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THE STRUCTURE OF COBALT CATALYSTS SUPPORTED ON
DIATOMACEOTIS EARTH1

By Marvin F. L. Johnson and Herman E. Ries, Jr.

Sinclair Research Laboratories, Inc.., Harvey, lllinois
Received January 24, 1963

Various points are presented as evidence for the existence of catalyst-support interaction in the case of cobalt oxide pre-

cipitated in the presence of a diatomaceous earth support.
(1) a high surface area in small pores;

nitrogen are discussed in terms of pore structure.
and increasing support area, within certain limits.

A complex is believed to form which has the following properties:
(2) a sintering temperature distinct, from those of cobalt oxide or silica gel;
(3) a resistance toward reduction by hydrogen to cobalt metal.
The surface area of this complex increases with decreasing cobalt, content,

Preliminary results with supported iron oxide show some indication of

and
The characteristic adsorption-desorption isotherms for

the same type of pore structure wnile in the case of chromia the presence of support hinders the normal shrinkage during

drying, leading to a large-pore structure resembling aerogels.

Introduction

In an earlier study of the effect of support struc-
ture on the structure of supported catalysts it was
shown that a diatomaceous earth (Celite 337) was
the most effective support insofar as the catalyst
area was several times that of the unsupported
catalyst.. It was the objective of the presentinves-
tigation to obtain additional information about the
structure of unreduced cobalt catalysts supported
on diatomaceous earth by means of various applica-
tions of physical adsorption techniques and by a
study of the degree of reduction. Anderson, Hall,
Hewlett and Seligmans have made a somewhat simi-
lar study of unreduced cobalt catalysts. However,
the structures of their catalysts more closely resem-
ble the “unsupported-type” catalyst, such as those
precipitated in the presence of non-porous titania:
than they do the diatomaceous earth supported cata-
lysts of the present study. It is believed that these
differences may be attributed to differences in
method of preparation. The differences, as well as
the evidence for interaction of catalyst and support
in the preparations of this Laboratory, are presented
in the following discussion.

(1) Presented before the Petroleum Division of the American
Chemical Society in Milwaukee in April, 1952.

(2) H. E. Ries, Jr., M. F. L. Johnson and J. S. Melik, This Journal,
53, 638 (1949).

(3) R. B. Anderson, W. K. Hall, H. Hewlett and B. Seligman,
J. Am. Chem. Soc., 69, 3114 (1947).

Experimental

Extent of Reduction.— Measurements were made of the ex-
tent of reduction chiefly by following changes in ferromag-
netism. Four to nine grams of catalyst was placed in a
sample tube 3" long provided with an inlet and an outlet
for hydrogen. The tube was surrounded by a rigid coil of
30 turns of silver-plated Invar wire. This induction coil
was wound upon a ceramic support provided with rigid elec-
trical leads; the whole was placed in a non-inductively
wound furnace with three heating coils, three variacs, and
four thermocouples to eliminate temperature gradients.
Care was taken to ensure that the top and bottom of the
catalyst bed coincided with the induction coil extremities.
The coil was connected in parallel with two variable con-
densers and in series with a high frequency resonance cir-
cuit. The adjustment of the coarse variable condenser was
not altered during an experiment. The dial of the other
condenser was graduated in arbitrary units of 0-300: read-
ings of the coil inductance could be taken by increasing the
dial reading to the point at which the current, in the external
circuit reached a minimum, the resonance point, after which
there was a sharp increase. The system was calibrated by
introducing a test-tube containing weighed quantities of
cobalt powder mixed with diatomaceous earth into the coil,
and observing the change in readings. A smooth curve was
obtained, and indicated that a dial increment of 100 corre-
sponded roughly to 1.3 g. of cobalt metal.

Dial readings, which are averages of a number of consecu-
tive readings, were taken at room temperature before reduc-
tion of the catalyst. Reductions were carried out at the
specified temperatures (Table 1V) by passage of a rapid flow
of purified hydrogen through the catalyst bed until the in-
ductance readings indicated that no further changes were
taking place; reduction was continued for one to two hours
more. At the end of the reduction period, the catalyst was
cooled in an atmosphere of flowing hydrogen. Dial read-
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PRESSURE, P/Po.

Fig. 1— Adsorption-desorption isotherms for nitrogen, carbon monoxide and butane on H-G catalyst.

ings were again taken at room temperature. From the dial
reading increment, the weight of catalyst in the coil, and
the cobalt analysis, the percentage reduction of cobalt to
cobalt metal was calculated.

In addition, measurements were made of hydrogen con-
sumption. A volumetric apparatus was used, similar to
that used for gas adsorption measurements, with the excep-
tion that the hydrogen was continually circulated over the

catalyst and through a drying tube by means of a double
Toepler pump.4 The catalyst temperature was controlled
at 358° by means of a mercury-vapor bath, at 400° by means
of a Wood’s metal bath in a furnace controlled by a Wheelco
Potentiotrol. The pressure was held manually at one at-

(4) M F. L. Johnson and J. A. Glover, Anal. Chem., 22, 204
(1950).
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Tabre |

Adsorption D ata for Nitrogen, Ammonia,

Sample age, months6 2 4
Adsorbate n?2 NH,
Temp., °C. -195 -34
B.E.T. area, sq. m./g. 267 284
H-J area, sq. m./g. 268

Fa, cc. S.T.P./g." 344 506
Pg, cc./g.d 0.532 0.563
Fb, cc. S.T.P./g.” 130 199
Pg', cc./g/ 0.201 0.222
Pg-Pg, cc./g. 0.331 0.341

“40% Co on Celite 337.
total pore volume, by conversion of F, to liquid volume.
curve.

Table

Carbon

6 Each new sample taken from the same bottle.
eFp =
1Pg = small-pore volume, by conversion of F» to liquid volume.

Diatomaceous Earth 867
M onoxide and Butane on H-G Cataryst®
18 18 20 24
CcO n2 C4HI0 n2
-195 -195 0 -195
263 247 179 242
276
340 116
0.522 0.501
120 42
0.184 0.18
0.338 0.32
' Fs = volume adsorbed at saturation. dPe =

volume adsorbed at the sharp break in the desorption

Pore Volume-A rea Relationships

B.E.T. area, Fb, cc.t Pg'P Fa5QC , Pgt,He),
Catalyst® Support sq. m./g. S.T.P./g. cc.gg. S.T.P./g. cggg. cc./g.
A Alumina 173 273 0.422 0.40
S Silica 410 160 0.248 232 .359 .54
T Anatase 79 192 297 .28
H-A Celite 337 120 72 111 338 523 .52
H-G Celite 337 268 130 .201 344 532
Used H-G Celite 337 62.5 31.5 ,.049 249 .385
H-I Celite 337 217 118 .182 (329) ( -51) .50
H-L Celite 337 309 135 .209 443 .686 .69
Used H-L Celite 337 86 (44) ( .068) 332 514 .53
0-16 Celite 337 136 103 .159 308 477 .48
M-19 Celite 337 197 111 172 237 .367 .36
H-161 Celite 337 56.5 37.5 .058 304 471 47
P-79 Celite 337 188 105 .163 358 .555 .56
P-83 Celite 337 148 88 .136 (354) ( -55) .51
P-89 Celite 337 85 47 .073 299 463 .51
P-114 Celite 337 278 124 192 423 .655 71

“40-42% Co on indicated support. 5See footnotes, Table |I. ' Pore volumes determined by helium-mercury dis-

placement.

mosphere by adjusting the bulb-buret settings, and the
level of mercury in the manometer; the side of the ma-
nometer connected to the system was calibrated in units of

0.01 cc. Hydrogen consumption was plotted as a function
of time. At the end of about 20 hours a straight line was
obtained; the slope of this line was essentially the same for

all runs, and equalled the slope obtained for a blank run
with no catalyst. It was believed that this represented
permeation through Pyrex; therefore, the hydrogen con-
sumption was obtained by extrapolation to zero time.5 This
value was further corrected for the reduction of carbon di-
oxide (from residual carbonates) to methane by means of a
mass spectrometric analysis of the residual gas. No cor-
rection was made for chemisorption. The corrected hydro-
gen consumption (cc. S.T.P. per gram) was converted to
per cent, reduction from the weight of sample and cobalt
analysis by assuming trivalent cobalt.

Adsorption Measurements.— The apparatus and technique
used in this Laboratory for the determination of nitrogen
adsorption-desorption isotherms have been fully described.26
The adsorption measurements with carbon monoxide
(—195.8°) and butane (0°) were obtained in the same man-
ner, with the exception that for butane an apparatus with
mercury-sealed stopcocks lubricated by means of a starch-
mannitol-glycerol grease was necessary, in addition to an
ice-water bath. Carbon monoxide was prepared by drop-
ping formic acid into 85% phosphoric acid at 175°. The

(5) The absolute rate of hydrogen permeation at 358° was 0.37
cc. (S.T.P.)/hr., from a sample bulb consisting of a 30-mm. length
of 13 mm. Pyrex tubing plus a concentric preheat coil consisting of
seven turns of 5 mm. tubing.

