rate of
change of CMC with alcohol concentration, dC/dCa, and
the number of carbon atoms in the soap chain.

of the non-polar portion of the long chain ion from
the aqueous environment to the interior of the
micelle; and an increase in free energy which is
brought about by the aggregation of long chain
ions in the micelle.

The addition of alcohol was found to depress the
critical concentration according to the equation 2,
it is also known that alcohol molecules penetrate
the oriented structure of the micelle,’6forming the
mixed micelle. An attempt was made to explain
the effect of alcohols on the critical concentration
by the decreased charge density on the micelle
surface and the decrease in free energy of mixing.

(16) W. D. Harkins, R. W. Mattoon and R. Mittelmann, J. Chem.
Phys., 15, 763 (1947).
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Fig. 15.—Equi-CMC lines of the ternary system potassium
decanoate, undecanoate and dodecanoate at 25°.

The addition of salt likewise depresses the critical
concentration,1513 however, this decrease is a
result of a decrease in the electronic work per
micelle-forming ion.1718

The relationship between the critical micelle
concentration and the surface charge density on
the micelle is given in the equation718

log C = Edlog 02— log G,\ + Const. )

where C is the critical micelle concentration in
moles per liter; <is the surface charge density; CB
is the concentration of counterions in gram equiv-
alents per liter and is equal to the critical micelle
concentration in case no salt is added; Ki is a
constant which has a value of 0.56 for fatty acid
soaps.1213

Let the mole fractions of alcohol and soap in the
mixed micelle be x and 1 — x, respectively, the
critical micelle concentration of this mixed micelle
is
log C' = Kiflog (I —x)V2—1log C."I +

log (1 —X) + Const. (4)

The difference between equations 3 and 4 is the de-
crease of surface charge density from a to (1 — x)<r
and the addition of the mixing term.

Substituting ki = 0.56 in equations 3 and 4, we
obtain

logC = log C+ 1361log (1 - X) (5)
or
C=ca- 136x X« 1 (6)
On the other hand if the energy decrease in the
non-polar portion of the alcohol molecule passing
from the aqueous environment into the micelle is
proportional to the number of carbon atoms in the
alcohol, the following expression of the law of

partition may be applied

Ca/x = Kiexp (—mnm/KT) cacC 1 )
where K2, is a constant and w is the surface energy
per methylene radical passing from the aqueous

(17) M. E. Hobbs, This Journatl,55, 675 (1951).
(18) K. Shinoda, Bull. Chem. SOC. Japan, 26, 101 (1953).
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octanoate, decanoate and dodecanoate at 25°.

phase into the interior of the micelle. Since at the
critical concentration there are few micelles, the
fall in alcohol concentration in the aqueous phase
due to penetration of alcohol molecules into the
micelle is negligible.
Substituting (7) into (6), we obtain

C' = C[1 — KzCa, exp {m'u/kT)}
From equation 8, we derive

(C - c")/ca = KZ exp (Moi/KT)

®)

9)
or

I’ g™ g "= log C + + Const.  (10)

Equation 10 corresponds to equation 2; the
surface energy change per methylene radical, pass-
ing from the aqueous phase into the hydrocarbon
environment, co, is about L.IfcT, on a gram mole
basis it is 620 cal. per mole at 10°.

Extension of the treatment of binary mixtures9
gives the following equation for the CMC of multi-
component soap mixtures

WK mgk

x'i exp (NGU/KT)
2 x'i exp (NIW/KT)

where x\, xx are the mole fractions of mixed soaps
in the micelle and in the bulk of the solution, re-
spectively; miis the number of carbon atoms in the
respective soap chain; u is the surface energy
change per methylene radical passing from the
aqueous phase into the interior of the micelle,
the value of which is 1.1 AT@1819, if is a constant
for each homologous series of long chain salts, the
value of which in this case is 0.56.1213

It follows from (11) and (12) that all the CMC
values fall between the highest CMC and the
lowest CMC of the pure soaps. As the logarithm
of the CMC is a linear function of the number of
carbon atoms in the chain, it is apparent from (11)
and (12) that the nature of the equi-CMC lines
on the equilateral triangle is similar when the

(H)
(12)

(19) J. T. Davis, Trans. Faraday Soc., 48, 1052 (1952).
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differences in the number of carbon atoms of the
mixed soaps are the same.

According to the above treatment equi-CMC
lines on the triangular diagram are straight. This
can be shown as follows: let the three apexes of an
equilateral triangle be A, B, and C. Consider a
point D(a, o, 1-a) on line BC and another point
E(o, b, 1-b) on line AC which give the same values
of CMC on the triangle, (a, o, 1-a), etc., express
the mole fractions of the respective soaps. Then
consider an arbitrary point P on line DE. If we
assume DP/DE = Xand PE/DE = 1 —X the mole
fractions of point P are aX, 6(1 —X) and (1 —a)\ +
@-6@a- X.

Let the number of carbon atoms in the indi-
vidual soaps which are represented by A, B, and C,
be mh ra2and m3 respectively. From the defini-
tion of D and E, it follows that

Ci+Ka+ CUK( - a) = C(E)LEK = C(D)LEK =
CiLKb4- CMRI — b (13)

The Structure of Amorphous Materials
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On the other hand the CMC at point P is, ac-
cording to (11)

CmKa\ + CLtKbh(1- X) + CLtK1(1 - o)X +
@- 6X1- X! = CPEK (14)

Substituting (13) into (14), we obtain

C(P)i,i.K = C(E)i,SKX + C(D)*£K(L - X) = Const.

(15

Thus all points of the straight line DE have the
same CMC values.

Figures 15 and 16 show equi-CMC straight line
calculated from equation 12 and experimental
values for points of the ternary system. The
agreement is within experimental error.
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A theory is presented, according to which various extensive properties (€0, the volume) of amorphous materials can be
computed additively from contributions characteristic of the types of “structon” present, a structon consisting of an atom
(or group of atoms or molecule) surrounded by close neighbors in a given way. If the possible types of structon differ
sufficiently in stability, the number of such types present in appreciable quantities in a sample at equilibrium is small.
If it is the minimum number required to give the correct over-all composition, the sets of structon types present change as
suddenly as the composition changes. The property-composition curve then consists of a series of straight-line segments,
with sharp breaks between them. Detailed consideration is given to the volumes (and densities) of two-component silicate
glasses, especially those in the NaD-Si02system. Reasonable sets of structon types account quantitatively for the loca-

tions of the observed breaks.

present, their relative numbers, and their individual contributions to the total volume.

In some composition ranges, definite conclusions can be drawn regarding the structon types

In other composition ranges, the

possibilities are greatly limited, but alternative interpretations remain.

Introduction

Liquids, solutions and amorphous solids all
possess a high degree of randomness of long-range
structure. There is much more regularity, how-
ever, in their short-range structure, especially in
the distribution of closest neighbors around each
of the component units. In certain cases {e.g., in
ionic solutions), considerable progress has been
made in deducing, theoretically and experimentally,
the closest-neighbor arrangements, but much more
remains to be done.

Theory and Definitions— Many extensive prop-
erties of condensed systems, amorphous or crys-
talline, can reasonably be treated as additively con-
stituted of terms characteristic of the different
types of neighbor-to-neighbor contact or of terms
characteristic of the different types of structon, a
“structon” being defined, for this purpose, as a
single atom (or ion or molecule) surrounded in a
specified manner by others.

For example, structon types existing in sodium
silicate glasses, according to evidence presented
below, include those represented by the following
formulas, among others

Si(40) Na(60) 0(2Si) 0(2Si, Na) 0(2Si, 2Na) 0(Si, 3Na).

The (fractional) numbers of structons of these
types, per atom of oxygen in the structure (Asioo),
ANa(60), etc.) are easily computed 1-3 from the per-
centage composition of the material. The sum
of the numbers of the oxygen structons must
obviously equal one.

Knowledge of the structure of an amorphous ma-
terial and of the relations between its structure
and its properties can be advanced considerably if
one can determine what structons are present,
their relative numbers, and their individual con-
tributions to the properties of interest. The
present paper deals with this problem. To illus-
trate the assumptions made, methods used and
results obtained, the structures and densities of
sodium silicate glasses are especially dealt with.

If the free energy of a given quantity of
amorphous material, such as an inorganic glass,
could accurately be considered as the sum of
terms involving only nearest-neighbor arrange-
ments, it might be possible to deduce the free-
energy contributions of the structon types under

(1) M. L. Huggins, J. Opt. Soc. Am., 30, 420 (1940).

(2) M. L. Huggins, Ind. Eng. Chem., 32, 1433 (1940).

(3) M. L. Huggins and K.-H. Sun, J. Am. Ceramic Soc., 26, 4
(1943).
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consideration and then to compute, for a given
composition, which set of structon types would
give the lowest free energy. Approximate ad-
ditivity of this sort does in fact exist,4-6 for the
energies, and presumably also for the free energies,
of oxygen-containing glasses, but since the en-
tropy and the coulomb energy contributions must
depend, not negligibly, on the relative arrange-
ments of (and interactions between) atoms and
groups which are not closest neighbors, it seems
unlikely that the degree of additivity is sufficient to
distinguish between alternative sets of structon
types which are energetically not very different.
In the present instance, free-energy considerations
will be used only in a very general way, to limit
the structon types to be considered to those which
are energetically possible or probable, distinguish-
ing between these by other means. For this pur-
pose, the entropy differences associated with
changes of types of structon may be neglected.
Non-neighbor coulomb energies will be considered
as favoring structons having small or zero structon
charges (on the oxygens, in silicate glasses) over
those having structon charges which are larger in
magnitude. This is similar to, but slightly more
general than, Pauling’s “electrostatic valence
rule.”7 The “structon charge” on an oxygen in a
silicate glass is computed by adding algebraically
the valence number (—2) of the oxygen and, for
each contact between that oxygen and one of its
electropositive neighbors, the quotient of the
valence number of that neighbor atom, divided by
the number of its contacts to oxygens. The
structon charge is thus computed as if the struc-
ture were completely ionic.

For example, if all the silicon and sodium atoms
in a glass are surrounded by 4 and 6 oxygens, re-
spectively (i.e., if the only silicon and sodium
structons are of the types in the list given above),
the structon charges of the other structons listed
are, in order: 0, -TV's, +Vs, and — 172

The requirement that the glass be neutral may
be expressed mathematically by the equation

AR (1)

where m designates one of the electropositive ele-
ments present, vm is its valence number, and N m
is the number of atoms of this element per atom of
oxygen.

To be definite—probably more so than the as-
sumptions warrant—it can be assumed that, other
things being equal, the most stable set of structons
is that giving the lowest sum of structon charges,
obtained by adding together the product of the
structon charge for each type and the number of
such structons present.

Aside from the longer-range coulomb energies
just dealt with, one can consider the total energy
(or the total stability) as additively made up of
contributions of the structons present, each de-

(4) M. L. Huggins and K.-H. sun, J. Am. Ceramic Soc., 28, 149
(1945).

(5) M. L.Huggins and K.-H. Sun, T his Journal, 50, 319 (1946).

(6) K.-H. Sun and M. L. Huggins, ibid., 51, 438 (1947).

: (7) L. Pauling, “The Nature of the Chemical Bond,”
Cornell Univ. Press, Ithaca, New York, N. Y., 1940, p. 384.

2nd ed.,
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pending only on nearest-neighbor interactions. In
considering the relative contributions of different
types of structon, covalent bond requirements and
coordination number limitations are especially
important. Knowledge of the structon types
existing in comparable crystals and molecules is
often helpful. In certain systems (e.g., the sodium
silicate glasses), experimental evidence regarding
the limits of concentration ranges, each correspond-
ing to a set of structon types, can be very useful in
distinguishing between different hypothetical sets,
as will be shown.

The numbers and kinds of structon present in a
given material under given conditions are, of
course, limited by the relative numbers of atoms
of the different elements present. If equilibrium
exists at a given temperature and if one set of
types is sufficiently more stable than any other
which is possible with the same over-all composi-
tions, then the most stable set will be present to
the practical exclusion of all others. If, however,
alternative sets of types have nearly the same (free)
energy, structons of both sets will be present. The
higher the temperature, the greater the energy
difference between the most stable set and the next
most stable set which is required to make the
former predominate.89 With silicate glasses, the
temperature concerned is the lowest temperature
at which equilibrium exists, i.e., at which changes
from less stable to more stable structons can occur
in the time available. In a silicate glass melt, it is
probable that many structons are present other
than those corresponding to the most stable set.
Quenching freezes in these non-equilibrium struc-
tures. Lowering the temperature slowly, on the
other hand, gradually changes the less stable
structons to those which are more stable, until the
temperature range is reached in which the atomic
shifts necessary for these changes can no longer
occur in the time available. The most stable set
of structons may or may not be the only ones
remaining and persisting as the glass is cooled to
still lower temperatures. Evidence will be pre-
sented to show that in certain well-annealed
sodium silicate glasses structon equilibrium has
been practically completely attained, with only
the structons of the most stable set present to any
appreciable extent in each glass. It is probable,
however, that in many other cases, even of well-
annealed glasses, this state of affairs does not exist.

It is convenient to deal with the quantity of
glass which contains one gram-atom of oxygen.
The volume of this quantity (in ml. at 20°) will
be designated as vo. The structon volumes (i.e.,
the contributions of the various structon types to
the total volume per gram-atom of the central
atom) will be represented as wsiuo), rNateO), etc.
Assuming additivity

Fo=21V..... e

The magnitudes of the individual structon
volumes (v) cannot be determined, other than by
arbitrary definition. One may use, instead, the

(8) M. L. Huggins, This Journal, 47, 502 (1943).

(9) M. L. Huggins, K.-H. Sun and A. Silverman, in “ Colloid

Chemistry, Theoretical and Applied,” Vol. V, edited by J. Alexander,
Reinhold Publ. Corp., New York, N. Y., 1944, pp. 308-326.
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cell volumes (v*. . .), each being defined as the sum
of the structon volume [i>oc. . )] of an oxygen
structon and its share of the structon volumes of

the neighboring structons. Thus
V*2Si = va(2S'o T~ rsioo) (3)
~*2S8i,Na = fO(2Si,Na) + ~ I'Si(40) + g PNa(«0), etc. (4)

The cell volumes can be evaluated experimentally.
The sum of the appropriate cell volumes, each
multiplied by the number (per oxygen) of the cor-
responding oxygen structon, equals Vo-

Pure Silica—In crystalline silica, e.g., quartz,
as first shown by the writer,10 each silicon atom
is surrounded tetrahedrally by four oxygen atoms
and each oxygen atom has two silicon neighbors.
The only structons present are Si(40) and 0(2Si).

A structure of the same sort, but possessing long-
range randomness, would be expected for vitreous
silica. The X-ray diffraction data obtained from
this material conform to this expectation.1l

There being only one type of oxygen structon in
(crystalline or vitreous) silica

iVo(2Si> = 1 (5)
From the formula, Si02

Hsi(40) = Nsi = Vi (6)
From the additivity assumption

Vo = NsU,0)V3Ut0> + ivo{25i)00(28i) = P*&i  (7)

For well-annealed silica glass, this volume is 13.63
ml. at 20°.2 We shall assume this same value to
hold in all silicate glasses.

Two-component Silicate Glasses.—The density
of well-annealed sodium silicate glasses is not a
smooth function of the composition; the curve
representing this dependence exhibits definite dis-
continuities.11315 This is strikingly shown, for
example, by Fig. 1. The data are well represented
by a series of connected straight lines.

Other two-component silicate glasses exhibit a
similar behavior, although the data which can be
used for determining the quantitative relation-
ships are much less satisfactory than in the sodium
silicate case.

The hypothesis that the breaks found experi-
mentally are at compositions of specific com-
pounds, a glass having a composition between those
of two breaks consisting of a solid solution of two
of these compounds, is contradicted by a large
amount of X-ray diffraction evidence.ll

The writerl has proposed that the straight-line
regions and breaks are related to the types of
structure of the silicon-oxygen units (silicate
“ions,” if, as a convenient approximation to the
truth, one considers the oxygen atoms to be
covalently bonded to each adjacent silicon atom,
but to no atoms of other elements). Suggestions

(10) M. L. Huggins, Phys. Rev., 19, 363 (1922).

(11) B. E. Warren, J. Applied Phys., 8, 645 (1937); J. Am. Ceramic
Soc., 24, 256 (1941).

(12) R. B. Sosman, “The Properties of Silica,”
Corp., New York, N. Y., 1927.

(13) F.W. Glaze, J. C. Young and A. N. Finn, J. Research Natl. Bur.
Standards, 9, 799 (1932).

(14) J. C. Young and A. N. Finn, Glass Industry, 19, 172A (1938).
(15) M. L. Huggins and K.-H. Sun, ibid., 24, 472 (1943).

Reinhold Publ.
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have been madel9® with regard to the composi-
tions and structures of some of the silicate “ions”
present in the different composition ranges, but no
thorough study of the situation has previously
been published.

Range |.—Consider two-component silicate
glasses having relatively small amounts of the non-
silica component. Reasoning either from knowl-
edge of the structures of crystalline silicates or
from the principle of minimum effective charge
sum (to give minimum coulomb energy), the
following seem the most likely structon types

Set I:  Si(40) MOO) 0(2Si) 0(2Si, M) 0(Si, /M

The first and third of these structon types exist
in pure silica and would certainly be expected in
glasses having, in addition, only small amounts
of other components. The second is to be ex-
pected from energy considerations and is always
found in crystalline silicates. (Here “z" denotes
the coordination number of the M atom or ion;
for the present, we consider it an unknown, but
constant within this composition range.) The
last (with y a constant integer) is to be expected on
similar grounds. One might conceive of a struc-
ture containing, instead, structons of the type
O(xM), but these would be energetically unreason-
able and are not found in the structures of com-
parable crystals.

The charges on the oxygen structons listed above
are 0, + v/z, and yv/z — 1, respectively.I7 The
last becomes zero if y = z/v. In such a case,
structons of the type 0(2Si, M) would be absent
if conditions are such as to permit the minimum
number of structons. For most components of
interest, however, values of y and z conforming to
this requirement are impossible, or at least un-
reasonable, requiring high van der Waals repulsion
energies.

Assuming the structon types of set | to be the
correct ones (and the only ones) in a well-annealed
glass in this composition range, it is easy to calcu-
late the limits of the range (one, of course, being
Xsi = y2, Am = 0) and, within these limits, the
relative numbers of the different structon types.
The sum of the numbers of oxygen structons equals
unity

NoO0(280 + jVo<2SiM) + AVxSi.IM) = 1 (8)
The number of O -» Si contacts equals the number
of Si — O contacts

2iVo(2Si) +  2iVo(2Si,M) + (Vo(Si.sM) — 4V si40) =

4AV; =2 - vNk (9)

The number of O M contacts equals the number

of M —» 0O contacts
No@siM) + 2/-Vo(sioM) = ZNmoo) = ZNM =

From these equations, one obtains the following
Nsmo) = NS\ =2 —s AM (11)

(16) M. L. Huggins, K.-H. Sun and A. Silverman, J. Am. Ceramic
Soc., 26, 393 (1943).