(6) H. E. Ries, Jr., R. A. Van Nordstrand and J. W. Teter, Ind.
Eng. Chem,, 37, 311 (1945),

gas was purified by passage through concentrated sulfuric
acid, potassium hydroxide pellets, and phosphorus pentox-
ide, and then stored in an evacuated reseryoir. Butane
from the Ohio Chemical Company was repeatedly condensed
in liquid nitrogen, and non-condensable material was
pumped off before admission of the butane to an evacuated
reservoir. Mass spectrometer analyses of all gases used
showed a minimum purity of 99.9%. For nitrogen and
carbon monoxide, perfect gas law corrections of 5% at 760
mm. were used in dead space calculations; for butane the
corrections were 10.8% at 0° and 3.2% for the room tem-
perature portion of the gas.7 In all cases, vapor pressure
thermometers filled with adsorbate were employed to meas-
ure p0, the saturation pressure, for each point of the isotherm.
Adsorptions are expressed as cc. S.T.P./g. of sample, using
the ignited weights of the samples.

The preparation of H-G catalyst has previously been de-
scribed2; all other supported catalysts were prepared in es-
sentially the same manner under the supervision of Dr. L. E.
Olson.8 It should be noted that this involves the addition
of a hot cobalt salt solution to a hot slurry of support in so-
dium carbonate solution; the precipitates were washed,
dried at 110°, formed into ¥ s" pellets and calcined at 340°.
This is in sharp contrast to the procedure employed by
Anderson, et al.,ain which the support was added during or
after the precipitation of cobalt. Results of the present
study indicate that this difference in preparational proce-
dure may be responsible for the difference in catalyst struc-
ture.

(7) S. Brunauer and P. H. Emmett, J. Am. Chem. Soc., 59, 1553
(1937).

(8) J. W. Teter, U. S. Patent 2,381,473 (August 7, 1945); CA., 39,
5253 (1945).
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Results and Discussion

Pore Structure and Area Relationships.—The
nitrogenzs and ammonias adsorption-desorption
isotherms for H-G have previously been published.
In Fig. 1 are shown the isotherms for carbon
monoxide and butane on the same catalyst; that
for nitrogen is again included. The data for all
four adsorbates are given in Table I, and area val-
ues calculated by both the Brunauer-Emmett-
Teller (B.E.T.)Imand Harkins-Jurallbmethods are
included. The following molecular areas were
used in calculating B.E.T. areas: for N2lGaand CO,
16.2 A.2; for CaH10,32.1 A2 10s; forNH3 129 A >
Unfortunately, the adsorption measurements were
made over a period of several months, as indicated
in Table I, during which time a loss of surface area
occurred. For this reason the determinations with
different adsorbates are not strictly comparable;
it is believed, nevertheless, that conclusions drawn
from the data are valid.

In Table Il are listed data obtained from nitro-
gen isotherms for a number of catalysts, most of
which are supported on diatomaceous earth. In
all cases, nitrogen adsorption-desorption isotherms
for diatomaceous earth supported cobalt catalysts
exhibit the characteristics of the nitrogen and car-
bon monoxide isotherm plotted in Fig. 1; it is for
this reason that the other plots were omitted. The
characteristic feature of this type of isotherm is the
sharp break in the desorption curve in the neighbor-
hood of p/po 0.5; this implies a narrow pore dis-
tribution inthisrange. The amountadsorbed at this
break point on the desorption curve is designated
Fb,andisbelieved to represent the volume filling the
small pores primarily responsible for surface area,
just as the adsorption at p/p<, i represents the
total pore volume. For the titania- and alumina-
supported catalysts T and A (Table I1), and for an
unsupported catalyst no break appears in the de-
sorption curve?2; the point Fb only occurs for cobalt
catalysts supported on siliceous material. On the
other hand, there is but slight evidence for the ap-
pearance of the Fb point in the isotherms of Ander-
son, et al.,3for unreduced cobalt supported on dia-
tomaceous earth; in the latter case, the support was
added during or after the precipitation of cobalt,
while in the present case the support was added
prior to precipitation.

The adsorption curves of Fig. 1 appear to be type
Il isotherms, according to the classification of
Brunauer, Deming, Deming and Teller .. while the
desorption curves are a combination of type Il and
type IV. However, it has recently been observed:
that severe grinding of a catalyst with a type 1V
isotherm (horizontal approach to po can lead to
the formation of a “tail” on the isotherm due to in-
terparticle condensation. The similarity between
the two cases is such as to suggest that for the pres-
ent catalysts, adsorption at higher relative pres-

(99 H. E. Ries, Jr., R. A. Van Nordstrand and W. E. Kreger,
J. Am. Chem. Soc., 69, 35 (1947).

(10) (a) S. Brunauer, P. H. Emmett and E. Teller, ibid.., 60, 309
(1938); (b) W. D. Harkins and G. Jura, ibid., 66, 1366 (1944).

(11) S. Brunauer, L. S. Deming, W. E. Deming and E. Teller,
ibid., 62, 1723 (1940).

(12) R. A. Van Nordstrand, W. E. Kreger and H. E. Ries, Jr,,
This Journal, 65, 621 (1951).
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sures, approaching po asymptotically, is merely in-
terparticle condensation. While this may be mul-
tilayer adsorption, there is some correlation be-
tween the volume adsorbed at higher relative pres-
sures and catalyst permeability. In addition, the
upper portions of the isotherms are very much like
that of the non-porous, unsupported catalyst.:
It appears, therefore, that the catalysts studied
consist of extremely small particles whose pores
contribute the major portion of the surface area,
and which are held together in aggregates within
which interparticle condensation takes place. The
necessity for postulating the presence of aggregates
arises from the fact that pelleting causes no change
in pore volume.is These aggregates, therefore, are
the powder particles which are actually compressed
together in the pelleting operation.

For all adsorbates and all Celite-supported cobalt
catalysts, Fb occurs at a relative pressure which
yields, by application of the Kelvin equation, val-
ues of 21-22 A. for the pore radius or platelet sep-
aration, with the assumption of two adsorbed lay-
ers; if oneoadsorbed layer is assumed, the values
are 17-18 A. The steep drop in adsorption belov
Fb indicates a narrow pore distribution. There-
fore all of these catalysts have the same pore size.
From the relationship r = 2 V/A in which A is
equal to the area, F is equal to the pore volume, a
proportionality between pore volume and area is
expected. The truth of this is shown by the plot of
Fig. 2, showing a linear relationship between Fb and
area, the slope of which corresponds to r = 17 A.
The points of Fig. 2 were obtained from isotherms
for Celite-supported cobalt catalysts; some were
deactivated by use, while for others the preparation
procedures were varied subsequent to precipitation.
The break in the curve at higher area shows that
certain catalysts with greater areas have smaller
pores.

Pore volumes calculated from Fb values (Pg")
for the four adsorbates on H-G catalyst agree well
among themselves in spite of theDact that the
B.E.T. area for butane, using 32.1 A .. for the bu-
tane molecular area, is much lower than those of
the others (Table 1). The low B.E.T. area ob-
tained with butane cannot be explained by a
screening effect, because of the agreement in pore
volume, but rather must be attributed to a poor
choice of molecular area.ia1s The area calculated
by the Harkins-Juraltb method for butane agrees
quite well with the other data.

The agreement in total pore volume, calculated
from Fs, which is the adsorption at po, is also good
for different adsorbates, while that for the differ-
ence between total pore volume and Pg' is excel-
lent. The interpretation of Fsas corresponding to
a filling of pores has been amply verified by use of
a number of adsorbates, including butane.isis In
addition, there is good agreement in many cases,
and fair agreement in most, between pore volumes

(13) H. E. Ries, Jr.,, R. A. Van Nordstrand, M. F. L. Johnson and
H. O. Bauermeister, J. Am. Chem. Soc., 67, 1242 (1945).

(14) S. Brunauer and P. H. Emmett, ibid., 69, 2682 (1937).

(15) P. H. Emmett and M. R. Cines, This Journal, 51, 1248
(1947).

(16) P. H. Emmett and T. W. DeWitt, J. Am, Chem. Soc., 65, 1253
(1943)
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Fig. 2.— Variation of small-pore volume (F b) with area for Celite supported cobalt oxide catalysts.

determined by helium-mercury displacement and
those calculated from nitrogen adsorption at pa
For asymptotic curves the latter were obtained
from the point at which a break from paoccurs on
desorption..s The He-Hg measurements have
been found to be precise to 0.003 cc./g., and could
be expected to include volume in very large pores,
to which isotherm data are not sensitive.

In contrast to the characteristic isotherms of
Celite-supported cobalt are those of supported
chromia and iron oxide shown in Fig. 3 along with
that of a chromia gel. Failure of adsorption-de-
sorption curves joining below p/po = 0.4 is attrib-
uted to accumulated error. The curve for iron is
somewhat similar to that for cobalt; the point
corresponding to Vo is less well-defined, and occurs
at about 0.75 relative pressure. The effect of the
support on chromia, however, was quite different.
The area per gram of chromia remained approxi-
mately the same, as did the pore volume per gram
of catalyst. The average pore size increased from
22 to 40 A., as calculated from the pore volume and
area, leading to an isotherm resembling aerogels.
In some way, therefore, the presence of the Celite

(17) S. S. Kistler, This Journal, 36, 52 (1932).

added to the hydrogel before drying hindered
shrinkage of the hydrogel to a xerogel during the
drying step.

The fact that a characteristic small-pore struc-
ture with a high surface area is produced in the H-G
type of catalyst implies a different composition
from that of the catalysts prepared by Anderson
and his co-workers,s which do not have this small-
pore structure. For Anderson’s catalysts the area
is not much greater than that expected from an
additive combination of support and unsupported
catalysts areas; for the catalysts of the present
study, the area is much more than additive.. This
high area is believed to be the result of an interac-
tion between colloidal silica and cobalt ion. A
similar interaction was postulated by Visser for
the nickel-kieselguhr system.1s Because the pres-
ent catalysts were prepared by the addition of a
solution of a cobalt salt to a hot slurry of diatoma-
ceous earth and sodium carbonate solution, the
possibility exists that an attack by the al-
kaline solution upon the silica produced sodium
silicate before addition of the cobalt. This possi-
bility does not exist in the case of the Anderson

(18) G. H. Visser, Chem. Weekblad, 42, 127 (1945).
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RELATIVE

PRESSURE, P/Po.

Fig. 3.— Nitrogen adsorption-desorption isotherms for Celite-supported chromia and iron, and unsupported chromia.

catalysts which were prepared by adding diatoma-
ceous earth during or after precipitation. This ex-
planation will account for the observation that a
support such as titanium dioxide (area = 10 sq.
m./g.) leads to a low area catalyst with no small-
pore structure.

Several catalysts were prepared to test the hypoth-

esis by exaggerating the conditions of prepara-
tion.

Q) Catalyst 0-16 (Table Il) with an area of 186
sg.m./g., may be considered to be a typical exam-
ple of a normal small-scale preparation, since the
cobalt solution was added to the alkaline slurry as
soon as possible. In large-scale preparations, such
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as H-G or H-L, contact between Celite and hot so-
dium carbonate solution was maintained for several
hours, or overnight, before addition of cobalt; in
these cases, areas of 250-300 sg.m./'g. were obtained
in the unreduced state.

(2) In one small-scale preparation the Celite
was stirred for several hours with boiling sodium
carbonate solution before precipitation; the result-
ing catalyst had an area of 257 sq.m./g. Boiling
after precipitation led to an area of only 207 sq.m./

o (3) On the other hand, whereas the area of the
unsupported catalyst “U” was 91 sq.m./g., a sam-
ple prepared by boiling sodium carbonate solution
with Celite, and subsequently filtering before addi-
tion of the cobalt salt to thefiltrate, contained 33.5%
silica, andhad an area of 181 sq.m./g. Sufficientsil-
ica was present in the filtrate to form a complex
with cobalt, leading to the higher area.

(4) Substitution of silica as sodium silicate for
5% of the Celite led to a catalyst with an area of
273 compared to 186 sq.m./g. for 0-16.

(5) Precipitation of cobalt on Celite with ammo-
nium hydroxide led to a thermally unstable sample
with an area of 104 sq.m./g. in the uncalcined
state, 77 after calcination at 350°. X-Ray diffrac-
tion patterns showed the presence of Co(OH,: and

CosC», respectively; Celite supported samples
gave no crystalline pattern.
(6) The areas of Celite-supported catalysts

degassed at 100° and without calcination are ap-
proximately equal to those of the calcined samples.
Thus, the area does not arise from the high temper-
ature treatment, as has been suggested. 1

A number of small catalyst preparations was
made in order to determine the effect on catalyst
area of variations in cobalt support ratio, and in
area and type of support. The results are listed in
Table 1l1l. The maximum catalyst area was ob-
tained with about 38% cobalt. A more adequate
criterion is the area per gram of catalyst material.
This figure essentially represents the area per unit
of cobalt; it is calculated from the relationship

_ (X,, - Tys)is
1- s

where /Im = area per gram of metal, Ac = total
catalyst area, Aa = area per gram o: support, and
S = % SiO2/100. It is assumed that % SiO: rep-
resents % support. This concept is the equivalent
of the cobalt complex area employed by Anderson,
Hall, Hewlett, and Seligman.s It null be observed
that the area per gram of catalyst material in-
creases markedly with decreasing % Cobalt, down
to 40% Co, after which it tends to level off. Fur-
thermore, it may be observed that catalyst area
increases wdth support area, with per cent, cobalt
approximately constant.

Some of these diatomaceous earths have been ex-
amined under the electron microscope by Ander-
son, McCartney, Hall and Hofer.o Dicalites
SF and HSC appear to differ from the others in

(19) R. B. Anderson, W. K. Hall and L. J. E. Hofer, 3. Am. Chem.
Soc., 70, 2465 (1948). The formation of high-area material is clearly
related to silica sol produced by alkaline attack of the support.

(20) R. B. Anderson, J. T. McCartney, W. K, Hall and L. J. E.
Hofer, Jnd. Eng. Chem., 39, 1618 (1947).
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having much larger pores. With the exception of
these two, a correlation is found to exist in these
data (Table I111) such that catalyst material area
increases with total support area (= area/g. of sup-
port X % support); thisis contrary to the findings
of Anderson, et al.,3 for their type of catalysts, in
which there is apparently little or no catalyst-sup-
port interaction. The support action, therefore,
increases with increasing support area/wt. % cobalt
ratio, when using diatomaceous earth supports.
Support action is here defined as that action which
increases catalyst material area.

Tabie |11

Area and Composition Data for Catalysts Supported

on Diatomaceous Earth

Area
Catalyst per g.
i Support B.E.T. catalyst
Diatomaceous area, Analysis of area, mate-
earth sg. catalyst,° o sq. rial, sq.
support m./g. Cobalt Silica m./g. m./g.t
Celite 337 26 16.2 70.5 124 364
Celite 337 26 32.9 51.1 172 303
Celite 337 26 38.1 42.3 200 330
Celite 337 26 40.7 41.3 190 308
Celite 337 26 42.1 40.8 186 298
Celite 337 26 44 .4 36.5 167 250
Celite 337 26 47.2 32.2 148 207
Celite 337 26 60.9 16.7 125 145
Celite 545 0.9 37.5 43.7 92 162
JM HSC 2.2 36.9 44.4 91 162
Dicalite SF 4.8 37.8 40.9 164 273
Dicalite SF 4.8 37.8 44.9 113 202
Dicalite SF 4.8 39.4 40.7 128 212
Dicalite 1 28 40.7 41.4 232 375
Dicalite 911 49 37.8 46.0 274 467

“Wet analyses. bcCalculated on. the assumption that
the support contributes its maximum area, and that %
Si02 = % support.

Sintering Curves.— Further evidence for the
existence of a cobalt silicate complex may be
derived from sintering curves, which show that
the high area is not silica gel area, and from reduc-
tion studies, which show that the cobalt is not
reducible in the supported catalysts, but is reduci-
ble to metal when unsupported.

The sintering curves shown in Fig. 4 were ob
tained by area measurements after i12-hour evacu-
ations at successively increasing temperatures.
Sintering curves of this type apparently character-
ize a material much as melting points do pure com-
pounds. Data are shown only for one of a number
of typical Celite-supported catalysts whose sinter-
ing curves were determined; in all cases sharp de-
creases in area were observed after 650° evacuation.
Catalyst “S” supported on silica gel, was quite sim-
ilar. However, the area of silica gel itself remained
high at 650° and did not approach zero area until a
temperature of 1050° was reached. Evidently the
areas of these supported catalysts are not simply
silica gel area as such, but are related to a complex.

Extent of Reduction.— Two methods were em-
ployed for measuring the extent of reduction:
changes in ferromagnetism and hydrogen con-
sumption, described in the Experimental Section.
Typical results are given in Table IV. The two
methods agree only qualitatively; the extent of
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Fig. 4.—Sintering curves for supported and unsupported cobalt oxide and silica gel.

reduction as measured by hydrogen absorption is
usually higher, due possibly to the complication of
chemisorption. It is evident that the unsupported
catalyst is reduced almost completely, while cobalt
from catalyst “S” made from silica gel is reduced
only a negligible amount. At intermediate levels,
the degree of reduction appears to be in concord-

ance with support action, as previously defined.
Reduction of the catalyst supported on titania goes
nearly to completion, as is to be expected from the
lack of support action. Among the three catalysts
supported on different diatomaceous earths, the
high area “H-L” (on Celite 337) is reduced only 4-
13% at 350° as measured by ferromagnetism.
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Tabte IV

Extent of Reduction of Cobalt Catalysts

Ferromagnetism
Reduction,

Dee., 1953
Temp.,

Catalyst.0 Support. °cC.

“u” None
“0-6-1" + None 340
Celite 337 400
(Mech. mixt.) 450
“0-17”" TitL 350
“0-53” Celne 545 350
400
“Q-2” Diealite SF 350
400
“H-L” Celite 337 350
400
460
Uncalcined Celite 337 350
“H-L” 400

“s” SiOf

“ Supported catalysts contain 40-42% Co.
before and after hydrogen absorption measurements.

“Q-2" and “0-53” were prepared from low-area
supports (Table 1V) and were more easily reduced.
A mechanical mixture of Celite 337 with unsup-
ported catalyst appears to hinder reduction, pos-
sibly by a solid-solid reaction between the sup-
port and cobalt oxide at the temperature of reduc-
tion.