(17) Here, and in the remainder of this paper, the valence of the
electropositive element, other than silicon, is represented merely by
V, without a subscript. In treating glasses of more than two com-

ponents, subscripts are of course needed.
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RANGE

NgjO- SiO* #

Fig- 1.—Volume-composition dependence for sodium silicate glasses {K is a small constant inserted to allow for dif-

ferences in anneallng technlques]b X, Morey and Merwin, J.
J mRescarcn Nat

G22 632 (1932); O, Glaze, Young and Finn,

799 (1932); =, Winks and Turner, J. Soc. Gass Tedh, 1S, 185 (1931).

Am@) = Nw = AvaRRVAL (12)
Aro(2Si) = (—2mMm — 1) + (4 + 4TO)Vai =
1- V(W+ 1)VM (13)
Vo2si,M) = 2W— iwN8 = wilNm (14)
Arotsi,/M) = 2 — 4/Vvsi = VNU (15)
For convenience the abbreviation
W= z/r —Y (16)
is here introduced.

At one limit (pure SiCh) of this composition
range Mm”0), Ar<SiM) and AotsisMi are all
equal to zero, and

ivsi = 1/2; Nm—o (17)

The other limit of Range | is at the composition
(highest N si) at which the number of structons of
any of the characteristic types first becomes zero.
Inspection of eq. (11) to (15) shows that 0(2Si) is
the first to disappear. From eq. (13), then

(18)
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or

= viw +1) 19)

The volume per gram-atom of oxygen in the
structure is

Vo = [(-1 —2w)v*2gi + (2tv)v*2Si,M + 21)*3i.9m] +

[(4 + 4t)>*2Si — (AIC>*29I,M - 4»*8i im]Nsi
or, equivalently
Vo = poS + [~v{w +

(20)

+ (ptt>>*2S,M +
TO8i,,mIJNm  (21)

These equations represent a straight-line de-
pendence of vq on Nsi (or on N m), as found ex-
perimentally for the NaX»-Si02 system. The
slope and the (lower Nsi) limit of this composition
range (in which the structon types listed can co-
exist, without others) both depend on w, hence on
y and z.

From the sodium silicate data (Fig. 1), the lower
limit of this range is at an N si value of about 0.435.
This is in excellent agreement with eq. 18, giving,
for this limitB

Nsi = fg = 0.4375 (or Nna = 0.250) (22)
provided w is given the value 3.

This can be considered as confirmation of the
present theory and of the set of structon types
listed above for range I. No other set which
could be considered at all reasonable yields this
result. In this system at least, careful annealing
produces glasses in which these types are present to
the practical exclusion of all others. Moreover,
from the value of w (equal to 2 — y in this system)
which has been deduced one can conclude that 3
is equal to 6 and y is equal to 3, these values being
more reasonable than any other combination of
z and y values (giving w equal to 3), on the basis of
present knowledge of the structures of crystalline
silicates and related compounds containing sodium.

Substituting into eq. (20) and (21), we obtain

Vo — (—95.41 -f- 6w*2Si,Na + 2w*Si,3Na) + (218.08 —

12W2S.Na — 4r*Si3Na)Arsi+ (23)

or

Vo = 13.63 + (-54.52 + 3»*.Si,Na + v*siMa)N ~ (24)

Using the constants previously deducedl em-
pirically for this range

Vo = 27.26Asi + 8.7A n. = 17.4 - 7.54 Nsi =

13.63 + 1.885AfNa (25)

Hence

r*si.3Na = 56.405 - 3 «*2SilNa (26)

The volume of glass per gram-atom of oxygen at
iVsi = 0.4375, the lower limit of range I, obtained
by substituting eq. (22) into eq. (25), is 14.10i%

Throughout this range, the Si-0 structure is
essentially a network. Although some relatively
small silicate “ions,” e.g., of the composition Si™io-4
and structure like that of the P4010 molecule,©
are possible without contradicting our postulates,

(18) According to this interpretation, the limit of this range is at
the composition of the hypothetical compound 2Na20*7Si02, not, as
previously supposed,l1 at the composition of 3Na2CM0SiO2, for which
Nsi = 10/23 = 0.4348.

(19) G. C. Hampson and A. J. Stosick, J. Am. Chem. Soc.t 60, 1814
(1938).

The Structure of Amorphous Materials

1145

one can conclude from probability considerations
that these would not be numerous. The chance
that any given oxygen atom does not bridge be-
tween two silicons is given by the value of IVo(Si#M),
eq. (15). This varies (for sodium silicates) from
zero to one-fourth. Of the four oxygens around
each Si, the average number which are non-bridg-
ing is

Notai,3V) _ 2 @7)
Agi N si
varying from zero to 4/7, in this range.
Range Il.—For the next composition range, all

sets of structon types which, on other grounds,
appear at all reasonable, have been tested, by
methods similar to those used for range I. The
only set which is satisfactory for the sodium sili-
cates, accounting for the break experimentally
found at IVsi = An» = 0.40, is

Set I1: Si(40) M(zO) 0(2Si, M) 0(2Si, 2M) G(Si, </M)

with w (equal to z — y) again equal to 3, hence,
probably, z equal to 6 and y equal to 3.
Using the experimental value of vo at the break

lo — 198967 — 13.246NS — 13.2/33 4- 3.3Li7.NNa (28)

In this range, as in range I, the Si-0 structure is
essentially of a network type. The chance that an
oxygen atom is non-bridging varies from vi to
Vs- From y 7to 1 of the four atoms of each Si04
group, on the average, are non-bridging. The
chance of the existence of small silicate ions, such
as the Sidio~4ions already mentioned, increases as
N si decreases.

Range Ill.—Proceeding to glasses of lower silica
content, reasonable sets of structon types are

Set Ilia: Si(40) M(zO) M[(z - 1)0] 0(2Si, 2M) 0(Si, YM)

valid between Nsi = 0.400 and Nsi = 0.375, and
Set 11lb: Si(40) M[(z - 1)0] M[(z - 2)0] 0(2Si, 2M),
0(Si, yM),

valid for 0.375 > Nsi > 0.333.

The experimental data show no obvious break
at ATi = 0.375. This is readily accounted for by
the not unreasonable assumption that

M) —WM[@al)0]  Pm[<2-1)0] _ »M[(«-1)0] (29)

Another possible pair of structon sets for range
Il would include O[Si, (y + 1)M] and O[Si,
(y + 2)M], instead of M[(z — 1)0] and M[(z —
2)0]. These would give the same range limits.

Still a third pair of sets would include the structon
types 0(2Si, 3M) and 0(2Si, 4M). This pair
would result in a possible slight break at Nsi =
0.375 (as for the others), but a lower limit of 0.357.
Still other possibilities are conceivable, at least for
the range below 0.375. The experimental data
now available do not suffice to distinguish between
these.

Regardless of which set of structon types is the
correct one, the fraction of oxygen atoms which
are non-bridging is equal to vNm or 2-4A~si; as
N si changes from 0.40 to 0.33, this fraction changes
from 0.40 to 0.67. Of the four oxygens around each
Si, the average number which are non-bridging
varies from 1to 2. At the high-silica end of the
range, the silicon-oxygen structure is still essen-
tially a network. At the low-silica end, it would
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better be described as primarily a chain structure,
with some cross-links. At the lower limit (taken
as Nsi = Vs), the number of branch junctions
equals the number of chain ends (counting each
silicon surrounded by one non-bridging and three
bridging oxygens as a single junction and each
silicon surrounded by four bridging oxygens as
two junctions). Although the over-all composi-
tion and the requirements of the present analysis
would be satisfied if all the silicons in the glass were
tied together by oxygens into a single macro-ion

O 0 o
..—0—Si—0—Si—O0—Si— ..
0 0 0

this would be statistically improbable.

Range 1V.—Various sets of structon types are
also possible, on the basis of our present knowledge,
for glasses having still lower N si values (less than

0.33, in the Na>0-Si02 system). One such set
would be
Set IV: Si(40) M[(z - 2)0] 0(2Si, 2M) 0(Si, /M)

o[si, [y + 1)M].

The lower limit of its range of existence would be
(for the sodium silicates)

As = 0.25; AT» = 1.00 (30)

Glasses in this range can be considered as com-
posed primarily (as regards their silicons and
oxygens) of chain ions, of various lengths. Neglect-
ing branching, the average number (ft) of silicon
atoms per chain ion is given by the relationl

1= r~Tvv (31)

At the limit given by eq. 30, the average value of n
is 2. A sodium silicate of this composition would
be expected to consist primarily of SiD 7-6 ions
and sodium ions, with some Si04~4ions and some
SijOin- 8and a few even larger ions.

The Structon Number Rule.—Let us consider
the relationship between the minimum number
(s) of structon types possible for a given system,
the number (C) of components (Nad, Si02 in
the sodium silicate glasses), and the number (F)
of degrees of freedom (considering composition
variables only). To specify the number of struc-
tons of each type, one needs s numbers, hence ¢1
independent equations to determine them. For
each component, there is an equation expressing
the fact that, for the metal atom concerned (Na
or Si), the total number of metal-oxygen contacts
equals the total number of oxygen-metal contacts.
There is also an equation to express the fact that
the total number of oxygen-centered structons
equals unity, and another to express the neutrality
relationship. If the number of structon types
equals the number of these equations, the composi-
tion is obviously fixed, hence F — 0. If the num-
ber of structon types is greater than the number of
equations (of the kinds just discussed), the excess
gives the number of degrees of composition free-
dom. Hence

S=C+F+ 2 (32)

For sodium silicate glasses, there are two com-
ponents. For each of the composition ranges con-
sidered, F equals 1. Hence, the minimum number
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of structon types in each set is 5. At the joints
between ranges, F is zero and s is 4.

In those special cases in which all the structon
charges are individually zero, as in pure Si02
itself, the neutrality requirement reduces to 0 = 0.
This cannot be used to compute the numbers of the
different kinds of structons, hence, in place of eq. (32)

S=C+F+1 (33)

These two equations, together, may be designated
as the structon number rule, by analogy with the
phase rule.

Summary and Conclusions

It has been assumed that many extensive proper-
ties, such as the volume, of amorphous substances
can be treated as additively composed of contribu-
tions of their “structons,” also that this is ap-
proximately true of their stability (the negative
of the free energy). As a result of this, one would
expect a relatively small number of types of
structon to exist in a sample which is at equilibrium,
as regards the distribution of the component
units, or which has had an equilibrium situation
frozen in (as in a glass), especially if the relative
stabilities of the different structon types differ
sufficiently.

If the number of structon types present is the
minimum number required to give neutrality and
the correct over-all composition, the additivity
postulate requires that the property-composition
curves be series of connected straight lines, as ob-
served experimentally for well-annealed sodium
silicate glasses. For any assumed set of structon
types, their relative numbers and the existence
limits of the set are readily calculated. It has
been shown that reasonable sets will account
quantitatively for the locations of these limits
(the breaks in the volume-composition curve).
From the experimental slopes, one can compute
relationships between the volume contributions of
the different types of structon, but their absolute
values cannot be deduced from a study of this one
system alone.

The minimum number of structon types needed
for any given composition or composition range
has been shown to be derivable from the number
of components by a relationship, analogous to the
phase rule, which has been designated the structon
number rule.

The procedures to be used in extending the
application of the theory to other properties and
to other glass systems, other amorphous solids
(e.g., certain types of high polymers), liquids and
solutions, should be obvious. In many cases,
unfortunately, the required experimental data
are not now available and must be obtained by
new research. Also, such quantitative results
as those obtained in the present study of sodium
silicate glasses can hardly be expected, except in
those cases in which the interactions between the
atoms, groups of atoms, or molecules concerned
can be classified into a sufficiently small number of
types, with these differing sufficiently in stability.
At a later date, the author hopes to present ex-
amples of the application of the theory to such
cases.
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_Vanadium pentoxide hydrosols, prepared by the hydrolysis of f-amyl orthovanadate, have been studied by optical absorp-
tion, light scattering and electron microscopy. These sols consist of long needle-like particles. Absorption is due to both
scattering and true absorption within the particles. Electron microscopy shows that as the sol ages, the micelles are redis-
tributed from numerous small rods to a smaller number of large filaments. This change is accompanied by up to thirty-
fold increase in the optical density and more than one hundred-fold increase in light scattering. The magnitude of the
increase in absorption is larger than anticipated by available theory. Gans’ theory, applicable to small ellipsoids, predicts
a very small increase in absorption. Mie’s theory, applicable to spheres, does predict an appreciable increase in absorption
but not of the magnitude observed for this system. A satisfactory theory of scattering by ellipsoids must account for these
increases quantitatively and should differentiate the effect of size from shape. The vertical component of the scattered
light is more intense than the horizontal. The scattering is more intense in the forward than in the backward direction.
The vanadium pentoxide hydrosols are dissolved by dilution of the sol, and this is followed by slow fading of the optical
density and scattering. Electron microscopic observations show that partial solution of the colloidal particles and not
homogeneous ionic processes, as previously reported, causes this fading. A new value of the solubility of vanadium pent-
oxide, differing by more than 35% from the most recent value in the literature is reported (i.€., our value, 0.0296 g./IOO

cc. at 25°).
to X470 m/t.

1. Introduction

The scattering of electromagnetic waves by par-
ticles of the same or somewhat smaller order of
magnitude as the wave length of the radiation has
been widely used in recent years to obtain informa-
tion about the scattering particles. The direct in-
formation sought is the particle size and shape, and
from these such dynamic processes as the growth,
coagulation or settling of a system of particles can
be followed. Colloidal systems such as aerosols,
hydrosols and solutions of high molecular weight
substances have been investigated by light scatter-
ing,2 whereas, short wave length radio waves
(radar) have been used to study atmospheric rain,
snow, and clouds.3

The interpretation of scattering data is usually
based either upon the work of Mie4 or that of
SmoluchowBki,6 Einstein,6 and Debye.7 The Mie
theory treats the scattering of a parallel, linearly
polarized electromagnetic wave by a spherical,
optically homogeneous particle. There are no re-
strictions upon the size of the sphere or the optical
constants. The solution follows rigorously from
Maxwell's theory of electromagnetism and gives
the intensity of radiation scattered in a given direc-
tion as a function of the size and optical constants
of the particle, and the wave length and polarization
of the incident radiation. The absorption of radia-
tion by the particle can also be determined.

The Mie equations are complicated, and the com-
putation of scattering functions is tedious. The
equations become simpler as the particle size rela-
tive to the wave length decreases, and for a particle
radius less than one-twentieth the wave length of
the radiation, the Mie theory coincides with the
Rayleigh equation for scattering by small parti-

(1) Supported in Part by N.A.C.A. Contract NAw-6206.

(2) (a) G. Oster, Chem. Revs., 43, 319 (1948); (b) D. Sinclair and
V. K. La Mer, ibid., 44, 245 (1949).

(3) D. Atlas, M. Kerker and W. Hitschfeld, J. Atm. and Terrest.
Phya. {London), 3, 108 (1953).

(4) G. Mie, Ann. phya., 25, 377 (1908).

(5) M. Smoluchowski, ibid., 25, 205 (1908).

(6) A. Einstein, ibid., 33, 1275 (1910).

(7) P. Debye, J. Appl. Phys., 15, 338 (1944).

The molar extinction coefficient of homogeneously dissolved vanadium pentoxide is reported from X 268 My

cles.2a The Rayleigh equation is the basis of the
treatment of scattering by Smoluchowski and
Einstein. Their results have been extended by
Debye to the determination of the molecular
weights of high polymeric materials.

This paper will present the results of an experi-
mental investigation of the scattering and absorp-
tion of light by a system of non-spherical particles,
the ester hydrosol of vanadium pentoxide. Besides
being non-spherical, these particles are further
characterized by their appreciable absorption of
light. The sols were also studied by electron
microscopy in order to correlate the scattering and
absorption with the size and shape of the particles.

There is no rigorous solution of scattering by
non-spherical particles, although attempts have
been made.8910 Approximate solutions have been
carried out by Gans,11 Debye,7 and Montroll and
Elliot.2 Gans' treatment for small ellipsoids of
revolution is applicable to absorbing as well as di-
electric media and was used to analyze our data.

2. Experimental Procedure

A. Preparation of Vanadium Pentoxide Hydrosols.
Vanadium pentoxide hydrosols are usually prepared by the
peptization of vanadium pentoxide by washing through a
filter paper and subsequent dialysis (Biltz sols). Iluber
and Zbinden13 have investigated the size distribution of
such sols with the electron microscope and have found that,
they are relatively more polydispersed than those formed by
the hydrolysis of the esters of orthovanadic acid. We have
accordingly prepared our sols by the latter procedure.

A number of esters of orthovanadic acid were explored
including the ethyl, n-propyl, isopropyl, n-butyl, isobutyl,
n-amyl and f-amyl esters. The lower molecular weight
esters hydrolyzed extremely rapidly and decomposed in
the presence of small amounts of moisture. The f-amyl
ester was sufficiently stable so that it could be stored for@

(8) F. Moglich, Ann. phys., 83, 609 (1927).

(9) F. W. Schultz, Report UMM-42, March 1, 1950, Aeronautical
Research Center, Engineering Research Institute, LTniversity of
Michigan.

(10) Since the preparation of this paper, a paper by A. F. Stevenson,
J. Appl. Phys., 24, 1134 (1953), may provide a method of obtaining
an exact solution of scattering by non-spherical particles.

(11) R. Gans, Ann. phys., 37, 881 (1912).

(12) E. W. Montroll and R. Hart, J. Appl. Phys., 22, 1278 (1951).

(13) K. Huber and H. zZbinden, Z. anorg. Chem., 258, 1S8 (1949).
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extended periods without decomposition. It was used to
prepare all the sols upon which we report light scattering
results.

The ester was prepared by refluxing dry V20s with i-amyl
alcohol and purified by distillation between 125-130° under
2-3 mm. pressure.

The hydrosol was formed by adding the ester dropwise to
100 ml. of triply-distilled water maintained at 30°. A
special dropping apparatus was constructed which delivered
a uniform drop of ester weighing 0.0103 + 0.0003 g. The
ester formed a surface layer which hydrolyzed at the inter-
face, the vanadium pentoxide diffusing throughout the
solution aided by gentle stirring.

The sols were analyzed for vanadium content by re-
duction to tetravalent vanadium with sulfur dioxide and
subsequent titration wfith potassium permanganate to quin-
quevalent vanadium.¥4

B. Light Scattering.—Light scattering measurements
were taken with an Aminco light scattering microphotom-
eter. A cylindrical light scattering cell with a flat en-
trance window was used. The cell was 12 mm. in radius
and 55 mm. high. The mercury vapor lamp normally used
in the instrument was replaced by a tungsten filament
projection lamp. The 4 X 8 mm. beam forming nose-
piece, and the 10° solid angle receiver nosepiece were used.

With no polaroids in the optical path, the intensity of
scattered light was designated U. When the scattered
beam passed through a polaroid which transmitted light
whose electric vector was perpendicular to the plane of ob-
servation, its intensity was designed V. With the polaroid
oriented to transmit light whose electric vector vibrated
in the plane of observation, the scattered light was desig-
nated H. U, V and H were determined at several angles
of observation, Y. Y is defined as the angle formed by the
scattering direction and the direction of propagation of the
incident beam.

C. Optical Density and Differential Refractive Index.—
The optical density of the sols was obtained with a model
D. U. Beckman quartz spectrophotometer, using 1-cm.
fused silica cells. The differential refractive index was
determined with a Fhoenix Differential Refractometer.

D. Electron Microscopy.—The electron microscope
used was an RCA Model EMT. All photographs were
taken with the 3000X pole piece in position. The actual
magnification on the 2" X 2" lantern slide as calibrated
with aruled grating was 2570 X .

Samples for the electron microscope were prepared by
depositing a droplet of sol upon a grid coated with a water
cast collodion film and withdrawing the excess sol. This
gave better separation of colloidal particles than a spray
technique which utilized a capillary spray gun. Some
samples were shadow- cast with gold in an RCA type EMV-6
Shadowing Unit at a shadowing angle of 12°. Although
polystyrene gave clear shadows it was not possible to detect
shadows associated with the vanadium pentoxide particles.
This may have been due to the lower resolving power of
our instrument since pictures taken wfith the Type EMU
microscope in another laboratory did show shadows which
indicated that the particles were lying flat on the film.
Since the vanadium pentoxide scatters electrons sufficiently
to give a clear picture, and the particles were lying down,
there was no particular advantage to shadowing. There-
fore, it was omitted in the work reported here.3

3. The Absorption and Light Scattering of Aging
Sols

Although Hubei- and Zbinden had found that the
sols prepared by ester hydrolysis stabilized some-
what after a month, they did not report their be-
havior during the first month after preparation.
We found that the sols were not at all stable during
this initial period. This aging of vanadium pent-
oxide sols can be attributed to growth from small
rods to long filaments. We have followed the
aging spectrophotometrically and by light scatter-
ing in order to determine the effect of the changing

(14)

plied Inorganic Analysis,”
N. Y., 1953, p. 458.

W. Hillebrand, G. Lundell, Pl. Bright and J. Hoffman, “Ap-
John Wiley and Sons, Inc., New York,
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particle size and shape upon absorption and scat-
tering.

The change in particle form is clearly apparent
upon electron microscopic examination.’6 Fresh
sols consist of small rods, practically all of which are
under 1000 A. in length, whereas, as progressively
older samples are examined, the length of the par-
ticles increases. Thus, a sol whose concentration
is 0.285% V2 6by weight shows very few particles
shorter than 15,000 A. 48 hours after preparation.
The particle concentration is correspondingly smal-
ler in the aged sols.

Assuming that solution equilibrium is established
shortly after preparation of the sol, the total volume
of vanadium pentoxide in the colloidal state should
be constant throughout this growth process. As we
will presently show, the absorption and scattering
of a sol increases markedly as it ages, thus demon-
strating the dependence of absorption and scatter-
ing upon particle size and shape rather than upon
the total volume of colloidal material.

The behavior of three sols, designated as sol |
(0.095%), sol Il (0.190%), and sol 11l (0.285%)
will be examined. The optical density of each of
these at various times after their formation is pre-
sented in Table I. The optical density increases
rather rapidly at first and then levels off after
several days. This increase is depicted graphically
in Fig. 1for the three sols at three convenient wave
lengths. Sol 111, the most concentrated, levels off
after about ten days, whereas sol | is still increasing
at an appreciable rate after 39 days. The corre-
sponding elongation of the particles shown by the
electron micrograph suggests that this increasing
absorption is due to the growth of the colloidal
particles. That the increase in absorption is actu-
ally due to the colloidal material and not to the
formation of molecular species dissolved in the
homogeneous phase, can be shown by filtering a
dark red, aged sol through a micro filter. The
filtrate has the light yellow color of a homogeneous
solution of vanadium pentoxide.

The total absorption in a colloid is the result of
two factors, the true absorption of energy within the
particle which is dissipated as heat, and the lateral
scattering of radiation. Before attempting to inter-
pret the darkening of the aging sols, let us consider
whether there is also an influence of particle size
and shape upon the light scattering alone.

The true absorption of light by these sols is con-
siderable and has an influence upon the scattered
light observed. Even in the aged sols, the scattering
contributes only asmall fraction to the total attenua-
tion of light. In an absorbing system, the incident
beam is attenuated en route to a potential scatterer,
and after being scattered continues to be attenu-
ated on the way out of the solution. Therefore, the
light actually scattered will be greater than that
observed. We have corrected the observed intensi-
ties of scattered fight for this absorption effect by
the following procedure.

If the transmission of a sol at wave length X is
T\, and the diameter of the cylindrical scattering
cell is 5, a beam of light scattered at the center of

(15) A more complete report, obtainable from the National Ad-
visory Committee for Aeronautics, includes electron micrographs.
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Table |

Increase of Optical Density with T ime

Dec., 1954
Age,
Sol days 470 490 510 530
0 1.736 0.753 0.257 0.086
1 2.4 1.273 0.571 0.284
2 1.479 0.719 0.367
1 6 1.194 0.701
8 1.597 0.890
14 1.237
22 1.475
39 1.697
1.450 0.558 0.208
1.645
I 12
18
38
0 1.255
2
11 9
17
36

the cell will emerge reduced in intensity over its
value for a non-absorbing system by the factor
T5.16 If the product of the intensity of the light
source and the sensitivity of the phototube at wave
length X is P\, then the signal recorded by the
phototube will be reduced by the factor

X(T\P\S)dx m
xPxdX (J

The integration is carried out over all wave
lengths. For monochromatic radiation, the reduc-
tion factor is obviously T\o. The observed signal
must be multiplied by the reciprocal of this factor in
order to compensate for the loss in the medium.
T\ can be computed from the optical density data

in Table I. The values of 1\ are given in Table II.
Tabire Il

P\ veraBw ave Lengen

Relative Relative

W ave response output of
T shototube® Namp & P\
700 0 200 0
650 3 165 495
600 10 130 1300
580 20 115 2300
560 30 100 3000
540 40 87 3400
527 50 76 3800
513 60 68 4080
500 70 60 4200
480 80 49 3920
450 90 33 2920
400 100 15 1500

“ From spectral sensitivity curve supplied by manufac-
turer. hJ. 0. Kraehenbuehl, “ Electric Illumination,” John
Wiley and Sons, Inc., New York, N. Y., 1951, p. 87.

An incandescent tungsten lamp was used as a
light source because the solutions absorbed so
strongly in the blue and green that it was not pos-

(16) This of course assumes that the law of scattering would
the same in both cases. Since, in general, this is not so, what we are

doing is merely correcting for the attenuation and not reproducing the
scattering situation for this particle in a non-absorbing medium.

W ave length, mp

546 560 580 600 625 350
0.056
0.196
0.249
0.494 0.382
0.630 0.496 0.373
0.881 0.715 0.549 0.454 0.406
1.102 0.882 0.698 0.596 0.518
1.263 1.027 0.815 0.709 0.640 0.621
0.108 0.044
1.072 0.744 0.436
1.680 1.082 0.643 0.373 0.272
1.825 1.210 0.753 0.453 0.337
1.984 1.351 0.839 0.506 0.334
0.760 0.504 0.290 0.160 0.053
1.745 0.962 0.319
1.725 1.039 0.799
1.728 1.095 0.873
1.761 1.132 0.900

sible to obtain an appreciable scattering signal for
the aged sols with the monochromatic lines of the
mercury vapor lamp. The tungsten lamp provided
sufficient intensity at the red end of the spectrum
to avoid this difficulty.

sol I,

Fig. 1—Increase of optical density upon aging:
sol 111,

0.095%, X 546 mM sol II, 0.190%, X 580 mM
0.285%, X650 mM

The unpolarized, vertically polarized and hori-
zontally polarized components of the light scattered
by the three typical sols are presented in Tables
I, IV and V. The units are arbitrary galvanome-
ter readings corrected to a standard incident intens-
ity and have also been corrected for absorption as
described above.

The uncorrected scattering for sol | observed at
45° from the forward direction is plotted together
with the corrected values in Fig. 2. Whereas the
former shows a rapid increase with time and then

be a decay, the scattering corrected for absorption

continues to increase with aging until it finally
levels off.
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INTENSITY.

Fig. 2.—Increase with age of the intensity of the vertical
component of light scattered at Y = 45° by a 0.095% sol:
A, corrected for absorption; B, uncorrected.

Tavie I

Intensity of Scattered Light at Various Angles of

Observation (U)

Sol s 45 60° 90° 20 135°
0 545 180 717 75.9
1 817 226 82.3 90.0

| 2 10,301 5,370 3,030 3,670
7 27,40) 13,900 7,900 8,580
21 95,000 28,600 42,100
39 103,000 31,900 43,500
0 317 134 62.3 73.9
3 4,127 2,500 1,600 1,990

I 8 12,000 7,380 4,550 5,560
18 45,000 14,800 25,300
38 42,000 16,700 22,800
0 532 222 75 83
1 8,130 4,900 3,240 4,000

Il 4 11900 9,900 4,430 5,940
16 13,500 5,520 7,550
36 12,300 1,600 7,300

Table IV

Intensity of Scattered Light at Various ANGLES OK
Observation (Vertical Component of Scattered Light

V)
Sol ég)% 41t 60° 90" 120 135°
0 249 101 46 40
1 425 141 51 58
i 2 4,810 3,150 2,010 1,910
7 12,600 8,020 4,770 4,380
21 54,700 18,300 19,000
39 60,000 20,900 21,000
0 177 82 40 50
3 1,812 1,330 980 1,140
i 8 6,520 4,630 3,180 3,200
18 24,100 11,200 11,700
38 22,400 9,830 10,700
0 3C8 132 31 42
1 3,900 2,660 1,990 2,090
hi 4 5,310 3,800 2,760 2,790
16 6,900 3,540 3,680
36 6,150 2,780 3,520

M. Kerker, G. L. Jones, Jr., J. B. Reed, C. N. P. Yang and M. D. Schoenberg
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Table V

Intensity of Scattered Light at Various Angles of

Observation (Horizontal Component of Scattered

Light— H)
%}% 45° 60° 90° 120 135°
0 139 38 9.0 17.5
1 219 45 7.1 19.2
2 2,100 704 204 672
7 4,680 1,310 506 1,740
21 13,800 1,850 11,200
39 15,800 2,300 13,100
0 108 27 4.3 16.0
3 1,040 464 164 435
8 3,180 1,280 517 1,230
18 10,200 1,790 6,800
38 9,140 1,730 6,550
0 127 37 5.7 154
1 2,000 800 290 860
4 2,780 1,480 650 1,230
16 3,710 817 2,390
36 3,300 640 2,300

4. Discussion of the Increase in Absorption and
Light Scattering of Aging Sols

It is obvious from these data that the larger parti-
cles are much more efficient both as scatterers and
absorbers of radiation than the smaller ones. The
optical density increases as much as thirty-fold, and
the scattering increases in some cases by more than
two orders of magnitude. This greater efficiency
in both scattering and absorption is probably due
to a combination of two factors, i.e., the increase in
eccentricity in particle shape as the rods become
filaments and the over-all increase in size as the
particles grow.

Unfortunately, the present state of scattering
theory is unable to differentiate these two factors.
The Mie theory is capable of predicting the varia-
tion of absorption and scattering with size, but it is
limited to spherical particles. The Gans theory can
predict the influence of shape, but it is restricted to
particles which are small compared to the wave
length.

Let us examine, first of a1, just what the influence
of shape alone would be upon the true absorption if
the Gans theory were applicable, i.e., how would the
absorption vary if a particle were to lie extended
from a sphere to a long rod maintaining constant
volume. We have assumed for the index of refrac-
tion, m = 1.60 — 0.22? at A = 0.546 mju. The real
part is in the range for crystals of the type of vana-
dium pentoxide. The imaginary part was obtained
by assuming that the molar extinction coefficient
of solid vanadium pentoxide is the same as that of
vanadium pentoxide in solution. This latter is re-
ported below in Section 7. The refractive index
relative to the medium which is water ism* = 1.20
- 017

The total cross-sectionX predicted by the Gans
theory for particles of this refractive index is prac-
tically independent of shape. For particles of fixed
volume it increases 2% as the shape is varied from a
sphere to an infinitely long rod. This shape influ-

(17)
incident beam to the energy density of the incident beam.

The cross-section is the ratio of energy attenuated from the
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Tabtle VI

Absorbing and Scattering E fficiency of Spherical Particles as a Function of Particle Size:

1 2 3
a :2_",2'. Total Scattering
X cross-section cross-section
0.01 0.061125 0.0101498
.05 ,04265 .0-264
.10 ,03220 L061705
.20 .00210 031136
40 0308 00845
60 212 1129
80 .851 594
1.00 1.749 1.357
1.20 2.40 1.925
1.35 2.81 2.25
1.50 3.37 2.69
2.00 6.45 5.35
2.50 9.18 7.47
.00 11.45 10.20
22.6 18.68

3
4.00
5.00 36.3 30.3

euce is somewhat greater for higher refractive in-
dexes, but even for avalue of m = 1.95 —0.801, the
increase is only 13%.

According to Gans’ theory, the attenuation due
to true absorption for a fixed shape is directly pro-
portional to the particle volume so that for a system
such as ours in which the particles are becoming
larger and more elongated while the total volume
of colloidal material remains fixed, the increase in
true absorption would follow the same pattern as
for the model described in the previous paragraph.
Clearly, the Gans theory cannot even qualitatively
account for the large increases in absorption which
we have observed.

On the other hand, the scattering, according to
Gans’ theory, depends on the square of the volume
so that it would increase as the particles grow.
The growth observed with the electron microscope
could account for the increase in scattering
actually observed. However, since the scattering
itself accounts for only a small fraction of the
total attenuation, the Gans theory is at a loss
to explain the major part of the increase in
optical density which must be ascribed to the effect
of either particle shape or particle size, or both,
upon the true absorption within the particle.

We now propose to examine the increase of ab-
sorption of spherical particles with size as predicted
by the Mie theory. It would seem reasonable that
since deviation from sphericity does cause some in-
crease in absorption, a particle which is both
increasing in size and becoming less spherical
should increase in absorption to at least the same
extent as a growing spherical particle.

Spherical scattering functions for the refractive
index we have used for vanadium pentoxide were
not available, but since only qualitative conclusions
are to be drawn, we utilized computations recently
completed in this Laboratory for another absorbing
material of index of refraction rn = 1.46 — 4.30b
The results are presented in Table VI. The param-
eter, a, tabulated in column 1 is the ratio of the
particle circumference to the wave length of the
radiation. The cross-sections in columns 2, 3 and
4 when multiplied by X22 w, give the ratio of energy
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m = 1.46 - 4,
4 5 6
Scattering Absorption
Absorption cross-section cross-section/
cross-section unit voi. unit voi.
0.061125 0.04498 0.1125
,04265 ,03211 212
.03218 001705 218
00199 01420 249
0224 1320 350
0988 518 453
257 1.160 501
392 1.357 392
471 1.130 273
557 0.915 .226
.686 796 203
1.100 668 1375
1.712 478 .1100
1.257 .378 0715
3.89 292 0608
6.04 242 .0483

attenuated from the incident to the energy density
of the incident beam. In order to obtain columns
5 and 6, the scattering and absorption cross sections
were divided by a3so that the volume units are
arbitrary.

If we compare the attentuation on the basis of
unit volume, it is obvious that the smallest particles
are much less efficient both as scatterers and
absorbers than those of an intermediate size. For a
materia] of this refractive index, a particle of a =
1.0 would scatter 105 times as much light as the
same amount of material distributed as one million
particles of a = 0.01. The dependence of the
absorption on size is not as marked. A particle of
a = 0.8 will absorb only four and a half times as
much radiation as the same amount of material dis-
tributed among particles of a = 0.01. As the parti-
cle continues to grow further, the scattering and
absorption cross-sections per unit volume decrease.
In fact, when a — 2.5 the large particles become
less efficient absorbers than the small ones.

One would expect considerable variation in the
quantitative aspects of these results with dif-
ferent indexes of refraction; however, it is reason-
able to expect that the direction of the trend should
be the same, be., as very small particles grow they
scatter and absorb light more efficiently.

We have already seen that the Gans theory
which is applicable to small particles does not pre-
dict a dependence of absorption on the size distribu-
tion of the particles, but only upon the total volume
of colloidal material. If scattering by ellipsoids is to
follow the pattern for spheres, as an ellipsoidal
particle grows it also should become a more effi-
cient absorber of radiation, at least up to some opti-
mum size.

The increase in absorption which we have ob-
served for aging vanadium pentoxide particles is
surprisingly large and the extent to which this can
be differentiated between the influence of shape and
the influence of size is something an exact theory
of scattering would have to predict. Since both
size and shape are changing simultaneously in our
system, it is not obvious how each of these factors
behaves individually.
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5. Polarization and Angular Dependence of the
Scattered Light

One would expect that the polarization of the
scattered light would also be dependent upon both
the size and the shape of the scattering particles.
The Mie theory shows that for spherical particles
there is a marked dependence of polarization on
size, and this has been observed experimentally.i8
The Gans theory indicates that for spheroidal par-
ticles the polarization is dependent upon shape, but
it does not predict any size dependence.

The polarization ratio, p, the ratio of the intensity
of horizontally to vertically polarized scattered
light is defined by

p- H/V 2
Thus, for Rayleigh scattering at angle of observa-
tion, 7 = 90°, p = 0. When v andH are developed
for the Gans theory, p has a non-zero value.

For randomly oriented rods of infinite length and
relative index of refraction chosen for vanadium
pentoxide, m* = 1.20 — 0.019H, p at 90° is 0.0066.
p increases to unity as the angle of observation goes
to 7 = 0°. The values for 30, 45 and 60° are 0.752,
0.503, and 0.255, respectively. The values for
angles greater than 90° are symmetrical. These
values do not differ significantly from the values of
0.750, 0.500 and 0.250 for these angles predicted
by Rayleigh theory.

The values of p obtained experimentally are pre-
sented in Table VII. They differ from those pre-
dicted by the Gans theory. The Mie theory shows
that for spherical particles the polarization ratio at
90° may have a large non-zero value and that p
varies with both size and angle of observation in a
complicated manner. The fact that our data indi-
cate no simple trend of p with growth suggests
that the dependence in this case may be equally
complicated.

Table VII
Polarization R atio
Age, Angle
Sol days 45° 60° 90° 120° 135°
0 0.56 0.37 0.20 0.44
1 .53 .32 17 .33
| 2 44 .22 .10 .35
7 .37 .16 A1 .40
21 .25 .10 0.60
39 .26 A1 0.62
0.61 0.33 0.11 0.32
3 57 .35 17 .38
1] 8 49 .28 16 38
18 42 .16 0.58
38 41 17 0.61
0 0.41 0.28 0.18 0.37
51 .30 .15 42
11 4 .52 .39 .23 44
16 .54 .23 0.65
36 .54 24 0.65
Gans
theory 0.503 0.254  0.066 0.254 0.503
Rayleigh
theory 0.5 0.25 0.0 0.25 0.5
(18) (a) M. Kerker and V. K. La Mer, J. Am. Chem. Soc., 72,
3516 (1950); (b) M. Kerker, J. Coli. Sei., 5, 165 (1950); (c) M. Kerker

and M. Hampton, .7. Ipt. Sne. Amer., 43, 370 (1953).