It will be noted that severe area losses accom-
pany reduction, in agreement with the findings of
Anderson, Hall and Hofer..s Area losses are slight,
however, when little reduction takes place (“H-L”
and “S”). Upon increasing the temperature of
reduction, further reduction is found eo take place,
and the surface area is decreased correspondingly.
It has not been determined whether sintering makes
reduction possible, or whether the loss of area oc-
curs after reduction to metal. The former hypoth-
esis seems to be more probable, since metals are not
to be found as high area gels.

It might be added that the chemisorption of car-

b After no further change appeared to be taking place.

B.E.T. areasc (sq, m./g.)

Hydrogen absorption
Before After

Temp., Reduction,
°o.

% % reduction reduction
400 97 91 6
71
78 400 72 56 28
78
74 358 89 40 20
400 92 40 19
39
45-49 400 70 92 60.5
42 128
54 128
413 358 24 309 304
26 400 27 309 254
52
14-22
27
358 2.6 410 374

c Areas measured

bon monoxide at liquid nitrogen temperatures, ac-
cording to the technique of Brunauer and Emmett, »
amounts to 1-2 cc. S.T.P./g. for most of these cat-
alysts after reduction at 350°. This corresponds
to 35% of the total surface of “0-17" which is sup-
ported on titania, but only 2-3% of the total sur-
face of catalysts supported by Celite 337.
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The relative formation constants of the cadmium, copper, lead, nickel and zinc complexes of ethylenediaminetetraacetic
acid have been determined by means of the polarographic method using the conventional dropping mercury electrode as

well as the streaming mercury electrode.

The reliability of the method was shown by the concordance of directly determined

and indirectly calculated values of the relative formation constants and by comparison of such values with those obtained

by different methods.

Introduction

Schwarzenbach and colleagues: have studied ex-
tensively the stabilities of metal complexes with
ethylenediaminetetraacetic acid (Enta) using es-
sentially electrometric methods. Relative forma-
tion constants of some of these complexes were in-
vestigated, photometrically, by Martell and col-
leagues.2 using the following displacement equilib-
rium

Me2+(@) + Me<2Y2' ~ > Me2l'© + MeujY2- (1)

where Y represents the tetravalent ion of Enta.

We investigated the reaction : involving the
ions of cadmium, zinc, copper, lead and nickel, by
the polarographic technique.

The conventional polarographic determination of
the concentration of a metal ion in an equilibrium
mixture as 1 is possible only if the rate of formation
of this ion from its complex is so low, that the
amount produced during the lifetime of a mercury
drop is negligibly small as compared with its equilib-
rium concentration. Otherwise the limiting cur-
rent has a measurable kinetic contribution.s At
the streaming mercury electrodes this kinetic con-
tribution is greatly decreased4 as compared with
the dropping mercury electrode. This is due to the
fact that the diffusion layer at the jet surface is re-
newed much faster than at the drop surface. In-
deed, Koessler and Korytas have shown that the
streaming electrode may be suitable for the study
of some complex equilibria, -where, due to kinetic
factors, consistent results cannot be obtained using
the dropping mercury electrode.

In the case of the stable complexes of Enta with
transition metals reaction rates are apparently slow
enough to justify the use of the dropping mercury
electrodes for the determination of the equilibrium
concentrations.

In the present work we adopted both polaro-

(1) G- Schwarzenbach and colleagues, Helv. Chim. Acta (1945-
1953).

(2) R.C. Plumb, A. E. Martell and F. C. Bersworth, T his Journal,
54, 1208 (1950).

(3) See I. M. Kolthoff and J. J. Lingane, “Polarography,” 2nd ed.,
Interscience Publishers, Inc., 1952, Chap. XV.

(4) (a) J. Heyrovsky and J. Forejt, Z. physik. Chem., 193, 77 (1943);
(b) J. Heyrovsky, Chem. Listy, 40, 22 (1946); (c) A. Rius and J. Llopis,
Anales Fis. y Quim. (Madrid), 42, 617 (1946).

(5) 1. Koessler and J. Koryta, Experientia, 6, 136 (1950); Collection
Czechoslov. Chem. Commune., 15, 241 (1950).

(6) H. Ackermann and G, Schwarzenbach, Helv. Chim. Acta, 35,
485 (1952), use the dropping mercury electrode for the study of the
kinetics of the copper-cadmium-Enta displacement reaction.

The influence of ion pair formation on the equilibria studied is discussed.

graphic techniques. The complete concordance of
values obtained on both types of electrodes can be
taken as a full proof that the limiting current, in
this special case, has no kinetic contribution and
that true equilibrium concentrations have been
measured. At the same time we hope to have
shown that the streaming mercury electrode, up to
now used rather sporadically, is a valuable analyti-
cal tool; its precision and reliability compares fav-
orably with the classical techniques using a drop-
ping mercury electrode.

From the measured equilibrium concentration of
the metal Me() and the known total analytical
concentrations ( )Q the equilibrium constant K\
of the reaction 1 may be calculated according to

K, = (Mea))(Men)Y)
1 (MewXMeoY)
I(Me(o - (Me«)) [(Mea>Y), - (Me(2)j
(Me®)2 w

assuming that the dissociation of both metal com-
plexes and their reaction with hydrogen ions can be
neglected. According to Schwarzenbach’s values
of the dissociation constants of Enta- and the sta-
bility constants of the MeY complexes investigated
heres this assumption is valid at a pH higher than 4.

Experimental Part

Materials.— Enta was used in the form of the dihydrate
of its disodium salt, C.p. grade, as supplied by the Bers-
worth Chem. Co. The solution was standardized by am-
perometric titration9 with a solution of cadmium nitrate
prepared from a previously weighed amount of C.p. cad-
mium metal. The metal nitrate solutions were prepared
from C.p. salts and standardized in a similar manner against
the solution of Enta. In the titration of lead, zinc and
cadmium the supporting electrolyte was a 0.1 m acetate
buffer 1:1, 1.0 m in respect to potassium nitrate. In the
case of copper and nickel it was 1.5 m ammonia and 0.5 m
in respect to ammonium nitrate.10 A manual polarograph
and a dropping mercury electrode were used for the deter-
mination, the precision of which was 0.5% or better.

Solutions of the MeY complexes were prepared by mixing
the components in exactly equimolar proportions, the solu-
tions being controlled polarographically not to contain more
than 0.5% of the free components.

Apparatus.— The streaming mercury electrode vessel is of
50-ml. capacity, all surrounded by a water jacket. Water
from a thermostat, maintained constant within £0.1°, is
circulated through the jacket. The bottom of this vessel
is provided with a ground glass joint with a fitting in capil-
lary tube, of about 0.1 mm. orifice diameter, directed up-

(7) G. Schwarzenbach and H. Ackermann, ibid., 30. 1798 (1947).

(8) G. Schwarzenbach and E. Freitag, ibid., 34, 1503 (1951).

(9) See E. Pribil and B. Matyska, Chem. Listy, 44, 305 (1950).

(10) See W. E. Alsopp and F. E. Arthur, Anal. Chem., 23, 1883
(1951).
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wards at an angle of about 30° against a movable vertical
glass knife edge.6* The distance between the capillary ori-
fice and the glass knife was adjusted to about 3 mm.1l
The rate of mercury outflow was about 0.015 ml. per second.
The solutions were deaerated by a stream of pure nitrogen.
The mercury which accumulates at the bottom of the vessel is
maintained at a constant level by means of an overflow.
This mercury pool is used as the anode. The head of mer-
cury is held constant by means of Miller’'s12 device. The
potential of the jet electrode is measured against a saturated
calomel electrode connected to the vessel by means of a
potassium nitrate salt bridge, using an electronic poten-
tiometer. Both the diffusion current and the potential of
the jet electrode are of good stability and reproducibility,
the fluctuations of the former being abou* 1% of its value,13
of the latter about 2 mv. A manual polarograph was used
as a measuring device. The galvanometer had a sensitivity
of about 5 X 10~8amp. per division and an internal resist-
ance of about 50 ohms.

A manual polarograph also was used for measurements
with the dropping mercury electrode. The galvanometer
had a sensitivity of 7.00 X 10“3amp. per division and an in-
ternal resistance of about 400 ohms. It was provided with
a damping circuit according to Philbrook and Grubb.14
The capillary characteristics were determined in 0.1 m po-
tassium nitrate at 20.0° in open circuit: m = 3.46 mg./sec.,
t = 2.16 sec.,, mVip/» = 2.81. A saturated calomel elec-
trode was used as an external anode. The measuring vessel
was of 25-ml. capacity, all surrounded by a water jacket.

Measurements and Calibrations.— Solutions of the copper-
Enta complex containing an excess of the copper ion show
two distinct polarographic waves1l the first being due to the
reduction of the copper ion, the second to the reduction of
the complex. In well buffered solutions the half wave po-
tential of the second wave depends upon the pH shifting
toward more positive values with increasing acidity; we
found for a 10-3 m copper-Enta solution in 0.5 m potassium
nitrate at the jet electrode E>/, — —0.482 at a pH 5.5 and
Ei/, = —0.350 at a pH 3.5. In unbuffered solutions the
wave of the complex is split in the pH range 3.5-5 into two
distinct waves. A similar split is observed at pH higher
than 5 in the presence of all bivalent metals studied with the
exception of nickel.l6 The separation of the copper wave
was in all cases clean enough to allow an unambiguous cop-
per determination. No similar waves of the nickel-, zinc-,
lead- or cadmium-Enta complexes could be found.