M. Kerker, G. L. Jones, Jr., J. B. Reed, C. N. P. Yang and M. D. Schoenberg
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The situation is very much the same when consid-
ering the variation of the intensity of scattering
with angle of observation. Here again the Gans
theory differs only slightly from the Rayleigh
theory. In both cases it is only H which varies
with angle of observation. The scattering intensity
is symmetrical around 90°.

On the other hand, our data in Table VIII show
that both v and H vary in a complicated manner
with angle of observation, being more intense in the
forward than the backward direction. As the sols
age the ratio of backward to forward scattering in-
creases. Again, we are unable to determine to what
extent this is due either to increasing size or eccen-
tricity of the particles.

6. The Fading of Diluted Sols

After a vanadium pentoxide hydrosol has been
diluted, the optical density of the resulting sol de-
creases with time for a rather extended period.
This fading phenomenon was studied by Langel9
who attributed it to the slow solution of the vana-
dium pentoxide micelles. He attempted to study
the kinetics of the solution by analysis of the spec-
trophotometric data. Lange assumed that the col-
loidal vanadium pentoxide was absorptive, but that
the molecularly-dissolved vanadium was colorless.
He further assumed that the absorption by a col-
loidal particle of vanadium pentoxide was directly
proportional to the mass of the particle, and hence
that the decrease in optical density with time was
a direct measure of the rate of solution. The first
assumption was not based upon any observation of
his and seems to have been completely ad hoc. The
second assumption ignored the influence of particle
size and shape upon scattering and absorption.

Rabinovich and Kargin®studied the fading with
a view to explaining the buffering action of vana-
dium pentoxide and tungsten trioxide sols.

Donnet and his co-workers2l have recently in-
vestigated this problem. They claim that the aver-
age length of the colloidal particle as determined by
electron microscope count does not decrease even
after a twenty-fold dilution. They propose that
the color is due to ions of polyvanadic acid adsorbed
upon the surface of the vanadium pentoxide parti-
cles, and that the effect of dilution is to slowly hy-
drolyze these to some hypothetical uncolored
species. This mechanism seems no less ad hoc than
the colorless vanadium ions of Lange.

We believe that we have been able to demonstrate
that the fading is due to solution of the colloidal
particles as Lange has proposed, but that it is un-
necessary to invoke his colorless ions in the homo-
geneous phase. We have observed the particles of
the fading sols with the electron microscope and
found that they slowly decrease in size.2 It has
already been demonstrated that more light is ex-
tinguished by vanadium pentoxide in colloidal form
than in homogeneous solution. This does not de-
pend upon a change in optical constants, but only

(19) B. Lange, Kolloid-Z., 59, 162 (1932).

(20) J. Rabinovich and V. Kargin, Z. physik. Chem., Al52, 24
(1931).

(21) J. Donnet, H. Zbinden, H. Benoit, M. Daune, N. Dubois,
J. Pouyet, G. Scheibling and G. Vallet, J. chim. phys., 47, 52 (1950).

(22) A more complete report, obtainable from the National Advisory
Committee for Aeronautics, includes electron micrographs.
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Tabie VIII
R atio of Intensities of Light Scattered at Various Angles
Intensity at 90° Intensity at 90° Intensity at 120°
col ::yes u Intensit\y at 45° u Intensit\)} at 60° u Intensit\); at 60°

0 0.13 0.19 0.05 0.40 0.43 0.24 0.42 0.37 0.46

I .10 A2 .03 .36 .36 .16 .40 41 43

| 2 .29 42 .10 .56 .64 .29 68 .61 .95

7 .29 .38 A1 .57 .60 .39 .62 .55 1.33
21 .30 .34 .13
39 31 .35 .15

0 0.20 0.23 0.04 0.46 0.49 0.16 0.55 0.61 0.60

.39 .54 .16 .64 74 .35 .79 .86 .94

1 8 .38 .50 .16 .62 .69 .40 .76 .69 .96
18 .33 46 .67
38 .40 .48 72

0 0.14 0.10 0.04 0.34 0.24 0.16 0.37 0.32 0.42

1 40 51 15 .66 .75 .36 .82 .79 1.07

11 4 37 .52 .23 45 .73 44 .60 74 0.83
16 41 51 .22
36 37 45 .19

upon the state of aggregation of the material. Col-
loidal particles are more efficient scatterers and
absorbers than homogeneously dispersed molecules.
Furthermore, large colloidal particles scatter and
absorb more efficiently than small ones so that it is
to be expected that the solution of vanadium
pentoxide particles will be accompanied by a de-
crease in optical absorption.

Fig. 3.—Decrease with age of the intensity of light scat-
tered at Y — 90° by a 0.190% sol after fivefold dilution.

We have taken light scattering in addition to
absorption measurements on the fading sols, and
these further confirm that solution is occurring.
The decrease in absorption and light scattering for
an aged 0.190% sol diluted fivefold is presented in
Tables I X and X and in Figs. 3 and 4. The uncor-
rected scattering readings show that the observed
scattering is actually stronger for the faded solu-
tions. This is because in the concentrated solution
the scattered light is strongly attenuated before
escaping from solution, a condition that has been
discussed above. When this attenuation is taken
into account, the corrected scattering actually de-
creases markedly as the fading proceeds. This is
consistent with a partial solution of the colloid and
a corresponding decrease in average size.

LOG OF TIME IN MIN.

Fig. 4.—Decrease with age of the optical density of a 0.190%
sol. after fivefold dilution (X 5460 A.).

Tabre IX
Light Scattering BY AN Aged 0.190% Sso1 Dituted
Fivefold
Tir_ne _after o
dllnL:itrI‘O.n, u Intensltry at 90 H
10 17.2 11.0 1.03
120 17.0 10.9 1.47
1,440 15.8 9.8 1.37
2,880 15.2 9.5 1.35
7,200 14.4 9.2 1.31
12,960 12.9 8.1 1.05
Tabre X
Optical Density OF AN Aged 0.190% so1 Dituted
F IVEFOLD
Téﬁ:tiifr:?r Optical density
inin. X 5460 A. X 5300 A. X 5130 A.
150 0.569 0.752 1.402
1,200 .480 .631 0.370
1,440 .343 453 713
2,880 274 .361 501
7,200 197 .261 439
12,960 .184 241 411
31,680 477 .230 .398
48,960 179 .236 .395
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It is evident from all three types of measurement,
light scattering, electron microscopy and optical
density, that the mechanism for the fading of the
vanadium pentoxide sols involves solution of col-
loidal particles as Lange proposed. However, it is
unnecessary to invoke hypothetical ionic processes
to account for the color changes. These are due to
the much greater scattering and absorbing efficiency
of large colloidal particles as compared with small
ones. As the particles become smaller they scatter
and absorb less light.

7. Solubility of Vanadium Pentoxide

The formation of a vandium pentoxide hydrosol,
as the orthovanadic ester is added dropwise to a
volume of water, was followed by measuring the
optical density, differential refractive index and the
intensity of scattered light. The vanadium pent-
oxide goes intc true solution until its concentration
exceeds a critical concentration after which addi-
tional material precipitates to form the colloid.

The optical density increases linearly with con-
centration up to a 0.029% solution, after which the
curve bends upwards (Fig. 5). This would seem to
correspond to ffie point of formation of the colloid,
the increased slope beyond being due to the greater
extinction coefficient of vanadium pentoxide in the
colloidal form. The dilute solutions which we con-
sider homogeneous do not display the aging charac-
teristics of the colloids.

Fig. 5.—Increase of the optical density of a fresh sol with
V2 5concentration.

The differencial refractive index (Fig. 6) behaves
similarly, exhibiting an initial linear section corre-
sponding to the homogeneous solution after which
the slope increases presumably due to the presencie
of colloidal particles.

The light scattering (Fig. 7) is somewhat irregu-
lar due to the optical absorption of the vanadium
pentoxide. A colorless material would be expected
to exhibit a small increase in scattering as the con-
centration of the homogeneous solution increases,
and then a sharp increase upon the formation of col-
loid. The vanadium pentoxide shows a decrease in
scattering iron: the zero concentration value which
is due to background scattering by the water. The
decrease is due to the attenuation of the scattered
light on passing through the colored vanadium
pentoxide. It has been pointed out previously how
this attenuation can be corrected for. This correc-
tion has been omitted here since the intensity of
scattered light at these concentrations is quite
small, and the precision considerably less than for

M. Kerker, G. L. Jones, Jr., J. B. Reed, C. N. P. Yang and M. D. Schoenberg
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Fig. 6.—Increase of the differential refraction index of a
fresh sol with V;G5concentration.

the optical density and differential refractive index
measurements. It is sufficiently obvious from the
uncorrected data that there is a sharp increase in
scattering at about 0.02 to 0.03% concentration.

Fig. 7.—Increase of intensity of scattering at Yy = 40° of a
fresh sol with V256 concentration.

The solubility of vanadium pentoxide as deter-
mined from the breaks in the growth curves is con-
siderably lower than that heretofore reported.
Meyer and AulichZ give a solubility of 0.07% at
25°. Their procedure was to shake some vanadium
pentoxide with water and to analyze the super-
natant solution by reduction with sulfur dioxide and
subsequent titration of the tetravalent vanadium
with potassium permanganate. Their value is cited
by Seidell.22 The Handbook of Physics and Chem-

(23) J. Meyer and M. Aulich, Z. anorg. allgem. Chem., 194, 278

(1930).
124) A. Seidell, “ Solubilities of Inorganic and Metal Organic Com -
pounds,” 3rd Ed., John Wiley and Sons, Inc., New York, N. Y., 1940.
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istry,5 Lange,® and Perry,Z give a solubility of
0.8%, a value that would strike anyone who has
worked with colloidal vanadium pentoxide as being
completely out of line. The most recent determina-
tion of the solubility of vanadium pentoxide that
we know of is that of Donnet and co-workers.2l
Using an ultrafiltration technique they obtained a
solubility of 0.048%, a value in good accord with
those of Freundlich and LeonhardtBand Gessner.2
The discrepancy between our value of 0.03%
obtained from the growth curves and the higher
values cited above led us to redetermine the solu-
bility of vanadium pentoxide in water. This was
done by ultracentrifuging a month-old colloidal sol
of 0.194% concentration at 60,000 r.p.m.0 The
upper half of the supernatant was carefully removed
from the ultracentrifuge cell and diluted to provide
sufficient volume for a transmission cell. The opti-
cal transmission was determined and compared
with a solution of comparable transmission which
had been prepared by dilution from a homogeneous
stock solution. The concentration of the stock solu-
tion was 0.0199%, well below the suspected solu-
bility. Beer’s law was used to determine the rela-
tive concentrations of the two dilute solutions and
from their dilution ratios and the concentration of
the stock solution, the concentration of the ultra-
centrifugate was evaluated as 0.0296 g./100 cc.
The molar extinction coefficient3l for homogene-
ous vanadium pentoxide was calculated from the
optical density data of the 0.0199% stock solutions.
It was necessary to use dilutions of this solution

(25) C. Hodgman, “Handbook of Chemistry and Physics,” 34th
Ed., Chemical Rubber Publishing Co., Cleveland, Ohio, 1952.

(26) N. Lange, “Handbook of Chemistry,” 7th Ed., Handbook
Publishers, Inc., Sandusky, Ohio, 1949.

(27) J. Perry, “Chemical Engineers’ Handbook,”
Wiley and Sons, Inc., New York, N. Y., 1941.

(28) H. Freundlich and W. Leonhardt, Kolloid Chem. Beih., 7, 172
(1915).

(29) H. Gessner, ibid., 19, 213 (1924).

(30) We are indebted to Professor Harold Scheraga of Cornell

2nd Ed., John

University who kindly carried out this ultracentrifugation.

(31) The molar extinction coefficient, E, is defined by logio (//Jo) =
—Elc, where I/l0 = transmission, C = molar concentration based
upon VaOs as the molecular species, and | = light path in centimeters.
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at the lower wave lengths. At 350 m” the devia-
tion from Beer’s law was less than 3% for a ninefold
dilution. Results are presented in Table XI.

Tabre XI

Molar Extinction Coefficient of V5

Molar Molar

Wave extinction Wave extinction

Ier}%ﬁl’]‘ co;ff;.cole_;t IErllrgﬁh‘ coxeff;.colﬁ:lt
268 8.00 325 2.78
270 7.84 330 2.68
274 7.40 340 2.45
276 7.08 350 2.24
278 6.84 360 2.04
280 6.48 370 1.79
284 5.87 380 1.66
287 5.39 390 1.52
290 4.97 400 1.34
295 4.37 410 1.15
300 3.87 420 0.98
303 3.63 430 0.81
305 3.54 440 0.69
307 3.39 450 0.56
310 3.25 460 0.44
315 3.04 470 0.31

For the calculations in Part 4 it was necessary to
estimate the complex index of refraction for solid
vanadium pentoxide, m — n — ix.2 n is the Snell's
law refractive index, « is related to the molar ex-
tinction coefficient, e, the molar concentration, c,
and the wave length, X by

k = 2.303-Ec 3)
41T

For solid vanadium pentoxide whose density is 4,
c = 22mM. We only have values of E up to X470
mi*. We can arrive at a rough estimate of e at 546
m/i by assuming that it decreases from 470 to 546
m/i in the same ratio as the optical density of sol |

(see Table 1) between these wave lengths. This
results in the assignment of k = 0.220.
(32) J. Morgan, “ Introduction to Geometrical and Physical Optics,”

John Wiley and Sons, Inc., New York, N. Y-, 1953,
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The rate of self-diffusion in a polystyrenesulfonic acid cation-exchange resin (12% cross-linked) system*of the exchange

cation (potassium), non-exchange anion (chloride) and solvent (water) were measured using isotopic techniques.

The rate

of flow in the shallow bed system was varied over a wide range, up to and including that where the rate was constant;
comparable experiments were also performed with stirring in a limited bath system. At a high rate of flow in the shallow
bed system, the calculated thickness of the unstirred film (5) was 1.2 /x, and an excellent fit of calculated curves to data was
obtained in the concentration range 0.0001-0.1 M using a diffusion coefficient of potassium which was 21% of the value in

free solution.
values in free solution.

between the two methods.
for potassium were higher than the calculated values.

This paper describes rate experiments performed
on a polystyrenesulfonic cation-exchange
resin system, where the self-diffusion of the ex-
change cation (potassium), the non-exchange anion
(chloride) and the solvent (water) were measured
using isotopic techniques. The principal variables
studied included the rate of flow in a shallow bed
system and the concentration of electrolyte in the
solution phase.

acid

Experimental Procedures

Resin.—Polystyrenesulfonic acid resins were used, sup-
plied by the courtesy of the Dow Chemical Company, Mid-
land, Michigan. Samples from two different batches were
first wet screened, and those particles retained in the in-
terstices were then conditioned over a period of weeks, and
the perfect spheres selected. Most of the experiments were
performed with both resin samples, but only relative com-
parisons are possible because of differences in cross-linking.
The data reported in this paper are for resin sample A, which
was light tan in color and corresponded to about 12% DVB
on the swelled volume scale,2and for resin sample B which
was somewhat larger (30% greater diameter) and more
highly cross-linked (15%).

The external volume of the solution equilibrated resin
was measured using the centrifugation technique,2and the
capacity by titration of the hydrogen form resin in an ex-
cess of neutral salt.3 The exchange capacity per ml. of
swelled volume of resin A beads in 0.1 M potassium chloride
was 3.62 mmoles/ml. The diameter of each particle of this
resin in the potassium state was 0.1083 cm. in water, 0.1079
in 0.1 M and 0.1071 in 1 M potassium chloride.

Shallow Bed Technique.—The apparatus used was simi-
lar to that of Boyd, Adamson and Myers,4and consisted of
60-mesh platinum screen sealed in a 10-mm. i.d. section of
glass tubing, separating two 10-mm. bore stopcocks, the
latter being fitted with a special clamp arrangement to
keep the stopcocks from popping out as a result of the high
pressures used to maintain high flow rates. The bed sys-
tem was connected by ground glass joints and rubber tub-
ing to a 20-1. Pyrex bottle which contained the eluting solu-
tion, and which in turn was connected through a reducing
valve to a tank of nitrogen gas.

Runs™were made using two somewhat different techniques.
For catipn-exchange processes, the resin (about 0.2-0.3 g.)
was equilibrated with potassium chloride solution of a given

(1) A portion of this work is abstracted from the dissertation of
Marvin Tetenbaum, submitted in partial fulfillment of the require-
ments for the degree of Doctor of Philosophy in Chemistry, Poly-
June, 1954. Present address: Nu-
Naval Research Laboratory, Washington, D. C.

technic Institute of Brooklyn,
cleonics Division,

(2) H. P. Gregor, F. Gutoff and J. I. Bregman, J. Colloid Set., 6,
245 (1951).

(3) H. P. Gregor and J. I. Bregman, J. Am. Chem. Soc., 70, 2370
<1948).

(4) G. E. Boyd, A. W. Adamson and L. S. Myers, ibid.. 69, 2836
(1947).

The diffusion coefficient for non-exchange chloride was 37% and of deuterated water 85% of the corresponding
At a high rate of stirring in a limited bath,

At higher salt concentrations (0.2-1 M) the experimentally determined self-diffusion coefficients
These discrepancies are explained in terms of a resin model.

S5was 11 m and good correspondence was obtained

molarity containing radioactive potassium, then slurried
into the cell, which was then completely filled with this same
solution between the two stopcocks. The radioactive solu-
tion above the upper stopcock -wes rinsed free of activity,
and the entire line to the storage bottle filled with the elut-
ing solution, which consisted o: potassium chloride solution
of exactly the same concentration as the equilibrating solu-
tion. Pressure was applied to the system from the gas tank,
and the start of the run initiated by opening the stopcocks.
Usually air bubbles were removed from the system, but this
was not really necessary since at the high rates of flow em-
ployed any air present was rapidly forced through the bed
at the start of the run.

Several runs were made to establish the fact that the flow
rate was constant during the run. All experiments were
performed at 25 + 0.5°.

Linear rates of flow in cm./sec. were calculated as being
four times the volumetric rate of flow, divided by the bed
area. The factor of four is used because for a bed of close-
packed spheres of uniform size, the bed voids are about 25%
of the bed volume.

Experiments were timed by collecting all of the effluent
in a series of beakers at periodic intervals, the total interval
of the run being timed accurately. From a knowledge of the
volume of each sample collected, the total volume and the
elapsed time, the amount of activity eluted from the resin
could be calculated as a function of time. At the end of
each run, the activity remaining in the resin was eluted with
a concentrated solution and determined.

When the rate of elution of non-exchange anions (chlo-
ride) was measured, the above technique was not used be-
cause so little of the activity of the equilibrating solution
entered the resin phase itself, due to Donnan effects as de-
scribed by Gregor, Gutoff and Bregman.2 In these experi-
ments the radioactive chloride equilibrated resin was either
centrifuged,2 blotted,6 or placed wet into a shallow bed
system, and eluted as described above.

For experiments using deuterated water, the resin was
equilibrated as before, using 20% deuterium oxide as sol-
vent, and placed wet into the shallow bed system. Here,
however, the rate of elution was followed by stopping the
flow of eluate at different times, extracting the isotopic
water from the resin phase itself with small volumes of
water, and analyzing the extracts.

It should be emphasized that in all of these experiments,
unless specifically stated otherwise, the equilibrium condi-
tion of the resin system was not disturbed throughout the
run because the eluting solutions were virtually identical with
the equilibrating solutions.

Limited Bath Technique.—The resin was equilibrated
with radioactive potassium (chloride) solution, the excess
solution removed by suction using a fritted disc, and the
resin placed rapidly into a beaker containing a large volume
of inactive eluting solution which was stirred rapidly by
means of a simple bent rod stirrer. The rate of stirring was
varied, the general technique being similar to that used by
Kressman and Kitchener.6

(5) H.P.Gregor, K. M. Heldand J.Belun, Anal. Chem., 23, 620 (1951).
(6) T. R. E. Kressman and J. A. Kitchener, Disc. Faraday Soc., 7,
90 (1949).
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In contrast to the situation that prevails with the shallow
bed experiments, where the composition of the eluting
solution remains constant, the use of limited bath means
that active, eluted material will diffuse back into the resin.
This back-diffusive process was virtually eliminated by
using a large volume of solution, so that the total resin ca-
pacity was a very small fraction (<2%) of the amount of
eluting ions in the solution. The solution phase was there-
fore infinite for practical purposes, and the more simple
equations that obtain were used.

Radio-potassium and Chloride Determination.—Standard
radio-chemical techniques -were utilized in assaying the
activities of the radioactive elements present in trace
amounts. Effluents containing radio-potassium (K42 were
determined by dip-counter, radio-chloride (C13) by evapora-
tion and subsequent determination.

Deuterium Determinations.—The deuterated solutions
were analyzed at the Bureau of Standards by the method
developed by Broida78 which involves optical spectroscopy
with photoelectric detection to scan the hydrogen and
deuterium spectra which result from dissociation in a high
frequency electrodeless discharge. The accuracy of the
determinations reported in this paper was £5% .

Calculations

The general theory of diffusive processes as
applied to ion-exchange resin systems has been
described by Boyd, Adamson and Myers,3 by
Kressman and Kitchener6 and by Grossman and
Adamson9; the treatment given here is essentially
the same as used by these authors. There are
essentially two different mechanisms involved.
First, consider the case where the rate determining
step is transport across a film which surrounds a
spherical, homogeneous particle of radius rQ and
where the flux is proportional to the concentration
gradient across the film.  In treating these systems,
it is assumed that there is an unstirred film of
thickness 8, that a linear concentration gradient
exists in the film, that the solution concentration
c is constant for r > (rO + 8), and that diffusion
within the particle is sufficiently rapid so that the
concentration in the particle cr is constant for
< 0r < rQ The coefficient for the distribution of
the diffusible species between resin and solution
phase is t = cr/c\ where cris the concentration
in the film section adjacent to the particle; for
isotopic exchange ft is constant, and its numerical
value is determined under equilibrium conditions.
Further, it is assumed that the diffusion coefficient
in the film is the same as in the solution phase, and
is designated p. The application of Fick's law
to this model yields the expression

1_qseo=exp (- 9 )
where Qo is the amount of diffusible substance
present initially in the sphere, and @ the amount
which has diffused out in time (.

Letting F = 3D/rmk, one first plots Q/Qo for
assumed values of Ft; from experimental values
of Q7/Qo one then reads off values of Ft, and calcu-
lates F. Knowing D, ro and fc, the value of 8 is
calculated. The applicability of film diffusion
(F mechanism) is ascertained from the constancy
of F at different values of + The plot of Q/Qo vs.
t at small values of Q/Qo (< 0.1) is substantially
linear.

(7) H. P. Broida and A. Moyers, J. Opt. Soc. Amer., 42, 37 (1952).

(8) H. P. Broida and G. H. Morgan, Anal. Chem., 24, 799 (1952).

(9) J. J. Grossman and A. W. Adamson, This Journal, 56, 97
(1952).
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It should be emphasized that the term D8 arises
directly from the postulate that it is diffusion across
an unstirred layer which is responsible for the film
effect. Obviously, any calculated value of 8
depends upon the assumed value of D, and a fit
of experimental data to the F mechanism plot does
not of itself constitute proof that the unstirred
film postulate is correct.

Next, consider diffusion out of the spherical
particle where the concentration c of diffusible
substance in the ambient solution phase is main-
tained constant for all values of f and radius r >
ro, and therefore diffusion within the particle is
rate determining. The equation that applies is

1- /Qo = 6/R2 exp (-

where D1 is the diffusion coefficient in the resin
phase. This equation is used by defining a
quantity P = Dra2r @ assuming a series of values
for p1, and making a theoretical plot of Pt vs.
Q/Qom Then, for each experimental value of
Q/Qo, one reads from the calculated curve a value
of pt, and knowing t obtains p. If the process is
as defined in the theory, i.e., controlled by dif-
fusion within the particle (P mechanism), this
will be evidenced by the constancy of p for dif-
ferent values of t. D Tis calculated from p and the
experimentally determined value of rQ

Third, both film and particle diffusion mecha-
nisms can be operative, in which case the following
is assumed: the solution concentration c is con-
stant; the film thickness is 5 and the gradient
across it is linear; the diffusion coefficient in the
film is D; the diffusion coefficient in the resin in
Dr; the distribution coefficient is t = crwcD
Two new parameters are introduced

6= IFsicand “ = ~ N
where 6r0is a dimensionless constant for a particu-

lar system. The general solution which obtains is
1 —o/o = 602 £ Sin2(m nr0) exp (—/>n,2
it—
ivhprp
Whvo* + [do —1)2
m,2@ + (er0 — 1)6r0
and

muo - (1 —Oro) tan mar0

From a set of values for 6r,, a series of values of
mnr0 and mn can be calculated which satisfy the
transcendental equation. It was found that the
first 5 eigen values were sufficient to give a reason-
ably exact solution to the general equation.

The coupled film and particle diffusion equation
(F-P mechanism) obviously reduces to the F
mechanism when dro is small. For given values
of ro and D, F mechanism operates: (a) when D*
is large or diffusion into the interior is rapid;
(b) when 5 is large or the film thickness is appre-
ciable; (c) when ft = Cr/C 10is large or the adjacent
solution phase is dilute. For a given system with
presumably a constant value of 8 and b T, film dif-
fusion will then be rate controlling for dilute solu-
tion phases.
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The F-P equation is used by taking experi-
mentally derived values of ro, D, k and 8 (obtained
from very dilute solution data where the F mecha-
nism is operative) and calculating a series of curves
(Q/Qo vs. t) for assumed values of /X The true
value of D Tis determined by fitting experimental
and calculated curves. The range of assumed D r
values is ascertained by calculating an approxi-
mate D« value from data obtained using concen-
trated solutions where the P mechanism is largely
operative.

Experimental Results

Self-diffusion of Potassium—Typical Results
from Shallow Bed Data.— Typical results for three
experiments, one at a relatively high concentration
where particle diffusion predominates (0.1 m ), one
at a low concentration where film diffusion is rate
controlling (0.0001 ™M), and one where both
mechanisms operate (0.01 m) are shown in Tables
I, Il and I11, respectively. Resin A was used, and
approximately the same high flow rate was main-
tained.

The data presented in Table I where the eluting
solution was 0.1 m potassium chloride show that p
is reasonably constant, being 143 + 0.3 X 10-3
sec.-1 for at least 60% of the elution process. It
should be noted ‘ hat the first value of Q/Qo, which
corresponds to the first portion of eluate, is given
in parentheses. The specific activity in the first
eluate fraction collected was usually not counted
because it contained part of the active solution in
equilibrium with the resin in the cell. The true
value of @ was obtained by plotting the cumulated,
eluted activity Q as a function of ti1/2, neglecting
the first fraction, extrapolating the linear portion
of the curve to t = 0, and reading off the true value
of Q. The accuracy of this calculation could be
checked from a knowledge of the total resin
capacity, the activity of the equilibrating solution,
and the activity in the assembled eluate with the
exception of the first sample. Excellent material
balance checks were obtained. It should be noted
that this extrapolation is valid only when the P
mechanism is virtually rate controlling.

From Table I it is seen that here the film mecha-
nism is not rate controlling, as F varies by a factor of
three.

Table |

Potassium Self-Diffusion
Shallow bed--flow rate 346 cm./sec., 0.1 M potassium

chloride.

t V, Resin A P x 108, Fx 103
sec. ml. Qtp sec.-1 sec._1
1.14 100 (0.110) (13.8) (103)
2.79 245 .185 14.9 74.4
4.66 413 .244 14.8 60.6
6.94 613 297 14.2 51.2
9.22 813 341 14.3 45.6

11.5 993 376 13.8 41.3
16.0 1403 438 13.9 36.4
20.4 1785 .489 14.1 32.8
32.0 2815 .588 14.5 27.8
14.3 + 0.3

For very dilute solutions film diffusion is rate
controlling, as shown in Table Il. Here F is
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0.314 + 0.001 X 10-3 sec.-1 when the eluting
solution is 0.0001 m potassium chloride. Because
of the slowness of the elution process even at high
flow rates, and the practical necessity of using a
limited volume of solution, the highest value of
Q/Qo reached was 0.04. The F mechanism is also
operative with 0.001 m solutions. For example,
with a flow rate of 197 cm./sec. an F value of
2.34 + 0.02 X 10-3 was obtained. The data of
Table Il show that the P mechanism is not rate
controlling, as P varies by over an order of magni-
tude.

Table Il

Potassium Self-D iffusion

Shallow bed—flow rate 253 c¢cm./sec., 0.0001 M potassium

chloride.
sev. M o I P e
7.16 460  (0.00225) 6.12 (0.314)
14.2 915 .00446 121 .313
21.2 1365 .00662 17.7 312
28.3 1823 .00890 24.1 .314
36.6 2353 .0115 31.3 314
44.2 2841 .0139 38.2 .315
52.3 3361 .0165 44.6 .316
59.6 3831 .0187 50.8 .314
66.8 4291 .0210 57.2 .315
82.8 5321 .0259 69.8 312
98.8 6351 .0310 83.5 .314
116.6 7491 .0366 99.2 .314
134.4 8641 .0423 113 .314
150 9641 .0473 127 .314
0.314 £0.001

The F-P mechanism is operative at intermediate
concentrations. In Table 111 it is seen that neither
the parameter F nor p is constant. This is as
expected from the theory, since the mechanism is
neither pure P nor pure F controlled.

Table Il

Potassium Self-Diffusion

Shallow bed-—flow rate 230 cm./sec., 0.01 M potassium

chloride.

vV, Reetn A Px 1 Fxim

setz:. ml,, (m) sec. 1 ' sec. 1'
1.19 69 (0.034) (0.86) (29.0)
2.69 159 .065 1.45 24.7
411 239 .089 2.26 22.6
5.90 343 119 3.12 21.5
8.02 466 .155 3.74 21.0
12.6 734 .208 4.13 18.7
19.5 1134 .281 4.56 16.9
26.8 1554 .345 5.00 16.0
40.0 2324 440 5.61 145

Self-diffusion of Potassium— Calculation of 8
from Shallow Bed Data.—The thickness 5 of the
assumed film is calculated, as described previ-
ously, from data obtained at large values of the dis-
tribution coefficient k, corresponding to low solu-
tion concentrations, since c' is sensibly constant
in ion-exchange systems. The rate of elution and
thus the calculated value of 8 is a function of the
flow rate, as will be discussed later in more detail.
Table 1V shows values of 8 calculated from data
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Table IV

Calculated Film Thickness at Various Flow Rates

Soin. Flow Flow

COW h cmréltseevc. a)c<ml.0t Ciroi\lc/nr..v cmr?éeée. ac)|<T1.10(’
Resin A Resin B

0.0001 238 1.2 0.0001 301 1.4
.0001 253 1.0 .0001 339 1.3
.001 161 2.5 .001 170 2.0
.001 199 1.3 .001 222 1.6
.001 282 1.3 .001 334 1.3
.001 392 1.2

obtained with both resin samples at different flow
rates. The diffusion coefficient of potassium in
the solution phase was taken from self-diffusion
data for potassium chloride at the same solution
concentration.l0 Table 1V shows that 5is 1.2 *

0.1 X 10-4 cm. with resin A and 1.3 £ 0.1 X 10“4
cm. with resin B, which is as expected for similar
resins, and with the same high flow
rates. Also, 5increases with decreasing
flow rate. It is particularly significant
that the same value of 5 is calculated
from rate data using both 0.001 and
0.0001 m solutions, although the actual
rate of elution is ten times as great at
the higher concentration. The magni-
tude of 5is about the same as calculated
values for unstirred films in other sys-
tems; the approach of 5to a minimum
value is similarly consistent.

It should be pointed out that under
these experimental conditions (be., very
dilute solutions) the contribution of
particle diffusion is negligible. This
can be shown by applying the coupled
F-P equation to processes in this con-
centration range, using the value of D T
that obtains, and recalculating 5; the
same value of 5 is obtained by this
iterative process.

Self-diffusion of Potassium— Calcu-
lation of D r from Shallow Bed Data.—
The self-diffusion coefficient of potas-
sium in the resin phase was calculated as
described earlier. First, an approxi-
mate value of D 1was calculated directly
from the P constant using 0.1 m solu-
tion data. Then by an iterative pro-
cess, using the 5-value calculated earlier
and the F-P equation, the true value of
D rwas calculated. At high flow rates
(> 150 cm./sec.) with the shallow bed
system, the uncorrected value of D r as
calculated from p was 4.25 + 0.1 X
10 6 cm.2 sec.-1, while the corrected
value was 4.68 X 10-6 for resin A and 0.1 m solu-
tion data. Then theoretical curves were calculated
using 5 (from 0.0001 m data) and f)r (from 5 and
0.1 m data) for elution processes with 0.001, 0.01,
0.2 and 1.0 m solutions. Figure 1 shows a plot of
1 — Q/Qo vs. t for a series of theoretical curves,
with corresponding experimental points.

Figure 1 shows that the data obtained at a con-

H S Hamed ad B B Onen “Tre Physical Crenistry of
Elggolyﬁc Solutiors,” Reintold Pd. Go, I@A’/S\'(ak NY,
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centration where both F and P mechanisms con-
tribute about equally, namely, 0.01 m, fit the calcu-
lated curve almost exactly. One can conclude
that at this concentration 5is the same as in more
dilute solutions, and D1 as in more concentrated
(0.1 m) solutions. However, the rate of elution
at solution concentrations of 1 M is considerably
greater than that predicted from the theory and
the assumed values of 5 and bDr. This curve was
calculated using the values of cT and ro which
apply to this system.

Similar data and fits of theoretical and experi-
mental curves were obtained with resin B. The
film thickness 5 is approximately the same, but
D' is 40% less than with resin A. Figure 2 shows
calculated and experimental curves for data
obtained using solutions 0,1 I and higher. The
rate of the process is significantly faster with 0.2
M solutions than the calculated rate, and with 1m

Fig. 1.—Theoretical and experimental curves for the potassium ion self-
diffusive process with resin A in a shallow bed system.
based on a coupled film-particle diffusion mechanism using S= 1.1 X 10-4
cm. and Dr = 4.68 X 10-a cm.2sec.-1 are shown as solid lines;
parameters were obtained from the data for 0.0001 and 0.1 M solutions.
Experimental points with corresponding flow rates are as follows:
M, 238 cm./sec. (O), 2530 ); 0.001 M) 199(0), 282 (=); 0.01 M, 156(=),
230(0); 0.1 M, 149 (X), 201 (A), 206 (=), 263 (0), 3430); 1M, 167 (X),
206 (O), 227 (=).

Curves calculated
these

0.0001

solutions it is very much faster. The data for
both resins are strictly comparable in that in com-
paring rates at 0.1 m with those at 1 M, the same,
proportional increase in rate is found.
Self-diffusion of Potassium—Comparison of
Shallow Bed and Limited Bath Techniques.—It
may be seen from Figs. 1 and 2 that the rate of
flow in a shallow bed system may be varied from
about 150 to 420 cm./sec. without appearing to
affect the rate of exchange when 0.1 m solutions
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y/t, sec.

Fig. 2.— Theoretical and experimental curves for the potassium ion self-diffusive process with resin B jn a shallow bed

system.
290 X 10-6 cm.2sec.-1.

(X ), 370 (A ), 408 (=), 421 (m); 0.2 M, 264 (O);

are used. However, the film thickness 8 measured
using dilute (0.0001-0.001 M) solutions does vary
with the rate of flow, reaching a low, constant value
at flow rates of about 200 cm./sec., as seen in
Table IV. Obviously, 5is sensitive to flow rate,
while D1lis presumably independent of rate of flow.
Therefore where F mechanism predominates, the

0 2 4 6 8

y/t, sec.

Fig. 3.— Potassium self-diffusion with resin A in a limited
bath system. Data for 0.1 I solutions at 725 r.p.m. (V).
Curves calculated based on a coupled film-particle dif-
fusion mechanism using different values of Sand DT =
4.68 X 10-6 cm.lsac.-2 (from shallow bed data) are shown.
Results with the shallow bed system shown (#).

Curves calculated based on a coupled film-particle diffusion mechanism using S =

1.3 X 10 4cm. and DT =

Experimental points with corresponding flow rates are as follows: 0.1 M, 252 cm./sec. (O), 369
1M, 239 (A ), 262 (X ), 361 (=), 366 (O), 420 (m).

rate of exchange can be a function of the rate of
flow, while for pure P mechanism processes it
cannot.

Using the limited bath method, the rate of
potassium self-diffusion was measured at stirring
rates of 500-750 r.p.m. (in which range 8 appears
to be constant) with various solutions. In the
concentration range 0.001 to 0.01 M, the film
mechanism predominated, F for each run was
quite constant, and the same, calculated value of 8
(10.8 £+ 0.4 X 10-4 cm.) was obtained; this is
shown in Table V. This value of 5 is almost 10
times that of the calculated film thickness from the
shallow bed runs.

Table V

Calculated Film Thickness at Various Stirrino Rates
— Limited Bath Method
Resin A, 500-750 r.p.m.

Soin.

concn., F X 103, 5 X 101,
M cm. -1 cm.

0.001 0.57 £0.01 10.7
.003 0.82 = .01 11.1
.006 1.84 £+ .04 10.1
.010 2.74 + 11 11.1

Using the limited bath technique, the rate with
0.1 M concentrations was found to be neither
particle nor film controlled, i.e., F-P mechanism.
Data for an experiment at this concentration
carried out at 725 r.p.m. are given in Fig. 3. In-
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eluded also in Fig. 3 is a curve calculated using the
F-P mechanism, taking the value of 5 calculated
from the lower concentration runs using the same
limited bath technique (8 = 10.8 X 10"4 cm.),
and the value of DTdetermined using the shallow
bed technique (Dx = 4.68 X 10~* cm.2 sec.“).
It is seen that the calculated and experimental
curves agree closely. Curves calculated using the
same value of Z)fKand different values of 5 are also
shown in Fig. 3.

The effect of rate of flow in the shallow bed
system using resin B and 0.1 M solutions is given
in Fig. 4. Here U2 the half time (Q/Qo = 0.5), is
plotted against the linear rate of flow. It is seen
that only at slow rates of flow (<100 cm./sec.)
does the rate of the process decrease sharply. The
range of flow rates used by Boyd and others4is
also shown by an arrow in Fig. 4. For purposes
of comparison, part of the data of Kressman and
Kitchener6 who varied the rate of stirring using a
limited bath technique are also shown in Fig. 4.
The half-time is shown as a function of r.p.m. of
stirring using a simple bent glass stirrer and also
a spinning basket device which contained the resin.