Figure 1 shows a typical polarogram of the copper-
copper-Enta complex system as obtained on the jet mercury
electrode. In the case of lead and cadmium the polaro-
grams obtained had exactly the same shape as those ob-
tained with a dropping mercury electrode, at the same metal
concentration the limiting current at the jet electrode being
about 20 times greater than at the dropping electrode. At
jet potentials suitably chosen17 the limiting current of the
three metal ions is within the experimental error of 1-2%
proportional to their concentration. This was also the pre-
cision of the measurements using the dropping mercury elec-
trode.

The diffusion current constant (at a given potential) de-
pends upon the total composition of the solution. The dif-

ill) The natural length of the mercury jet, all other conditions
being constant, depends upon the jet potential. It presents a minimum
length at the maximum of the capillary curve of mercury in the particu-
lar solution.40 The distance between the capillary orifice and the knife
edge (about 3 mm.) must be shorter than this minimum length as
otherwise large current fluctuations may occur. We found that the
ratio between the residual current and the limiting current (for a
given metal concentration) also depends upon the proper choice of the
knife edge position in respect to the jet. A position can be found,
by trial and error, where this ratio is minimum, representing optimal
working conditions.

(12) A. R. Miller, dnd. Eng. Chem., Anal. Ed., 12, 171 (1940).

(13) With the particular electrode used about 0.3% of the metal
to be determined was electrolyzed per minute. The time necessary
for the measurement seldom exceeded 1-2 minutes.

(14) G. E. Philbrook and H. M. Grubb, Anal. Chem., 19, 7 (1947).

(15) See ref. 6, p. 487: W. Furness, P. Crowshaw, and W. C. Davies,
Analyst, 74, 629 (1949); R. E. Pecsok, J. Chem. Ea.. 29, 597 (1952).

(16) In a forthcoming paper we shall report on this peculiar behavior
of the copper-Enta system in full detail.

(17) 0.15-0.20 volt vs. S.C.E. for copper; 0.5-0.7 volt vs. S.C.E.,
for lead and 0.7-0.9 volt vs. S.C.E. for cadmium.

Fig. 1.— Copper-Enta-copper polarogram in unbuffered
0.10 m KNOs, 20°. 1, residual current; 2, Cu = 0.4; CuY
= 0.6 millimole/!l.; pH 5.1 (cor. for the residual current).

fusion current of Me® was not affected by the presence
of the competing metal Men) if the concentration of the
latter was lower than 20% of the total electrolyte concen-
tration. The influence of the concentration of the sup-
porting electrolyte (potassium nitrate) as well as that of the
Enta complex of the metal to be determined has to be taken
into account.

Individual calibrations were performed, using both types
of electrodes, at 20° in the range of 10-6 to 10-3 m for cop-
per, lead and cadmium. Total nitrate concentration was
varied from 0.05 to 1.0 m. As measurements of the com-
petition reactions were made at constant total analytical
concentration of the metal to be determined (Me®), the
same condition was maintained in the calibrations by suitable
addition of MeujY. The total analytical concentration
of Met2Y was varied between 2 X 10~4and 3 X 10~3. The
pH of the solutions was maintained between 4.8 and 5.4 by
careful addition (potentiometric control) of nitric acid or
potassium hydroxide. Residual currents were determined
in solutions containing all components of the calibration
solutions except the free metal Me® ion.

For the equilibrium measurements of the displacement
reactions, solutions were prepared containing varying pro-
portions of the Me©Y complex (Me® = copper, lead and
cadmium) and of the metal Men). Total nitrate concen-
tration was maintained constant by a suitable addition of
potassium nitrate. Total nitrate concentration rather than
ionic strength was maintained constant: the displacement
reaction 1 being charge symmetrical in all cases studied here,
the constant A 2ZLshould not depend to a great extent on the
ionic strength. The pH of the solutions was adjusted to
5.1 £+ 0.3. With suitable precautions the pH before and
after the polarographic measurement was found to be un-
changed within £+0.1 pH. Variations of the experimental
values of the competition constants in the pH range 4.5 to
5.5 were found to be within the experimental error.

The equilibria of the competition reactions studied are not
instantaneously reached.18 The velocities of these reactions
vary widely according to the system investigated. Thus in
the system cadmium-Enta-zinc at 20° and in the concentra-
tion range investigated (see below) equilibrium is reached
within a few minutes, but only in several hours in the system
copper-Enta-nickel. All solutions were left before the
measurement for 24 hr. in the thermostat at 20.0°, except
in the case of the system nickel-copper-Enta where meas-
urements were made three days after the solution had been
prepared.

Experimental Results
The following systems have been investigated at
20° and total nitrate concentration of 0.1 and 0.5
m: copper-Enta with nickel, lead, cadmium and
zinc; cadmium-Enta with zinc and lead-Enta with
zinc. The last system was investigated over a

(18) See ref. 6 and 7;
Journal, 56, 25 (1952).

see also S. S. Jones and F. A. Long, This
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wider range of nitrate concentration, 0.05 to 1.0 to
(see below). The concentrations of the complex
(Me(2)Y)n were 4 X 10% 10-3 and 3 X 10-3 to.
The concentration of the competing metal (Me(ij)
was varied between 1CF: and 3 X 10~2 m, more
than a hundred-fold. Parallel measurements were
executed using the dropping and the streaming-
mercury electrodes; most of the measurements
were duplicated. Admitting a calibration error of
1-2% and an error of £0.5% on the total analytical
concentrations the equilibrium constants calculated
according to » should be consistent within =5%.
Table 1 shows the result of about 50 individual
measurements in the copper-Enta-niekel system at
20.0° and in 0.1 m potassium nitrate. The con-
stants are consistent within the predicted error of
+5%, with very few exceptions. Table | shows
also that the value of the competition constant
K in the concentration range investigated and

Table |

Copper-E nta-N ickel System at 20° and 0.10 m Potas-
sium Nitrate, pH Range 4.8-5.3

(CuY). X 10 3m 0. @ 1..00 3,,00
(Ni)o X 10 3m Kh as obtained with t,heAe electrode
Jet Drop Jet Drop Jet Drop
0.129 1.45 1..71
.258 1.85 1.78 1.74 1,78
.387 1.77 1..78 i.75 1.75
516 1.86 1.83 1.84 1 .86
645 1.73 1.81 i.70 1.76
.903 1.88 i.84 i.75 i.79 i.68 1.79
1.29 i.76 i.82 i.70 1.80
1.935 1.88 i.73 1.80 .87
2.58 1.79 1.91 i.71 161
5.16 1.95 1.70 1.87 1.90 i.71
9.03 1.75
12.9 1.74 1.86 1.86
within the experimental error, is a true equilib-

rium concentration constant independent of the
copper-Enta and nickel concentrations. The same
was found to be true for the system cadmium-
Enta-zinc. In the system copper-Enta-zinc the
competition “constant” K 2i increases by about 10%
in the zinc concentration range up to 3 X 10-2 to,
showing however, within the experimental error,
no dependence upon the copper-Enta concentra-
tion.

In all other systems investigated, especially in
those involving lead, K\ depends strongly upon the
concentrations of both Me”~Y and Me(l). This is
clearly shown by Figs. 2-4.

Theoretical considerations (see below) make it
highly probable that the K\ values, extrapolated
for zero concentrations of Me@@Y and Me(i), give the
true equilibrium constants, K\, at the given
total nitrate concentration. Thus K 2, as obtained
at constant (Me(2)Y)o and varying (Mea>)o, was first
extrapolated to (Me())o equal zero (A2=0. The
K 2i=0 values thus obtained were then extrapolated
to (Me(@)Y)o equals zero (A:%i=9.

Table Il shows the values so obtained for all
systems investigated, at a total nitrate concentra-
tion 0.1 toand 20°. The reliability of the constants
reported is shown by comparison of the experi-
mental values with those calculated from the rela-

K. Bril and P. Krumholz
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tions between other constants involving the ion pair
in question. As shown by Table Il the agreement
is excellent and concordant with the assumption
that the error of the experimental constants as ob-
tained by our method should not exceed + 5%.

Table Il

t = 20.0°, Nitrate 0.1m Solutions

a *-»i-0 irc*™Ni ACuPb A °“cd wCuz,, RPbz, Acdz,
Exptl. values 1.78 5.0 315 340 71 1.05
Calcd. values 4.8 320 350 70 1.08
Constants combina- n
tion used for the cal- »wlly A Quzn X CuzZn
culation K PbZa K Cdzn o X A K CnFb K Cuo(i

For the systems copper-Enta-zinc and copper-
Enta-nickel the constants K 2=0i=0 are within the
experimental error identical at 0.1 and at 0.5 to po-
tassium nitrate. This confirms our assumption
that the charge symmetrical equilibrium : may be
considered, in a first approximation, as independent
of ionic strength.

The constants | 1Zn*ocu=0 and K Cn=0ca=0 increase
by about 10% when passing from 0.1 to 0.5 to po-
tassium nitrate. In all systems involving lead a
very pronounced dependence upon the total nitrate
concentration was found. This will be discussed
below.