Self-diffusion of Diffusible Electrolyte (Chloride).
—The rate of elution of non-exchange or diffusible
electrolyte, measured by the rate of elution of
radio-chloride from a 0.1 M potassium chloride
solution, was found to be particle diffusion con-
trolled. This is as expected because the distribu-
tion coefficient is much less than unity, for Donnan
effects act to exclude the diffusible electrolyte
from the resin phase. Substantially the same rate
of elution was found when the resin was freed of
the adhering solution by suction for two seconds,
by simply allowing the excess solution to drain from
the particles, or by centrifugation. Results of
four runs gave P values of 274 + 0.7 sec.”]
with Drci = 81 X 10~6 cm.2sec., where Drci
is the diffusion coefficient of the diffusible electro-
lyte.

When the resin is blotted dry to the free-flowing
state, a process which removes about 10% of the
solution,5the rate of elution is reduced about 50%
to a P value of about 15 (as compared to P = 27
previously). This effect undoubtedly results from
the time lag required to rehydrate the resin, and
the net flow of solvent into the resin. Also, P is
not very constant, but varies continually from
17.4 at Q/Qo = 0.16 to 15.3 at Q/Qo = 0.28 down to
13.2 at Q/Qo = 0.47.

When the resin (equilibrated as before with a
0.1 M potassium chloride solution) is eluted with
distilled water rather than with 0.1 M potassium
chloride solution, the observed rate of elution is
approximately doubled, with a P value of 46.6 +
26 X 10“3 The P parameter did not show
random variations here as for elution against 0.1
M potassium chloride, but increased continually,
from P = 414 at Q/Qo — 0.26 to P = 50.2 at
Q/Qo — 0.65. When similar experiments, namely,
elution against pure water, are performed with 0.2
M equilibrated resins, P is lowered (P = 23.5 X
10“3, while with 2 M equilibrated resins P is still
lower (P = 18.8 X 10“3.

Two factors appear to be operative here.
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First, the experimental value of DTi appears to
be concentration dependent, increasing at lower
solution phase concentrations, other things being
equal. This effect is observed when 0.1 M equili-
brated resin is eluted with pure water. When the
resin is equilibrated with more concentrated solu-
tions where a marked de-swelling takes place, and
is subsequently eluted against pure water, the
flow of solvent into the resin makes for a lower rate
of chloride elution. Experiments are now in
progress to elucidate these effects further.

Flow rate, cm./sec.

Fig. 4.— Half-time of self-diffusion process for potassium
(0.1 M solution) in a shallow bed system as a function of
rate of flow. Range of flow rates utilized by Boyd4 shown
(++m). Insert figure for Kressman and Kitchener6 for half-
time of ammonium-tetraethylammonium exchange process
as a function of rate of stirring using limited bath method.

Self-diffusion of Solvent—The rate of elution of
deuterated water was measured at high rates of
flow in the shallow bed system as described previ-
ously. The rate was particle diffusion controlled,
with P = 725 + 6.8 X 10“3sec.“ 1in 0.1 M potas-
sium chloride solution, and P = 659 + 6.0 X
10“3sec.“1lin 0.001 M potassium chloride. The
error in each value of P was about +10%, and
due in large part to the extreme experimental
difficulties encountered because the process was
very rapid, the half-times being less than 5 sec.
Also, the error in the determination of deuterium is
substantial.

The calculated values of the diffusion coefficients
P>HDo are 21.4 X 10“6cm.2sec.” 1in 0.1 M potas-
sium chloride, and 19.4 X 10“6 cm.2 sec.“1in
0.001 M potassium chloride. The film contribu-
tion to these processes is negligible. These values
of DT can be compared with values obtained for
the free diffusion of water in water, as obtained by
Wang,11 who obtained values of D = 234 X
10“* cm.2sec.“ 1for HDO and D = 26.6 X 10“*
cm.2sec.” 1for HD 18

Discussion

For purposes of convenience, some of the im-
portant values obtained in this work with resin A
are summarized. For potassium self-diffusion with
0.1 M solutions, (DtOai m —4.7 X 10“*cm.2sec.” ],

(11) J. H. wang, J. Am. Chem. Soc., 73, 710 (1951); 75, 466

(1953).
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while the value obtained in a 4 M solution phase is
(Hkcidn = 22 X 10-6. For the diffusible elec-
trolyte, (KrOo.i H = 8.1 X 10-6. For deuterated
water, with the solution phase 0.001-0.1 M,
Dthdo = 20 X 19% while for the value in solution,
Dhdo = 23.4 X 10“6

Consider first the effect of concentration of the
solution phase upon the rate of the process when
the resin is in a shallow bed system, at a rate of
flow sufficiently high so that 5is well defined. It is
seen that in dilute systems (<;0.001 M) where Sis
measured directly, the calculated film thickness is
indeed constant over at least a ten-fold concentra-
tion range.

The calculation of Dk is not as unequivocal as
that of 5, but requires some insight into the resin
system and the mechanism of transport in it
Drk was calculated using 0.1 M data, and while an
excellent fit to 0.01 M data was obtained, the fit
to 0.2 M data was not nearly as close, and the ex-
perimentally determined rate in 1.0 M solutions
was considerably faster than that predicted. For
example, (2)rK)o.i» = 4.7 X 10% while m =
6.5 X 10-6; the calculated diffusion coefficient in
1 M solutions is therefore about 40% higher than
that for 0.1 M solutions.

Before discussing the reasons for choosing 0.1 M
data for a valid calculation of Dk, it is essential
to review the salient physical properties of these
systems. First, the micro-structure of the resin
is essentially homogeneous, being that of a three-
dimensional high polymer network where the
average distance between fixed exchange groups is
about 8 A. Pores do not exist in the sense of en-
closed passageways, but the open network allows
ready movement in all directions. The fact that
the diffusion coefficient of the solvent approaches
the value it has in true solution (DThdo = 20 X
10% Dhdo = 23 X 10% is evidence of the open
network.

Boyd and SoldanoX2measured the self-diffusion of
solvent using H2 18 using a limited bath technique,
and found that Dt = 5.4 X 10-6 with a DVB 8
hydrogen form resin and with pure water in the
solution phase; the value of DHo in free solution is
27 X 10“6 With DVB 4 resin Dhd = 91 X
10% with DVB 16 resin Zmhad = 2.2 X 10-6
While these diffusion coefficients were found to be
relatively higher (compared to values in free solu-
tion) than values for sodium self-diffusion, the
absolute values found are lower than were found
in this investigation. The answer may lie in dif-
ferences in technique. In this investigation, high
rates of flow were used, ensuring a minimum thick-
ness of the unstirred film which eliminated any
appreciable F contribution. Also, for very rapid
processes such as solvent diffusion where half-times
of only about 5 sec. are encountered, the use of
the shallow bed system makes for precise control
and measurement of experimental conditions.
In the limited bath method, where the unstirred
film has a thickness of about an order of magnitude
greater than that attainable with a shallow bed
system, it may be necessary to correct for film

(12) G. E. Boyd and B. A. Soldano, -7. 4m. Chem. Soc., 75, 6105
(1953).
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diffusion, which was not done. Figure 4 serves to
point up the film contribution even at higher con-
centrations. Also, some solvent may be carried
by exchanging cations as water of hydration,12 and
this factor may increase our value of /% ido;
this effect was absent in the work of Boyd and
Soldano,2who measured diffusion into pure water.

Where higher degrees of cross-linking exist, or
similarly, where the diffusing species has a diameter
which is as large or larger than the smaller net-
work openings, or where adsorption of the molecule
to the resin matrix exists, the rate of diffusion will
be lower than in free solution. The decrease in
D Th;o with cross-linking observed by Boyd and
SoldanoRis a case in point. Gregor, Collins and
Pope3 measured rates of diffusion of neutral
molecules in sulfonic, acid resins, and found that
for urea Dr = 1.2 X 10% while in free solution
the corresponding value is 13.6 X 10~6. Urea is a
larger molecule than water, and is highly polariz-
able. Large molecules such as isobutyl acetate
diffused but 0.2% as rapidly in the resin as in
solution. Any direct comparison of values of D'
for an exchange cation with those of a neutral
molecule must take into account the fact that the
diffusive mechanisms may be fundamentally dif-
ferent.

Another factor to consider is the actual ionic
composition of the resin phase. The amount of
diffusible or non-exchange electrolyte in the resin
phase increases sharply with the solution phase
concentration in certain concentration ranges, as
shown by Gregor, Gutoff and Bregman2and Gregor
and Gottlieb.4 For a resin almost identical with
that used in this investigation, at concentrations of
potassium chloride in the solution phase of 0.01,
0.1 and 1.0 molal, the respective molalities of non-
exchange electrolyte (mrci~) and potassium (mrk+)
were: 0.01 m, 0.0069 and 7.85; 0.1 m, 0.0158 and
7.90; 1.0 m, 0.286 and 8.78.14 It is seen that in
0.01 in solutions (mci-/mK+)r, the ratio of chloride
to potassium, is 0.0009, in 0.1 m it is 0.002, while
in 1 m solutions it is 0.033. This means that the
amount of diffusible chloride present is negligible
and the concentration of potassium is almost con-
stant at solution phase concentrations up to 0.1 M,
but that at 1.0 M concentrations the non-exchange
electrolyte content is appreciable, and that the
potassium which is present to compensate elec-
trically for the chloride is 3.3% of the total. Also,
in 0.1 M solutions the concentration of potassium
in the resin is 3.35 M, with an average distance of
separation of 8.0 A., while m 1.0 M solutions it is
3.7 M with a spacing of 7.6 A.

The third factor to consider is that the chloride
ion diffuses 70% faster (8.1 compared to 4.7) than
the average potassium ion, when measured in 0.1
M solutions. The somewhat greater mean activity
coefficient of the diffusible electrolyte in 1.0 M
solutions compared to 0.1 M solutions} suggests
that in more concentrated solutions the diffusion
coefficient would be greater also. Boyd and
Soldano2 have measured the self-diffusion co-

(13) H. P. Gregor, F. C. Collins and M. Pope, J. Colloid set., 6, 304
(1951).

(14) H. P. Gregor and M. Gottlieb, J. Am. Chem. Soc., 75, 3539
(1953).
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efficient with potassium bromide and a DVB 8
resin, and find that (/)rBr) i u NHBris 1.1 X 10§
which is considerably lower than our value (8.1 X
10-6 in 0.1 M), but about three times as large as
the diffusion coefficient of a sodium ion, measured
under similar conditions.5 Here, as before,2
a limited bath technique was used, without cor-
rections for the film contribution.

The choice of 0.1 M data as the basis for calcu-
lating DTis therefore based on the following con-
siderations. First, the resin phase composition is
essentially constant at concentrations up to 0.1 M.
The 0.01 M system data could have been used to
calculate D with the same result, but the minor
film diffusion contribution makes the 0.1 M data
easier to utilize.

Under these conditions, namely, dilute solutions,
the diffusion of potassium ions must essentially
involve migration from exchange site to exchange
site. Since the sites are fixed in space, move-
ment of an ion from one site to another would re-
quire first that an ion jump into an occupied site
or into an area adjacent to an occupied site, mak-
ing for the *“activated complex.” Then the
filling of the “hole” by either any adjacent cation
or the one originally present in the occupied site

(15)
(1953).
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constitutes the diffusive process. The activation
energy for the diffusive process in the resin4125
is significantly higher than for diffusion in a system
containing only diffusible anions and cations (free
solution). It is this different type of diffusive
mechanism which makes for a value of DTk which
is significantly smaller, in this case, about 20%
of the value in free solution.

When the solution phase concentration is raised
to 1 M, the diffusivity of the potassium ions is
increased in two ways: first, the number of potas-
sium ions in the “activated complex” is increased
by the number of added chloride ions; second, the
chloride ions allow the more rapid diffusion of
potassium ions which are present to compensate
for them electrically. Both of these effects act
to give larger values for the diffusion coefficient of
potassium at higher concentrations.

The authors wish to thank Dr. V. J. Linenboin
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they wish to thank Dr. It. A. Marcus for his
stimulating comments and criticism. That part
of this work performed at the Polytechnic Insti-
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VISCOMETRIC AND TURBIDIMETRIC MEASUREMENTS ON DILUTE
AQUEOUS SOLUTIONS OF A NON-IONIC DETERGENT
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The viscosities and turbidities of a number of dilute solutions of a non-ionic detergent, Triton X-100 (a polyoxyethylene

condensate of an octylphenol), in water, in 0.04 and in 0.12 M sodium chloride have been determined.
cosity and molecular weight of the micelles are 0.055 dl./g. and 90,000, respectively, independent of added salts.

The intrinsic vis-
The

results are best interpreted in terms of a highly hydrated, spherical micelle of radius equal to the length of a nearly com-

pletely extended detergent molecule.

I. Introduction

Since their emergence, less than a decade ago, as
commercially important materials, non-ionic de-
tergents have been the subject of a number of in-
vestigations. Only a fewl1-6 of these, however,
have been designed to provide fundamental in-
formation regarding the nature of the colloidal
aggregates of non-ionic detergent in solution. In
the dilute region (less than 1-2%) in aqueous
solvents, only the data of Gonick and McBain2arc
relevant.

In general the assumption has been made that
non-ionic detergents, in aqueous solutions, behave
in a similar manner to the ionic detergents, which
have been studied extensively.6 A more detailed

(1) E. Gonick, J. Colloid Sci., 1, 393 (1946).

(2) E. Gonick and J. W. McBain, J. Am. Chem. Soc., 69, 334 (1947).

(3) J. W. McBain and S. S. Marsden, Jr., J. Chem. Phys., 15, 211
(1947) .

(4) S. 8. Marsden, Jr., and J. W. McBain, T his Journal, 52, 110
(1948) .

(5) J. H. Schulman, R. Matalon and M. Cohen, Discs. Faraday

Soc., No. 11, 117 (1951).
(6) H. B. Klevens. J. Am. Oil Chemists Soc., 30, 74 (1953).

study of the dilute aqueous solutions of a non-
ionic detergent was justified, however, for three
reasons: (1) non-ionic detergents have negative
solubility coefficients in aqueous solvents indi-
cating that their mode of interaction with the
solvent is different from that of ionic detergents;
(2) whereas in the ionic detergents the hydrophobic
portion of the molecule is much larger than the
hydrophilic group, in the non-ionics the hydrophilic
portion of the molecule is generally at least as
large as the hydrophobic part; (3) the absence of
an electric charge on the micelles formed by non-
ionic detergents eliminates a complicating factor
which is always present in the interpretation of
data obtained for ionic micellar systems.

Accordingly, viscosity and turbidity measure-
ments have been made on dilute solutions of the
non-ionic detergent, Triton X-100, in water, in
0.04 and in 0.12 M sodium chloride solutions.

1. Experimental

Materials.— The Triton X-100 was supplied by the Rohm
and Haas Company, Philadelphia, Pa. It is a condensate
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of ethylene oxide with an oetylphenol and can be represented
by the formula

(CHYLTCHX(CHIY2CEH D (CHCHD ), H

According to its manufacturer the mean value of n for this
material is 10, thus making its mean molecular weight 646.
A crude measurement of the freezing point depression of a
benzene solution of the substance has given us a value of
close to 650 for the molecular weight.

In order to reduce the possibility of contamination by un-
reacted ethylene oxide or alkyl phenol, the sample was
subjected to pumping out for a period of a few days at room
temperature.

Viscosity.— The experimental details and necessary cor-
rections to be applied to the measured efflux times have
been described previouslyThe only change in procedure
has been the use of smaller pycnometers for the density de-
terminations.8

Light Scattering.— All turbidity measurements were made
at 436 mfj with a light scattering photometer which has been
described in an earlier publication.9 A semi-octagonal cell
was used for the measurements since not only was it large
enough to permit a concentration technique for preparing
solutions (see following paragraphs), but it also made pos-
sible measurement cf the dissymmetry of scattering as a
check on the cleanliness of the solutions. The dissymmetry
of scattering was characterized by the ratio of scattered flux
at 45° to the scattered flux at 135°.

Refractive index increments at 436 mix were determined
in the usual manner with a Phoenix differential refractome-
ter.10 For the three systems considered, Triton X-100 in
water, in 0.04 and in 0.12 M sodium chloride, the values of
(Ara/Ac) were identical, 0.155 ml./g.

It was found that the best procedure for obtaining satis-
factory turbidity data as a function of concentration was as
follows. For each solvent, a master solution containing
2.500 g. of Triton X-100 in 100.0 ml. of solution was pre-
pared. It was then repeatedly forced through a Selas 04
micro-porous porcelain filter until no further reduction of its
dissymmetry could be obtained by additional filtration.
Using another filter of the same porosity, pure solvent was
filtered into a clean scattering cell. The cell was rinsed
with these filtered portions of solvent until one sample of
about 45 ml. showed no dissymmetry. Its turbidity was
determined and it was then used as solvent for that run.
In a stepwise manner portions of master solution were then
pressure filtered directly into the cell containing solvent.
After each addition of master solution, the contents of the
cell were carefully mixed and a turbidity measurement
made. Knowing the weight of pure solvent in the cell
initially and determining the weight of master solution
added in each step, the concentration of each solution was
easily calculable. In a separate experiment it was deter-
mined that repeated filtration did not significantly change
the concentration of these solutions.

It was found as a result of the experimental investigation
thatall of the detergent solutions showed a measurable dissym-
metry. Usually the least concentrated solution of a run had a
dissymmetry of about 1.05 to 1.08 which then decreased so
that above a concentration of 0.3 g./dl. the dissymmetry
remained constant at close to 1.03. The origin of this
effect has not been established. From the measured mi-
celle weights it is not possible to postulate any reasonable
micelle structure in which internal interference effects
could give rise to any dissymmetry. The low concentra-
tion and absence of micellar charge eliminates the possi-
bility of external interference. The inference is then that
some foreign matter was not completely removed from the
detergent solutions by our filtration procedure. It must be
mentioned however that the same filter with which the
dissymmetry of a detergent solution could not be reduced
below 1.03, did reduce the dissymmetry of water to 1.01 or
less. The foreign matter is then associated with the deter-
gent. This is not unreasonable. The only efforts made
to purify the Triton X-100 were designed to remove unre-

(7) L. M. Kushner, B. C. Duncan and J. I.
Natl. Bur. Standards, 49, 85 (1952), RP2346.

(8) H. M. Smith and cooperators, Anal. Chem., 22, 1452 (1950).

(9) L. M. Kushner, J. Opt. Soc. Am., 44, 155 (1954).

(10) Manufactured by Phoenix Precision Instrument Co., Philadel-
phia, Pa., and described in B. A. Brice and M. Halwer, ibid., 41, 1033
(1951).
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acted phenols or ethylene oxide. Any very large structures
formed in the polymerization reaction used for the produc-
tion of the detergent would still be present. Indeed, any
high boiling impurities, regardless of the means of introduc-
tion into the sample, would not have been removed by the
procedure used. The nature of dependence of the dissym-
metry on concentration of detergent merely indicates” that
the physical form of the dissymmetry-causing units is_af-
fected by the presence of micelles, perhaps by solubilization.