Discussion

The dependence of the numerical values of the
“constants” K\, calculated according to 2 upon the
concentrations of Me”~Y, Me® and nitrate, shows
clearly that the simplified treatment of the equilib-
ria investigated, as outlined in the introduction,
is insufficient. At the high ionic concentrations
encountered throughout this work, the influence of
ion pair formationis on the equilibrium of the dis-
placement reactions studied must be considered
and, as shown belong may account for most of the
effects observed.

MeY-H.— As pointed out by Schwarzenbachs
heavy metal Enta complexes are rather strong acids
with pK values greater than 10s. The formation of
these hydrogen complexes can thus be practically
neglected at pH values greater than 4.5.

Me-OH.— Among all metals investigated here,
copper forms the most stable hydroxo-ion pair.zo
Titration of a 5 X 10- s to solution of copper ni-
trate in 0.1 to potassium nitrate wfith potassium hy-
droxide, shows that at pH 5.5 about 1% only of the
total copper is bound into hydroxo-ion pairs.
Thus in the pH range studied here, hydrolysis of
metal ions can be neglected even in the case of cop-
per.

MeY-Me.— The pronounced dependence of the
“constants” calculated according to equation
upon the concentrations of both the conplexed and
free metal ion, makes it probable that rather stable
ion pairs are formed between the bipositive metal
ions and the binegative complex ions MeY. Simi-

(19) N. Bjerrum, Kgl. Danske Viden.sk. Selskab., 7, no. 9 (1926);
R. M. Fuoss and C. Kraus, J. Am. Chem. Soc., 55, 21, 476, 1019 (1933).

(20) H. S. Britton, J. Chem. Soc., 125, 2124 (1927); 127, 2110
(1925); 1. M. Kolthoff and T. Kameda, J. Am. Chem. Soc., 53, 832
(1931); W. Feitknecht and E. Haeberli, Helv. Chim. Acta, 33, 922
(1950); S. Chaberek and A. E. Martell, 3. Am. Chem. Soc., 74, 5052

(1952); K. H. Gayer and L. Wootner, ibid.,, 74, 1436 (1952); H.
Freiser, R. G. Charles and W. D. Johnston, ibid., 74, 1383 (1952).



Dec., 1953 Formation Constants of M etal Complexes of Ethylenediaminetetiiaacetic Acid 877

Milimoles CuYol/l.
1 2

Fig. 2.— Copper-Enta-lead system at 20°, KN 030.10 m,
pH 4.0-5.3, lower graph, CuYO0in millimoles/l.: 1, 0.400;
2, 1.00; 3, 3.00; upper graph, extrapolation to X Qu‘°zno.

Millimoles PbYOI.
1 2

Millimoles Zno/1.

Fig. 3.— Lead-Enta-zinc system at 20°, KN 030.10 rm, pH
4.9-0.3, lower graph, PbYo in millimoles/1.: 1, 0.200; 2,
0.400; 3, 1.00; 4, 3.00; upper graph, extrapolation to
A Zn“0Opb 0.

lar, rather stable ion pairs (pK values up to 3) were
found by Schwarzenbachz: in the case of calcium
complexes with higher homologs of Enta. No
evidence, however, was found by those authors for
the formation of this type of ion pairs between
transition metals and Enta.r

(21) G. Schwarzenbach and H. Aekermann, Helv. Chim. Acta, 31,
1029 (1948).

Millimoles CuYO/I.
1 2

Millimoles Cdo/1.

Fig. 4.— Copper-Enta-cadmium system at 20 KNO
0.10 m, pH 4.0-5.3, lower graph, CuYO in millimoles/1.:
1, 0.400; 2, 1.00; 3, 3.00; upper graph, extrapolation to
K Ca~°cd-o.

MeNO3— The existence of metal nitrate ion
pairs was first pointed out by Davies and his co-
workers.22 In the case of lead and cadmium ther-
modynamic ion pair formation constants were re-
ported.2 at 18°.

Admitting the existence of MeY-Me and MeNOs
ion pairs, the following (concentration) formation
constants must be considered

(Me<2Y — Meg)) .. (Me®! — Me®)
(Me@Y)(Me,,,) (Me®Y)(Me®)
(Meii)Y - Mem) K = (Me@@Y - Meg(,) ,
(Mem XM ex) 4 "(Me@Y)(Me,l))
_ (Meg, - NQ3 (Me(i) - XO))
(Meg,)(NO,) 6 (Me®)(NO,)

The following stoichiometric relations are easily
found

(Me(i))o = a(Mep)) + 3(Me<ijY)
(Me(2Y)o = (Me(n)i = itMe®) + 5(Me®Y) = (4)
= (Y)o = e(Me<pY) + ,(Me«Y)
Here

a=1+ A, (Me®Y) + AGNO03)
3 =1+ A3Me®) + 2A4Mea))
y = 1+ A3MeaY) + K$(NO03
8 = 1+ E,(Mea,) + 2A2AMe®) (5)
e= 1+ A3Me(d) + 2CAMeg))
V= 1+ A2Me®) + Xi(Meg))

Then the competition constant of 2 is

i(Me(2)o — y(Meg))}
(Me®)2 X

=r2 1 (Me(i))i — fiffin (Mew))

K1«

(22) E. C. Righellato and C. W. Davies, Trans. Faraday Soc., 26,
592 (1930); H. S. Harned and B. B. Owen, “The Physical Chemistry of
Electrolytic Solutions,” 2nd ed., Reinhold Publ. Corp., New York,
N. Y., 1950, p. 147.
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Here
9 = 1+ AZAMeQRY) +
* = 1+ Jfi(Me(i)
Making the reasonable assumption that the first
wave observed (see Fig. 1) is due to the reduction of
the free or (and) weakly complexed (by ion pair
formation) metai ion Me®, the measured concen-
tration of Me@@ (= (Me®)*) is
(Me®)* = (Me®) {1 + KIMe@Y) + MepY) +
tfTENOa} = A(Me<2) (8)
Thus the equation s becomes
I(Me»))i — 9]3//c\(Me(2))*} i(Me(2)o — y/\ (Me®)*)

K,(NO),) 7

Using proper K values, equation 9 allows, at
least qualitatively, for all experimental facts ob-
served. It is, however, not suitable for quantita-
tive estimation of the individual stability con-
stants, because of the great number of parameters
involved.

Extrapolating 9 for (Me®) — 0 and thus (Me®)
— 0 (Me(i)Y) » o and (Me®Y) (Me@)Y)o we
get

_ ((Mea))o — (Me(2)*j(Me(2)ox
(Me®)**
rr2 1 + 1Kk(Me®Y)o + Kt(NO3)

101 + ~(MemYh + Kt{NO3) { 1
where K 2 s is obviously the apparent formation
constant as calculated according to - for (Me®)

0.

It can be seen that K 28 will increase (see Fig. 3)
or decrease (see Figs. 2 and 4) with increasing
(Me2Y)o according to whether K x> K2o0or Kx< /v2
If Kx = K2 or if both of them are very small,
< K 2i-0 Will not depend upon (Me®Y)» within the
experimental errors.

Equation 10 shows also that the effect of (Me®-
Y)o upon K 2i_o can be masked by high nitrate con-
centration23;, this conclusion was experimentally
confirmed.

Fig. 5.— Graphical estimation of the equilibrium constant
K”~zn

(23) This effect is also in part due to the fact that K\ and Ki de-
crease with increasing ionic strength (see equation 5).
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Extrapolating 10 for (Me®Y),o— Owe get

o1t 9 aNQ3
1+ As(NO03)

K\ = K (1D
Equation 11 can basically be used to evaluate both
the nitrate ion pair formation constants and the

equilibrium constants K\, which in the charge
symmetrical case may be considered, in first ap-
proximation, as a thermodynamic equilibrium con-
stant. For that purpose the concentration con-
stants Kf, and Ki must be expressed in terms of the
corresponding thermodynamic constants and ionic
activity coefficients, giving

1 + JCefYNOs)
1+ KbF{NOs)

K\ = (12)

where

p _ TMe~TNOr
7MeNOa+

It is actually impossible to make an exact evalua-
tion of the constants involved in 12, because of the
lack of data as to the values of the activity coef-
ficients at high ionic strengths. Using, however,
approximate values as calculated from an extended
Debye-Hiickel equation,..« a semi-quantitative cal-
culation can be tried.

The accuracy of eq. 12 is best tested on the system
lead Enta-zinc, because the A'Pb<Izn-o values show
a most pronounced variation with total nitrate
concentration (iYpb”°znm0 = 14.5 and 80.5 at total
nitrate concentration 0.050 and 1.0 m, respectively).
The small increase of K zD=0cd=o with increasing ni-
trate concentration (see experimental results) indi-
cates, according to 12, that 1YznNos is smaller than
UcdNos- As Davieszz found ATcdNes = 2.5 (at
18°) AlznNos should be about 1. The activity co-
efficient FznNos in the ionic strength’s range o.1 to
1 is probably about 0.3. Thus for the lead-Enta-
zinc system the numerator of :2 will not differ
greatly from unity, and as expressed by

1

ZPb=°z°-°

K Zn~°pb-0 — K ZaFb + " Z°Pb ApbNO03 (NOsIFpbNOi
the experimental U Zn=pb=0 values should be
roughly proportional to the product, (NO3 X
FpbNos- Figure 5 confirms this conclusion. From
the slope of the straight line obtained, a value of
about 25 can be calculated for the thermodynamic
ion pair formation constant of PbNO3 using for
K ZnPb the intercept value at nitrate concentration
zero. Daviesz2 found UpbNes = 155 (at 18°).
In view of the very drastic approximations used
here, especially concerning the activity coefficients
at high ionic strengths, the difference between the
two values is not unreasonably high.

The linear relation 13 may be used, for the extrap-
olation of the equilibrium constants obtained at
different nitrate concentrations (see, i.e., Table II)
to zero nitrate concentration. True jhermody-
namic equilibrium constants should thus be ob-
tained. Table 11l contains equilibrium constants
for all systems investigated here, obtained, where

(13)

(24) pF = 2.04\/nl(1 + 1.645V”") - 0.25m This equation was
shown to fit very well the experimental data for the CuCl+ ion pair;
see R. Nasanen, Acta Chem. Scand., 4, 140 (1950).
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Tabite Il

Thermodynamic Equilibrium Constants at 20° Com-

pared with Schwarzenbach7Values as Obtained at 20°,

B = 0.100, Chiloride Solutions
* CuNi * CuPb K°WCd KCazn KFbzZn Kciz,
Our values 1.78 2.2 300 340 140 1.1
Schwarzenbach
values7 1.2 1.5 80 170 110 2.1

necessary, by similar extrapolation. The possible
error of those “thermodynamic” constants is, of
course, greater than the error of the “concentra-
tion” constants given in Table Il and valid at
0.10 m total nitrate concentration only. This is
essentially due to the nature of the approximations
introduced in eq. 13. However, even for systems
showing a great variation of K\ with total nitrate
concentration (systems involving lead) the values
given in Table 111 should be correct within £25%.
For comparison Table Ill gives also equilibrium
constants as calculated from the concentration
formation constants of the individual complexes
obtained by Schwarzenbach- by an entirely differ-
ent technique. The differences between both sets
of values are in most cases greater than the experi-
mental error of the methods employed. It is pos-
sible that the agreement could be improved if
Schwarzenbach values could be corrected for the
formation of MeY-Me and similar ion pairs.

Thermal Degradation of Polymethyl Methacrylates
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The present study shows clearly the experimental
difficulties in obtaining true values of formation
constants of metal complexes even in apparently
simple systems. The interference of the MeY-Me
and similar ion pairs is to be expected in all cases
where polyvalent cations and (or) anions are pres-
ent in a complex equilibrium. Although the in-
fluence of those ion pairs on the complex equilibria
may be quite large, it has been, up to now, consid-
ered only in a few cases (see ref. 21). Still greater
may be the interference of the “neutral” electro-
lytes as potassium chloride and nitrate and espe-
cially of complexing admixtures as acetates, phos-
phates, etc., commonly used as buffer solutions.
Only few formation constants of weak ion pairs are
known exactly. Their numerical application to ex-
perimental data obtained at high ionic strengths
(0.1 up to 1), can be, with our present knowledge of
thermodynamics of concentrated solutions, only
very approximate. Measurements at low ionic
strengths (a << o.:) will be required to enable
the performance of the necessary extrapolations
with a reasonable precision.

Special care should be taken when using stability
constants other than thermodynamic ones for the
discussion of numerical relations between forma-
tion constants and structural properties of com-
plexes.

THERMAL DEGRADATION OF POLYMETHYL METHACRYLATES

* By S.Bywater

National Research Council, Applied Chemistry Division, Ottawa, Canada
Received February 19, 1953

Experiments are described on the thermal decomposition in vacuo of thin films of polymethyl methacrylate.
tion covers a series of sharply fractionated samples over a large molecular weight range.

of a free radical mechanism for thermal breakdown.

Very little work of a quantitative nature has been
reported on the thermal breakdown of polymers.
This work describes the thermal breakdown of
polymethyl methacrylate, a polymer which is
known qualitatively to break down almost ex-
clusively to monomer.:

Experimental

The rate of breakdown of the polymer was measured by
the increase in pressure in a closed system due to monomer
evolution. The pressure increase was measured on a Pirani
gage, calibrated with monomer vapor at the same time as
vapor pressure measurements2were being made. The total
volume of the cell and Pirani to the first stopcock was 126
cc. so that very small rates could be measured.

The polymer in the form of thin film (0.0005" thick)
was cut into 2 discs using a No. 12 cork-borer and was placed
on each side of a copper block and held in place by copper
rings. This assembly was held in a glass cup inside a cylin-
drical cell around which a furnace could be lowered. Tem-
peratures were measured by means of a copper-constantan
thermocouple element in a well drilled into the block and
held in contact by a small copper wedge. The leads were
brought out of the cell by soldered joints through kovar-glass
seals. The cell could be evacuated to a pressure of 10~6
mm. by means of a mercury diffusion pump backed by a
rotary oil pump.

(1) S. L. Madorsky, J. Polymer Sci., 9, 133 (1952).
(2) S. Bywater, ibid., 9, 417 (1952).

The investiga-
The results are interpreted ir_terms

Except for preliminary measurements carried out with a
benzoyl peroxide-catalyzed polymer, the samples used were
all Fe++-H 20 2 initiated samples produced in aqueous solu-
tion. The higher molecular weight fractions were those
described by Baxendale, Bywater and Evans3 (their Table
1V) and were the results of a double fractionation. The
lower fractions were produced by separating a lower mo-
lecular weight Fe ++H 2 2 catalyzed polymer into twenty-
five fractions. Thin films were formed by dissolving the
polymer in benzene, placing the solution in a glass ring on a
mercury surface and allowing the benzene to evaporate.
Preliminary drying was carried out by heating in a vacuum
desiccator for two days at ~ 80°.

Viscosity measurements were made in reagent grade ben-
zene solution at 20° using an Ostwald viscometer whose
flow time for benzene was 380 seconds. Molecular weights
were determined from the extrapolated (yg/C) vs. C curves
using the relation between molecular weight and intrinsic
viscosity of Baxendale, Bywater and Evans.4

In all cases a preliminary rapid heating of the sample to
180-200° with the pumps running was found to be necessary
to remove the last traces of solvent from the film. The
measurements could then be taken reproducibly over a range
of temperatures. Since the Pirani detects minute traces
of monomer, measurements of the rate of monomer evolution
at a series of temperatures could be made without appreci-

(3) J. H. Baxendale, S. Bywater and M. G. Evans, Trans. Faraday
Soc., 42, 675 (1946).

(4) J. H. Baxendale, S. Bywater and M. G. Evans, J. Polymer Sci.,
1, 237 (1946).
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ably changing the amount of polymer in the cell with most
samples. For the investigation of rates at various extents
of reaction, it was necessary to heat the material to between
200-300° with the pumps running for a controlled time.
On quickly cooling, the rate of monomer evolution could
then be studied over a lower temperature range without
further changing the residual amount of polymer. A pre-
liminary heating to 180° caused no measurable loss in
weight of the polymer (< 1%), except in the case of very
low molecular weight polymers. The sample was brought
to a steady temperature with continuous pumping. For a
rate measurement at each temperature, the pumps were cut
off and the pressure increase was followed by Pirani measure-
ments for several minutes. The sample was continuously
pumped except for these short periods. During a measure-
ment the pressure of monomer vapor never exceeded 2 X
10-3 mm. so that repolymerization should be negligible.
The rate of monomer formation was always found to be a
linear function of time over the small time ranges studied.

In order to check on the reliability of the apparatus rates
of monomer evolution were measured with various amounts
of a low molecular weight polymer film on the block. The
rate of monomer production was directly proportional to
the amount of material as expected.

At the low temperature used in all these experiments, the
question arises as to whether monomer diffuses out of the
film fast enough, that the results are not vitiated by repoly-
merization in the highly viscous medium. This problem
has been treated by Cowley and Melville, who found that in
the photochemical degradation of polymethyl methacrylate
results below 160° were unreliable due to slow diffusion of
monomer out of the film. The experimental arrangement
used here was very similar to that of Cowley and Mel-
ville5* except that the films were somewhat thinner and
rates of monomer evolution much lower (2 X 10~8to 5 X
10-7 g./sec./ml. at the lowest temperatures). These fac-
tors make reliable measurements below 160° possible. Cal-
culations using the formula given by Cowley and Melville
show that the rates measured even at 100° (the lowest tem-
perature ever used), where diffusion of the monomer will be
slowest, should not be complicated by retention of monomer
in the polymer film.

Results

The over-all activation energy was found to be
independent of extent of reaction (up to 20%
monomer loss) for the whole range of molecular
weights as measured on fractionated samples.
The rate of reaction at any temperature falls off
rapidly with increasing conversion (Fig. 1).

Fig. 1.— Variation of rate of monomer evolution with ex-
tent of reaction at a given temperature (M = 322,000).