Results and Discussion

Fundamental interpretations of viscosityll and
turbidity2 data for dilute colloidal solutions are
based on the relationships

{rlrelc~ N = M + Dc (1)

and

H- =

In equation 1, grei = v/ where 4 is the viscosity
of the solution of concentration ¢ (in g./dl.) and
70 is the viscosity of the solvent. The quantity
[»] is termed the intrinsic viscosity and is 0.025/p
dl./g. for impenetrable spherical particles of density
p. (It is assumed in the following discussion that p
is close to unity for our system.) Deviations of [4]
from this value are interpretable, for the systemunder
consideration, in terms of either non-sphericity of the
colloidal particles or solvation. The constant D de-
pends on those interactions in the system which give
rise to disturbing hydrodynamic effects. The left-
hand side of equation 1is generally referred to as the
reduced specific viscosity.

In equation 2, t (cm.-1) is that part of the
turbidity of the solution of concentration ¢ (g./ml.)
that is due to the colloidal particles (ie., r =
Tin — T0 where rsoin is the observed turbldlty of
the solution and rOthat of the solvent). M is the
weight average molecular weight of the colloidal
particles. The constant B is a measure of parti-
cle-solvent interaction. H is a constant for a
particular particle-solvent system depending on
the refractive index of the solvent, the square of
the refractive index increment of the solutions,
and the fourth power of the wave length of the
light used.

It is to be noticed that in both cases the applica-
tion of the equations to detergent micellar systems
requires that a definition of the solvent of the
system be made. This problem has been previ-
ously discussed with regard to viscosity measure-
ments.7 The same considerations apply to the
analysis of light scattering data.

Figures 1 and 2 show the dependence of vis-
cosity and turbidity, respectively, on the concen-
tration of Triton X-100 in the three solvents in-
vestigated. Because of the lack of charge on the
micelles, the presence of electrolyte appears to
have little effect either on the kinetic properties of
the micellar solutions or on the size or number of
the colloidal aggregates. In the case of the 'vis-
cosity data, the separation of the curves is due to
the slight difference in the viscosities of the solvents.
For the turbidity data, the three sets of points lie

(11) A. E. Alexander and P. Johnson, “Colloid Science,” Vol. I,
Oxford at The Clarendon Press, New York, N. Y., 1949, p. 358.

(12) P. Doty and J. T. Edsall in “Advances in Protein Chemistry,”
Vol. VI, Academic Press, Inc.,, New York, N. Y., 1951.

— + 2Bc 2
v (2)
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Concn., g./dl.

Fig. 1.— The concentration dependence of the viscosity of
solutions of Triton X-100 in three aqueous solvents. The
units of viscosity are centipoise. Concentrations are
expressed as grams of detergent in 100 ml. of solution:
bottom curve (O), in distilled H2; middle curve (©), in
0.04 M NaCl; top curve (©), in 0.12 M NacCl.

Fig. 2.— The concentration dependence of the turbidity
of solutions of Triton X-100 in three aqueous solvents.
Turbidities are in cm.-1. Concentrations are expressed as
grams of detergent in 1 ml. of solution.

very nearly upon one another since, on this scale,
the turbidities of the three solvents are practically
identical.

Gonick and McBain2 have reported, on the
basis of freezing point depression experiments, a
critical micelle concentration of 0.0009 m (0.058
g./dl.) for a sample of Triton X-100. Neither in
the runs shown in Fig. 2, nor in other data obtained
in the region up to 0.1 g./dl., however, was any
such effect shown. This is surprising since it has
been demonstrated by Debyel8that light scattering
measurements are a sensitive means for determining
the sudden onset of micelle formation. A possible
explanation of the lack of appearance of a critical
micelle concentration would be that the sample
of Triton X-100 used for these measurements had
a broad distribution of molecular weights. If this
were the case the low molecular weight molecules
would begin forming micelles at very low concen-
trations. The higher molecular weight species
would undergo micelle formation at somewhat
higher concentrations. If the distribution of
molecular weights were continuous, then no sharp
critical micelle concentration would be observed.

(13) P. Debye, Ann. V. Y. Acad. Sri., 51, Art 4, 575 (194b).
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On the basis that the level of turbidity clearly
indicates the presence of colloidal aggregates in
these solutions, yet no critical micelle concentra-
tion was evident, it was decided to apply equations
1 and 2 to these data making the assumption that
all of the detergent present, even at the lowest
concentrations, is micellar (i.e., assume that the
solvents for the micelles are water, 0.04 and 0.12
M sodium chloride). The results are shown in
Figs. 3 and 4.

Concn., g./dl.

Fig. 3.— The reduced specific viscosity as a function of
concentration of detergent assuming that at each concen-
tration all of the detergent dissolved is micellar.

Fig. 4.— H(c/t)as afunction of concentration of detergent
assuming that at each concentration all of the detergent
dissolved is micellar; O, in H2D; ©, in 0.04 M NaCl; ©, in
0,12 M NacCl.

Clearly the intrinsic viscosity cannot be obtained
by an extrapolation of the data in Fig. 3, nor can
[H(c/t)]10=0 = \/M be evaluated from the experi-
mental points shown in Fig. 4. The departure
from linearity in both sets of data however sug-
gests that below a concentration of about 0.3 g./dl.,
not all of the Triton X-100 dissolved is becoming
micellar; that is, the monomer saturation concen-
tration7 (that concentration of detergdnt above
which essentially all detergent added to the solu-
tion becomes micellar) is 0.3 g./dl.

Recalculation of the data, assuming that the ap-
propriate solvent for the micelles for use in equation
1 and 2 is a solution containing 0.3 g./dl. of de-
tergent, results in the linear plots shown in Figs. 5
and 6. From the light scattering data a micelle
molecular weight of close to 90,000 is obtained.
This corresponds to approximately 140 detergent
molecules to a micelle. From Fig. 6 one obtains a
value of 0.055 dl./g. for the intrinsic viscosity of
the micelles. The significance of this figure is to
be discussed.

In view of the lack of micelle charge in non-ionic
detergent systems, deviations of the intrinsic vis-
cosity from the theoretical value of 0.025 dl./g. for
impenetrable spheres can be interpreted either in
terms of micelle non-sphericity or solvent entrap-
ment. We first, consider the possibility of non-
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Concn. of micelles, g./ml. X 102

Fig. 5.—Replot of turbidity data assuming a monomer
saturation concentration of 0.3 g./dl.: e' = concentration
of micelles = total concentration of detergent minus the
monomer saturation concentration; r' is the turbidity of
the solution minus the turbidity of a solution containing
0.3 g./dl. of detergent; O, in HjO; C in 0.04 M NacCl;
©, in 0.12 M NacCl.

sphericity. The two most commonly considered
non-spherical micelle shapes are the disc and
the rod. The disc, discussed by Harkins, 14 has a
thickness of twice the length of a detergent mole-
cule. Assuming an extended configuration for a
molecule of Triton X-100, one can calculate from
the bond lengths and bond angles a length of close
to 455 A. for the fully extended molecule.
Approximately three fourths of this length is
associated with the hydrophilic, oxyethylene chain
and one would expect it to be fully extended in an
aqueous solvent. The remainder, being hydro-
phobic, would tend to be curled up. However this
portion of the molecule, a highly branched alkyl
phenyl group, cannot, because of steric effects,
reduce its length by very much. We are then
justified in assuming an over-all length of between
40 and 45.5 A. for the molecules. For purposes of
calculation 43 A, will be used. This means that
the Harkins disc has a thickness of 86 A. From the
macroscopic density of Triton X-100 (1.06 g./ml. at
room temperature) one calculates that each mole-
cule occupies a volume of about 1000 A.3 The
micelle then must have a volume of about 140,000
A.3 A~ndisc of thickness 86 A. must have a radius
of 23 A. in order to have the required volume.
This “disc” approximates a prolate spheroid of
revolution of axial ratio 1.9. This should give
rise to an intrinsic viscosity of 0.029 dl./g.b

For the rod-like model of Debye,Bthe diameter
of the rod must be 86 A. A calculation similar to
that used for the disc shows that the length of the
rod must be 24 A. This “rod” is approximated
by an oblate spheroid of revolution of axial ratio
3.6. Particles of such shape should have an in-
trinsic viscosity of about 0.038 dl./g.® Neither
model suffices to explain the intrinsic viscosity of
0.055 dl./g. found experimentally. Further, in
order to satisfy both the hydrophilic and hydro-
phobic tendencies of the detergent molecules, both
of these structures would tend to be distorted
toward sphericity. The calculated axial ratios
and intrinsic viscosities are therefore maximal
values.

If the difference between an intrinsic, viscosity
of 0.055 and 0.025 dl./g. is to be ascribed to hydra-
tion, one calculates that about 43 molecules of

(14) W. D. Harkins. J. Chem. Phys., 16. 15C (1948); R. W. Mat-
toon, R. S. Stearns and W. D. Harkins, ibid., 16, 644 (1948).

(15) J. Mehl, J. Onc.ey and R. Simha, Science, 92, 132 (1940).
(16) P. Debye and E. W. Anacker, This Journal, 55, 644 (1951).
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Fig. 6.— Reduced specific viscosity as a function of con-
centration of micelles assuming a monomer saturation con-
centration of 0.3 g./dl.; O, in distilled water; ©, in 0.04 M
NaCl; ©, in 0.12 M NacCl.

water are kinetically bound to each detergent
molecule in a micelle. Although this figure may
seem high, it is reasonable on the basis of two con-
siderations. (1) The solubility of this detergent in
water is due to hydration (thus its negative solu-
bility coefficient). The only places in each de-
tergent molecule at which hydration can occur are
the oxygen atoms in the oxyethylene chain.
Since there are, on the average, ten such atoms per
molecule, it is reasonable that twenty or more
water molecules could be bound to each detergent
molecule. (2) Approximately three fourths of the
length of each detergent molecule must be con-
sidered hydrophilic. Most likely the hydrophilic
part of the molecules can be thought of as tentacles
protruding from the hydrocarbon interiors of the
micelles into the aqueous phase. The remaining
water molecules that are associated with a micelle
are then those that would be trapped by these
tentacles and should be considered kinetically as
part of the micelle.

If one assumes that the micelle is spherical and
has a radius of 43 A., then its volume would be
333.000 A.3 Of this, 140,000 A.3are occupied by
the 140 odetergent molecules and the remainder,
193.000 A.3 should accommodate the nearly 6000
bound water molecules. From the macroscopic
density of water one calculates thato6000 water
molecules occupy close to 198,000 A.3 in close
agreement with the volume just calculated as
available for the bound water in the spherical
micelle. It is seen then that the assumption of a
spherical micelle of radius about 43 A. is consistent
with both the number of detergent molecules per
micelle as deduced from light scattering measure-
ments and the extent of hydration as calculated
from viscosity data.

Summary.—Viscosities and turbidities of dilute
solutions of the non-ionic detergent Triton X-
100 in water, in 0.04 and in 0.12 M sodium
chloride, have been determined. Formation of
micelles appears to begin at the lowest concentra-
tions, although the monomer saturation concen-
tration does not occur until about 0.3 g./dl. Con-
sidering this concentration of detergent as the
solvent system for the micelles, one obtains linear
dependence of the reduced specific viscosity and
H (c/ t) 0N concentration o: micelles, leading to a
value of 90,000 for the micelle molecular weight
and 0.055 dl./g. for the intrinsic viscosity of the
micelles. The presence of neutral electrolyte has
no effect on the properties of the micelles. These
data are best interpreted on the basis of a highly
hydrated spherical micelle consisting of about 140
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oriented radially, and en-
The

detergent molecules,
trapping some 6000 molecules of water.
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radius of the sphere is that of a nearly completely
extended detergent molecule.

NOTES

POTENTIOMETRIC STUDIES ON SODIUM
ACETATE-SODIUM PERCHLORATE
SYSTEMS IN ACETIC ACID1

By Takebu Higuchi, Mabia L. Danguilan and
Aabon D. Coopeb
School of Pharmacy, University of Wisconsin, Madison, Wisconsin

Received June 14, 195*

The present communication is concerned with the
influence of sodium perchlorate on the relative
basicity of sodium acetate in acetic acid. Although
the acetate salt is presumed to be nearly completely
ionized (in the sense that electron transfer from the
cation to the anion is essentially complete), such
compounds have been found to exist mainly in the
form of neutral “ion-pairs” in solvents of low dielec-
tric constants.23 No previous attempts seem to
have been made, however, to study the possible
influence of other salts having a common cation on

Fig. 1.— Potentiometric study of the behavior of sodium
acetate in glacial acetic acid.

(1) Supported in part by a grant from the Research Committee from
funds supplied by the Wisconsin Alumni Research Foundation.

(2) 1. M. Kolthoff and A. Willman, J. Am. Chem. Soc., 56, 1014
(1934).

(3) E. Griswold, M. M. Jones and R. K. Birdwhistell, ibid., 75, 5701
(1953).

the dissociation behavior of a base such as sodium
acetate in acetic acid.

By means of a glass-calomel electrode assembly,
it was possible to obtain results which are in accord-
ance with those obtained by Hall and Werner,4the
latter workers having employed a chloranil-calomel
electrode system as a basis for their potentiometric
measurements. In our laboratory it has been found
that the glass electrode responds to the hydrogen
ion activity of acetic acid systems (or equivalently,
to the acetate ion activity). Figure 1 shows, for
example, the effect of variation in the relative basic-
ity of acetic acid containing varying amounts of
sodium acetate as a function of the concentration
of base present as obtained by the present potentio-
metric method. In accordance with the work of
the previous authors,4the slope of the dilution curve
is close to 0.5, i.e., 0.059/2 volts, per tenfold change
in concentration, the solid line representing the
theoretical slope and the points the experimental
values.

In the presence of a constant sodium perGhlorate
concentration, as shown in Fig. 2, this slope becomes

Fig. 2.— Potentiometric determination on sodium per-
chlorate-sodium acetate system; concn. of sodium per-
chlorate in M: A, 0.00125; B, 0.00250; C, 0.00500; D,
0.01000; E, 0.02000.

unity, i.e., 0.059 volt per tenfold change in the so-
dium acetate concentration, while in the alternative
situation, where the sodium acetate concentration

(4) N. F. Hall and T. Werner, ibid... 50, 2367 (1928).
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is fixed and that of the perchlorate varied (Fig. 3), a
slope of 0.5 for a tenfold change in concentration is
observed. In both cases, a linear relationship is
present as the concentration of one of the moieties
is varied while the other is maintained constant.
These results may be rationalized by assuming that
sodium perchlorate undergoes greater dissociation
than sodium acetate (a greater degree of “ion-pair”
separation), hence the sodium ion concentration of
the solution may be attributed mainly to the sodium
perchlorate. By expressing the dissociation con-
stants for the two salts as

ATaco. = (Na+)(C104)/(NaC104) €]
A'n.a, = (Na+)(Ac-)/(NaAc) 2
and employing the simplifying assumption5above
that the concentration of sodium ion is determined

essentially through the dissociation of sodium per-
chlorate, we obtain the relationship

(Na+) = {A(NaC104)|‘A ©)
(2+3)  (Ac-) S A'CNaAcVA-AfNaClOdV*  (4)

Equation 4 shows a first-order dependency on the
sodium acetate concentration and an inverse square
root dependency on the sodium perchlorate con-
centration. Since experimental data are in close
agreement with those predicted by equation 4, it
may be concluded that sodium perchlorate is a
“stronger electrolyte” than sodium acetate in acetic
acid, hence repressing the dissociation of sodium
acetate, resulting in a decrease in the relative
basicity of the solution.

Millivolts.
Fig. 3.— Potentiometrie determination on sodium acetate-
sodium perchlorate system; concn. of sodium acetate in M :
(1), 0.00125; (2), 0 00250; (3)0.00500; (4), 0.01000.

(5) This assumption may be shown valid by employing the alterna-
tive case, that the sodium ion concentration from the acetate is greater
than that from the perchlorate, whereby experimentally determined
data do not conform to the derived equation.
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It is evident from these behaviors that the com-
mon practice of estimating pK values of acids and
bases in water by determining the pH of half
neutralized solutions cannot be used in certain non-
aqueous systems. The apparent basicity of a base,
as in the present instance, is dependent in part on
the strength of the acid employed in its neutraliza-
tion. Stronger the acid, weaker the base would
appear since the resulting salt formed would be
more highly dissociated, leading to a greater sup-
pression of the dissociation of the parent base.

Experimental
Analytical grade reagents were used throughout. Sodium
acetate solution, 0.05 molar, was standardized against per-
chloric acid with quinaldine red as indicator. Sodium
perchlorate, 0.025 molar, was prepared in situ by mixing
equal volumes of 0.05 molar acetic acid solutions of per-
chloric acid (previously rendered anhydrous with acetic
anhydride) and sodium acetate. All other solutions were
prepared from these stock solutions.
The potentiometric measurements were carried out using
a Beckman Model G pH meter, equipped with a glass elec-
trode and an external calomel electrode joined with the
solution by means of an agar-gel bridge (4% agar and 5%
potassium chloride). All potentiometric readings were
determined relative to that of a 0.100 molar solution of
sodium salicylate in acetic acid taken just prior to the deter-
mination of the unknown solution. Duplicate determina-
tions on independently prepared solutions agreed, in most,
part, within one or two millivolts.

DENSITIES OF MOLTEN SODIUM AND
RUBIDIUM HYDROXIDES

By Donald Bogart
NACA Lewis Flight Pro-pulsion Lab., Cleveland, Ohio

Received July 26, 1953+

The densities of molten sodium and rubidium hy-
droxides have been determined up to temperatures
of 920° using a method based on Archimedes’ prin-
ciple of buoyancy.

The present data for sodium hydroxide in the
temperature range 690 to 920° are shown in Fig. 1

TEMPERATURE, *C.
Fig. 1.— Density of molten NaOH.

The previous datal? also indicated, confirm the
trend with temperature. The density, p(g./cc.),
may be expressed as a linear function of tempera-
ture, T{°C.), as

P= 1094 -

The data for rubidium hydroxide (measurements
taken on two successive days) are shown in Fig. 2.

(1) K. Arndt and G. Ploetz, Oak Ridge Nat. Lab. Index No.
Y-F35-5, Mar. 21, 1952 (translated from Z. physik. Cheta., 121, 439
(1926)).

(2) M. Nishibayashi, Wright Air Development Center Technical
Report 53-308, Nov. 1953.

0.000472’
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On the first day, the rubidium hydroxide was found
to melt gradually over the temperature range 200
to 250°. Density measurements from 250 to 500°
exhibited the reversal shown which may be at-
tributed to the change in density encountered by
driving off water from the partly hydrated hydrox-
ide. For higher temperatures the density variation
was essentially linear.

During the second set of measurements, rubidium
hydroxide melted above 350°. Density measure-
ments in the range 400 to 650° being in agreement
with the linear portion of the curve obtained from
the first data, indicates no further changes in com-
position. The density-temperature relationship
may be expressed as

3.11 - 0.00078T

p =

The melting point of the dehydrated RbOH was
more accurately determined by the cooling curve
shown in Fig. 3. The transition occurred at 383°;
this value disagrees with a melting point of 300° in
the literature.3 Since in the present investigation
a lower melting point was obtained with undried
material, it may have been possible that the hy-
droxide used in the earlier experiments3 was not
completely dehydrated.

BExperinmental
Both hydroxides were obtained from commercial sources.

Analysis indicated the following compositions, given in per
cent, by weight:

NaOH 96.2% RbOH 90.4%
Na2C 03 1.0% RbiCOj 2.1%
H2 2.8% H20 7.5%

Each hydroxide was contained in a cylindrical nickel
crucible and was gradually heated in a tube furnace con-
trolled through a rheostat. The hydroxides were exposed
to air during the tests. Cylindrical nickel plummets were
suspended in the molten hydroxides by nickel wire. The
loss of weight of the plummets due to the buoyancy of the
hydroxides was measured with a precision analytical bal-

ance. The volume of the plummets (approximately 5 cc.)
was corrected for thermal expansion; this correction is
about 5% at 1000°.

Temperatures were measured by means of two chromel-
alumel thermocouples spot-welded to the outer wall of the
crucible and connected to a direct-reading potentiometer.
Temperatures -were also measured by immersing a thermo-
couple directly into the hydroxide; all temperatures agreed
within 10°.

Discussion

NaOH.—White vapors were observed above the
crucible during the tests. When the nickel crucible

(3) G. Von Hevesy, Oak Ridge Nat. Lab.
Apr. 1, 1952 (translated from 7,. physik. Chem 73, 067 (1910)).

Index No. Y-F35-6,
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was washed out, a considerable quantity of black
crystalline material remained which had been
formed during the cooling period of about 10 hours;
this would not have interfered with the density
measurements which were completed during a heat-
ing time of about two hours. Loss of weight due to
corrosion of the nickel plummet was negligible.

RbOH.—White vapors were again observed leav-
ing the crucible at temperatures above 500°. The
nickel wire supporting the plummet failed at a tem-
perature of about 900°. The melt was further
heated to about 1000° at which temperature the
thermocouples failed. No evidence of boiling was
observed and the melt was light yellow and similar
in appearance to NaOH at these temperatures.
Small black crystals similar to those mentioned
above were found when the crucible was washed
out. Qualitative analysis of these crystals indicated
the presence of some nickel carbonate.

THE CATALYTIC ACTIVITY OF BISULFATE
ION IN THE HYDROLYSIS OF ETHYL
ACETATE1

By Dennis W. Barnum and George Gorin

Contributed from the Department of Chemistry, University of Oregon,
Eugene, Oregon

Received August 9, 1954

A very large amount of research has been done
upon the acid-catalyzed hydrolysis of esters, but
there still exists a difference of opinion on whether
the reaction is susceptible to acidic species gener-
ally, or only to hydrogen ion.23 The very existence
of such uncertainty suggests that the catalytic
activity of acidic species other than hydrogen ion, if
appreciable, cannot be large.

It is therefore surprising to find that the cataly-
tic constant of bisulfate ion has been estimated as
1.5 X 10"3 mole"l min."l about one-fourth as

(1) Presented at the Northwest Regional Meeting, American Chemi-
cal Society, Moscow, ldaho, June 13, 1953.

(2) It is understood that the hydrogen ions are solvated; in this
paper, the term “hydrogen ion” refers to the species H30+, and to
more or less hydrated forms.

(3) R. P. Bell, "Acid-Base Catalysis,” Oxford University Press,
London, 1941, p. 48-81, especially p. 80-81; K. J. Laidler, “Chemical
Kinetics,” McGraw-Hill Book Co., Inc., New York, N. Y., 1950, p.
282-300.
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large as that of hydrogen ion.4 It might be that
bisulfate ion is exceptionally active as a catalyst;
but it is the purpose of this paper to indicate that
such an explanation is unnecessary, as the cataly-
tic constant of bisulfate ion must be consider-
ably smaller than the value quoted.

Table 1 lists the reaction rate constants for the
hydrolysis of ethyl acetate in mixtures of sodium
bisulfate and sodium sulfate4, Dawson, et al.,
interpreted the decrease in the values of k and the
levelling-off at sodium sulfate concentrations above
1.2 M as due to the gradual and finally complete
repression of the ionization of bisulfate by the
added sulfate, so that the limiting reaction rate
constant would measure the catalysis by undis-
sociated bisulfate ion. The -catalytic constant,
1.5 X 10-3 was calculated on this basis.

Table |
Hydrolysis of Ethyl Acetate in 0.04 M NaHSO, +
XM Na2504
10< k, 10* k,
X min.-1 pH X min. 1 pH
0 1.50 1.69 0.6 0.635 2.26
0.05 1.12 0.8 .615 2.28
1 0.93 1.0 .61 2.29
.2 .80 2.10 1.2 .61 2.31
.3 725 1.4 .61 2.31
4 .68 2.21 1.6 615 2.31

Although this assumption seemed reasonable,
direct measurement of the pH values of the solu-
tions, which are also shown in Table I, do not sus-
tain it; it can be seen that the hydrogen ion ac-
tivity is far from negligible in all the solutions under
consideration. Since the pH values level off at
the same sodium sulfate concentrations as the rate
constants, this fact, formerly thought so meaning-
ful, is of equivocal significance. Taking reason-
able values for the activity coefficient of hydrogen
ion and its catalytic constant, 0.76 and 9 X 10~3
mole-1 min.-1,5 respectively, the reaction rate
constant due to hydrogen ion is estimated to be
6 X 10~5min.-1. The closeness of the agreement
with the experimental value must be considered
fortuitous, because of the unavoidably arbitrary
character of some of the values chosen; but it is
significant that the right order of magnitude is ob-
tained on the assumption, diametrically opposite
to that of Dawson, et al., that hydrogen ion ac-
counts for all the catalysis.

Since a more nearly quantitative treatment of
this case is not possible, it is of interest to turn
attention to more dilute solutions, in which an esti-
mate of activity coefficients can be made from
theory, and primary salt effects are relatively small.
Table 11 lists the reaction rate constants in dilute

(4) H. M. Dawson E. R. Pycock and E. Spivey, J. Chem. Soc.,
291 (1933).

(5) This is the value for the mean activity coefficient of hydro-
chloric acid in 1.5 M barium chloride. Since, in solutions of this
concentration, the activity coefficients are not sensitive to either the
concentration of salt cr even the charge type of the electrolyte (H. S.
Harned and B. B. Owen, “The Physical Chemistry of Electrolytic
Solutions,” Reinhold Publ. Corp., New York, N. Y., 1950, p. 575-576),
the value can be applied as an approximation to the case at hand.

(6) This is the value found for hydrochloric acid in 1.5 M barium

chloride (vide supra) (F. A. Robinson, Trans. Faraday Soc., 26, 217
(1930)).
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solutions of sulfuric acid, and Table Il those in
dilute solutions of sodium bisulfate.4

Table Il

Hydrolysis of Ethyl Acetate in xM HZ204

10« k.

10-« K, ealed., 10« k,

X min. 1 D.P.S. AHSO, ealed.8
0.005 0.545 0.545 1.57 0.54
.01 1.01 1.01 1.76 0.99
.02 1.87 1.88 2.00 1.83
.04 3.49 3.55 2.30 3.37
.05 4.34 4.37 2.43 4.15
.08 6.56 6.81 2.72 6.33
.10 8.24 8.42 2.87 7.73
12 9.80 10.0 3.01 9.17

Table Il

Hydrolysis of Ethyl Acetate in xM NaHS()4

10-* K,

10-« K, ealed., HP k.

X min. D.P.S. KfISOI ealed.8
0.008 0.39 0.39 1.73 0.39
.02 0.84 0.84 2.09 0.83
.04 1.50 1.48 2.45 1.42
.06 2.06 2.06 2.72 1.95
.08 2.62 2.62 2.91 2.43
.10 3.13 3.15 3.11 2.90
.15 4.43 4.43 3.45 3.97
.20 5.69 5.64 3.71 4.97
.24 6.67 6.67 3.91 5.73

In order to account for the data, Dawson, et al.,
assumed that, in the case of sulfuric acid, the ioniza-
tion constant of bisulfate ion, Anso,, was con-
stant and equal to 1.1 X 10~2 while in the case of
sodium bisulfate it varied from 1.17 X 10~2in
the most dilute solution to 1.96 X 10“2in the most
concentrated. On this basis, excellent agreement
was obtained with experiment, as can be seen by
inspection of the “calculated D.P.S.” values,
listed in column three of each table. However,
it is now clear that the calculations are based on
two essentially arbitrary parameters, which should
make possible a close fit to almost any set of data
of this kind.

Neither assumption in regard to Nhso, is in
accord with the theory of Debye and Hiickel,
which predicts a larger and more rapid change in
the value of the constant. Since independent,
measurements have shown that the theory applies
to dilute bisulfate solutions, in the form

loa A | . 4/1V n
og Anso, — log A'hsGi 1 4 93
log 0.0 totl + 2:00 Ve
1+ 19 Ve
the values of /vhso, were calculated on this basis
for the cases under consideration, and are listed

in column four of each table. The hydrogen ion
@ 1.

metric measurements on potassium bisulfate solutions (“A Precise
Spectrophotometric Method for the Determination of lonization Con-
stants,” University of Chicago, Ph.D. Thesis, 1940. Davies, Jones,
and Monk (Trans. Faraday Soc., 48, 921 (1952)) recalculated the
e.m.f. data of Hamer (J. Am. Chem. Soc., 56, 866 (1934)), as necessary
to correct for the existence of NaSO** ions, and found K° — 0.0103;
they also obtained a similar value from independent e.m.f. measure-
ments.

M. Klotz found this expression, with K° = 0.0101, by colori-
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concentrations were computed8 and the products
of the concentration and the catalytic constant,

6.50 X 10“3 are listed in column five. It can be
seen that the calculated values up to 0.1 ac-
count for >95% of the observed rate. At higher

concentrations, the agreement is not so good, but
this region is, unfortunately, beyond the reach of
the theory.

It should be clear from the first part of this dis-
cussion that the assignment of the catalytic con-
stant 1.5 X 10-3 to bisulfate ion was not made on
valid grounds, and it is apparent from the results
of the alternative calculations that an unequivocal
interpretation of the data is not possible. In the
range where the Debye-Huckel theory can be ex-
pected to hold fairly well, and where the concen-
tration of bisulfate ion is fairly small, its contribu-
tion to the catalytic action is too small to be clearly
apparent. It may be that, at higher concentra-
tions, this contribution is appreciable; but this
cannot be concluded from the present data.

Experimental

Sodium sulfate decahydrate and sodium bisulfate (Mal-
linckrodt, A. R.) were used without further purification.
Solutions were made up by weight and swept out with a
stream of nitrogen. The pH was measured at 25.0°, both
with a gold/quinhydrone-saturated calomel cell and a Beck-
man Model G pH meter. The gold/quinhydrone cell was
checked against 0.05 M potassium biphthalate, and gave a
pH value of 3.97 (accepted value 4.01); the Beckman in-
strument was set to read 4.01 with this buffer, as customary.
The two instruments gave results differing by 0.2 pH unit
or less; the values obtained with the gold/quinhydrone cell
are listed in column three of Table I.

® A series of successive approximations was used.
sulfuric acid

For xM

x — Knaot -
Ch + V'2Ahso, x + (x KHsoijVi
and two successive approximations generally gave sufficiently constant
values of Ch- For xM sodium bisulfate

Ch + Cnm = ChsO) + Cnsso« + 2Cso(
X — ChSO) + CNaSOi + Cso( = Cn» + CNaSOt
jre CsaCgQ, _ _ 1Q 2.03 VvTx
NSO CNaS04 + 1+ 19vV

three or four successive approximations gave nearly constant values
of Ch-

SOLUBILITY OF BORON TRIFLUORIDE
BENZENE AND TOLUENE

By Chartes M. Wheeler Jr., and Hugh P. Keating
Dept, of Chemistry, University of New Hampshire, Durham, N. H.

Received August SO, 1954

IN

The solubility of boron trifluoride in n-pentane by
Cade, Dunn and Hepp1lis the only quantitative
solubility study reported for this gas. The present
paper reports data for two aromatic hydrocarbons,
the first solvents in a series of substituted benzene
compounds for which solubility data will be ob-
tained.

Experimental

Materials.— Mallinekrodt Analytical Reagent (thiophene
free) benzene was dried over sodium wire and distilled in a
Todd column packed with glass helices; refractive index
of sample used, n%> 1.4979, lit. value2 1.49807. Merck

(1) G. N. Cade, R. E. Dunn and H. J. Hepp, J. Am. Chem. Soc., 68,
2454 (1946).

(2) M. J. Wojciechowski, J. Research Natl. Bur. Standards, 19, 347
(1937).
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Reagent Grade toluene was dried over sodium wire and frac-
tionally distilled, refractive index of fraction used, raXd
1.4939, lit. value3 1.49405. Matheson Chemical Company
boron trifluoride was used without further purification.

Apparatus.— The apparatus described by Lannung&ébwas
used for solubility determinations. Modifications were in-
corporated in the design of the apparatus to allow for the
introduction of the gas directly from the gas cylinder and
for degassing the solvent by refluxing. Mercury was used
to prevent either the gas or solvent from coming into con-
tact with stopcock grease. The solvent volume was about
20 ml. in all experiments and the initial gas volume from be-
tween 30 and 35 ml. The gas buret could be read accurately
to within 0.05 ml.

The entire gas absorption apparatus was thermostated by
circulating water through water jackets, with temperature
control of +0.05°.

Results and Discussion.—The results are ex-
pressed in two forms. First, the Ostwald coef-
ficient of solubility, L, with the volume of the solv-
ent measured at the temperature of the experiment
and at a total pressure of 760 mm.

The solubilities are also expressed as the mole
fraction of boron trifluoride dissolved at a partial
gas pressure of one atmosphere. Henry’s law was
used to convert experimental data to partial pres-
sure of one atmosphere. Table I lists values for L
and a2 mole fraction of boron trifluoride dissolved.

Tabte |

Solubility of Boron Trifluoride in Benzene

T, °K. 295 300 305 310 315 320
L X 10+1 6.70 6.62 6.58 6.50 6.45 6.36
X2X 10+s 2.47 2.42 2.39 2.36 2.29 2.26

Solubility of Boron Trifluoride in Toluene

T, °K. 300 304 310 312 316 322
L X 10+1 6.30 6.25 6.18 6.15 6.11 6.03
x2X 10+s 2.79 2.74 2.68 2.66 2.61 2.54

Calculation of the Enthalpy and Entropy of
Solution.— O’'Brien6 has expressed the solubility of
a gas in terms of its mole fraction and temperature
of solution by the equation

-log x2= A/T + B 1)

xi is the mole fraction of the dissolved gas, the
slope, A, of a plot of —log x2vs. I/T is identified as
AH/2.303R, the intercept, B, of the same plot, is
identified as AS/2.303K. AH and AS are the
changes in enthalpy and entropy of solution.

From a plot of the data shown in Table I, the heat
of solution was found to be —792 cal./mole for bo-
ron trifluoride in toluene and —691 cal./mole for
boron trifluoride in benzene. The slopes of the two
plots of —log x2converge to give the same intercept
and thus the same value of AS, —14.96 cal./mole,
for boron trifluoride in benzene and toluene.

Surface Tension of Solvents and Solubility.—
Uhlig6has developed an equation relating the solu-
bility of a gas and the surface tension of a series of
solvents. From this relationship it is possible to
determine the solute-solvent interaction energy as
well as the effective radius of the gas molecule in

solution. From the expression
T —iirr~cr + B 5
InL = -———-- KT —— @

(3) A. F. Forziati, A. R. Glasgow, C. B. Willingham and F. D. Ros-
sini, ibid., 36, 129 (1946).

(4) A. Lannung, J. Am. Chem. Soc., 52, 68 (1930).

(5) S.J. O'Brien, ibid., 63, 2709 (1941).

(6) H. M. Uhlig, This Journal,41, 1215 (1937).
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the radius, r, of the gas molecule in solution and the
interaction energy, E, can be determined.

We assumed that the radius of the boron trifluo-
ride molecule was constant in benzene and toluene
and that the interaction energy between the gas and
solvent molecules in the two systems was not ap-
preciably different. With these two assumptions
and using experimental solubilities extrapolated to
20°, two simultaneous equations were solved for
the radius, r, of the boron trifluoride molecule.
The value of the radius of boron trifluoride mole-
cule was found to be 2.03 A., in good agreement
with the calculated value, 2.09 A., reported by Ruff,
Erbert and Menzel.7 The value for E, the interac-
tion energy was found to be 1890 cal./mole.

Solubility Parameter of Boron Trifluoride.—
Hildebrand8has shown that the equation

(7) O. Ruff, F. Erbert and W. Menzel, Z. anorg. allgem. Chem., 207,
46 (1932).

(8) J. H. Hildebrand, “The Solubility of Non-Electrolytes,” 3rd
Ed., Reinhold Publ. Corp., New York, N. Y., 1950, p. 244.

ADDITIONS AND

1953, Vol. 57

R. J. Orr and H. Leverne Williams, Kinetics of the
Reactions between Iron(11) and Some Hydroperoxides Based
upon Cumene and Cyclohexane.

Page 925. The authors are indebted to Dr. R. L. Went-
worth, Industrial Liaison Officer, M.1.T., for calling their
attention to a needed correction. In determining the de-
pendence of logio A on activation energy, it was reported
that login A = 1.1E — 3.6 and a generalized Arrhenius
equation for this type of reaction was calculated as

k=25X1 0 RT-DIBT)

from the above relation (where E is in kcal/mole). The

arithmetic involved was incorrect and the relation is

logio A — 0.531? -f- 3.86

Additions and Corrections

Vol. 58

—Jogx2= logp2+ Vi (5i — 2458 T ®3)

allows for the calculation of the solubility parame-
ter, 52 of a gas from solubility data, if the parame-
ter, 5i, for the solvent is known. The solubility
parameter for boron trifluoride in benzene and tolu-
ene at 25° was calculated using the data obtained
in the present research. A plot of log p of boron
trifluoride vs. 1/T from the data of Faraday9and
Booth and Carter,Dwas extrapolated through the
critical temperature to 25°, where p°2 was calcu-
lated from the density data of LeBoucher.11 Solu-
bility parameter values for benzene and toluene
were obtained from a compilation by Hildebrand.2
The calculated solubility parameter of boron tri-
fluoride from benzene solubility data was 6.62,
from toluene solubility data 6.53.

(9) M. Faraday, Phil. Trans., 135, 155 (1945).

(10) H. S. Booth and J. M. Carter, T his Journal, 36, 1359 (1932)

(11) L. LeBoucher, W. Fischer and W. Biltz, Z. anorg. allgem. Chem.,

207, 46 (1932).
(12) Ref. 8, Appendix 1.

CORRECTIONS

On this basis the equation for the rate constant is

k = 73 X

Since no conclusions were drawn from the numerical values
of the above constants, there is no error introduced from this
source into the discussion.— H. Leverne Williams.

1954, Vol. 58

S. C. Lind. «-Particle lonization and Excitation in Gas

Mixtures.

Page 800. In colum 1, text line 3 from the end, for
“171 + 0.034” read “173 £ 0.033."—S C. Lind.
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