(5) P.R. E.J. Cowley and H. W. Melville, Proc. Roy. Soc. {London),
A210, 461 (1951).
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The over-all rate and activation energy for
thermal breakdown was found to be influenced
markedly by the molecular weight of the fraction
(Fig. 2). Since the rate drops rapidly with extent
of reaction, attempts were made to measure all
rates at essentially zero conversion. This was

Fig. 2.— Arrhenius plots for the decomposition of frac-
tionated polymers of different molecular weights. The
numbers indicate the molecular weight of each fraction
(10-mg. samples). *

accomplished for all specimens except those of
molecular weight 61,000 (95% residue) and 47,300
and 13,500 (90% residue) where reaction was so
rapid that the preliminary heating to remove vola-
tiles also produced appreciable degradation. For
comparison with the other curves these should be
transposed tow®rd the right-hand side of the figure.
The variation of activation energy with molecular
weight is shown in Fig. 3. Two distinct regions of
constant activation energy can be seen with an
intermediate zone.

0

Fig. 3.— Variation of activation energy with molecular

weight (fractionated samples).
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The behavior of a sample_heterogeneous with
respect to molecular weight (M v 80,000) is to be
contrasted with the above behavior (Fig. 4).
Here the over-all rate and activation energy drop
with increasing conversion. This, of course, is to
be expected since the work on fractionated samples
shows that the lower molecular weight fraction will
react preferentially and, as it is removed, the
higher molecular weight constituents will degrade
with a progressively lower activation energy.

Fig. 4.— Arrhenius plots for the decomposition of a hetero-
genous polymer at various extents of decomposition: 1,
<1%; 2, 14%; 3, 29% (10-mg. samples).

Molecular weights of the polymer residue were
measured viscometrically in several cases. There
was insufficient specimen to measure viscosities
over a range of concentrations but since the solution
concentration used was of the order of 0.05%, the
(ifep/C") values do,not differ appreciably from in-
trinsic viscosity values. Figure 5 shows the varia-
tion of viscosity average molecular weight (of the
polymer residue in the cell) with increasing extents
of reaction at different molecular weights. The
highest fraction alone shows a drop in average
molecular weight, but it can be safely assumed that
since the viscosity average molecular weight is not
unduly sensitive to the presence of a small amount
of short chain material, then shorter chain poly-
mers may be present in the polymer residue even
with the medium molecular weight fractions.

Discussion

The results presented here show a number of
contrasts with those presented by Grassie and
Melvilles but are still explainable in terms of the
same general mechanism. The differences are due
to the use of fractionated samples, the use of lower
reaction temperatures and to the use of polymer
containing a different end grouping. The molec-
ular weight data presented here together with the

(6)
1 (1949).

N. Grassie and H. W. Melville, Proc. Roy. Soc. {London), A19
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PERCENTAGE POLYMER RESIDUE.

Fig. 5.— Variation of intrinsic viscosity of the polymer resi-
due at various extents of decomposition.

osmotic work of Grassie and Melville show that the
initial bond break must occur at the end of the
chains. A free radical ending thus produced
enables a rapid elimination of monomer to take
place by the reverse of the normal polymerization
propagation step.

CH3 CH3 CH, CHs
~ C -CH ,-— > ~ C- + CH2=C
COOCH3 GOOCH, GOOCH, COOCHS3

The radical is regenerated allowing the reaction
to repeat many times, and this step is of low activa-
tion energy (Ed) due to the energy gain on forming
the monomer double bond. In fact, numerically,
Ed AH + Ep where AH is the heat of poly-
merization and Ep the activation energy for the
normal polymerization propagation step.

Thus if the molecular chain is short, it is possible
for each polymer chain undergoing decomposition
to degrade completely to monomer without the
intervention of a chain termination step. The
over-all rate would remain unchanged if a chain
transfer reaction consisting of abstraction of a
hydrogen atom at random from a neighboring
chain would occur. This process must occur very
infrequently otherwise the mean molecular weight
of the residue would drop rapidly due to the
accumulation of shorter chains terminated in this
way.

With higher molecular weight polymers the
molecular chain length is likely to be higher than
the kinetic chain length and chain termination by
radical interaction is likely to occur before the
molecules are completely degraded. In this case
the residual average molecular weight of the
polymer would decrease, with increasing conver-
sion, and the over-all rate would be lower because
of a lower chain initiation rate due to the smaller

o, Number of chain endings per unit mass.
This sharp change in mechanism which would



882

occur when kinetic and molecular chain lengths
were equal, depends on the final one unit radical
produced by complete degradation of short chain
polymers being incapable of a transfer reaction
with a neighboring chain. This is only possible
if the radical is capable of isomerization to a stable
molecule or if it is rapidly removed from the seat of
reaction. Isomerization does not seem likely in
the present case, but it seems reasonable that the
final one, and possibly two, monomer unit radicals
would be volatile enough to be removed into the
gas phase. No polymerization of the monomer
already there is possible since polymer radicals are
unstable at the reaction temperature, so slow
recombination is likely. The calculations men-
tioned above showed that monomer volatilizes
rapidly enough so that interaction with radicals
is not important; it seems possible that the small
radicals could volatilize rapidly enough so as not
to react with polymer. A definite proof would be
difficult to obtain, but it is clear that a very low
chain transfer rate is implied.

Alternative mechanisms involving recombina-
tion of radicals with samples of all molecular weights
make it necessary to assume a sharp change of
initiation or termination mechanisms on increasing
the molecular weight of the sample. It seems very
reasonable to assume that the depolymerization
propagation reaction is unchanged in all cases.
This change would involve a difference in activa-
tion energy of about 36 kcal. between low and high
molecular weight materials in either chain initiation
or termination steps. It is difficult to suggest a
plausible scheme which would produce this change.

The present data conform to the above scheme if
it is assumed that the final one unit radical does not
react further due to one of the causes mentioned
above. This implies that the kinetic chain length
is around 103 since the sharp mechanism change
occurs at molecular weights between 50,000 and
200,000.

Application of the usual steady state treatment
to the concentration of the various radicals, assum-
ing that transfer or terminated polymer chains do
not appreciably decompose since due to the low
conversions used, the original polymer is in large
excess, then the rate of monomer production at low
conversions is given by the equations

Low mol. wt. polymers < j-p = |r X P, 1)

diM] _ , k7t Apt /9,

High mol. WE. polymers = k @)

where Pwis the original weight of polymer, N is the
molecular chain length, is the monomer molec-
ular weight and kh kjj, kt, are the rate constants for
chain initiation, depropagation and mutual ter-
mination, respectively. Use of these equations
yields values of 48 kcal. for E, and 22 kcal. for Et
using the extreme experimental over-all activation
energies for low and high molecular weights and a
value of 18.5 kcal. for .»p.s The value of E\ ap-
pears low in comparison with known bond dissocia-
tion energies in simpler molecules, but there exist
no data on larger molecules for an accurate com-

S. Bywater
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parison. The value of Et must correspond to a
diffusion controlled recombination of polymer
radicals in the viscous polymer mek. It is in
reasonable agreement with the E« value found by
Cowley and Melville in photochemical degradation
studies at about the same temperatures. The
results of Grassie and Melville were obtained at
much higher temperatures where E« was apparently
zero due to a melt viscosity of a different order of
magnitude. This fact explains the main differ-
ences in experimental results. Thus, using the
same scheme for the kinetics of depolymerization,
due to the particular Ei and E« values in their case,
little change in activation energy is predicted
between low and high molecular weight samples,
and none in fact was found.

Since a limiting over-all activation energy is
obtained at high molecular weights in this work,
this implies that E+ does not change over a limited
range of polymer viscosities, since the absolute
viscosity of the polymer must have varied between
the 322,000 and 982,000 molecular weight samples.
This perhaps isunderstandable since Fox and Flory~
have shown that in a series of polystyrene melts of
different molecule weights the absolute viscosity
changes somewhat, but the activation energy for
viscous flow is unchanged with molecular weight
over roughly the same temperature interval.
The diffusion of polymer radicals in the polymer is a
related phenomenon and hence E+ would probably
change very little in these experiments.

Chain initiation exclusively at the ends of the
original polymer would explain the unchanged
activation energy up to 20% conversion. Grassie
and Melville observed an increase in activation
energy as reaction proceeded and supposed this to
be due to the presence of two types of chain ending
in the polymer. No change would be expected
with the polymers used here, since the studies on
their polymerizations suggested identical — OH
groups on each end of the polymer chain. Recent
studiesss on the Kkinetics of polymerization of
methyl methacrylate by Arnett have corroborated
this evidence.

The rapid drop in rate up to 20% conversion is
difficult to explain on the basis of the above simple
mechanism. An extensive transfer reaction would
rapidly reduce the number of original type chain
endings, and hence could produce a rapid drop
in over-all rate, but would also produce a noticeable
drop in the molecular weight of the residue. No
such effect was noticeable with low molecular
weight polymers. It must be concluded that the
mechanism is undoubtedly more complex than the
simple scheme suggested above. The limitations
imposed by working with a thin polymer film are
great and, for example, make it impossible to in-
vestigate the effect of polymer concentration and
produce uncertainties due to unknown diffusion
rates. The simple scheme above does explain
many of the observed experimental facts, but
cannot be regarded as entirely satisfactory.

(7) T. G. Fox and P. J. Flory, 3. Am. Chem. Soc., 70, 2384 (1948).

(8) L. M. Arnett and J. H. Peterson, ibid., 74, 2031 (1952)
(9) L. M. Arnett, ibid., 74, 2027 (1952).
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IN THE SYSTEM BeO-InAl

By L. M. Watt and W. 0. Milligan

The Rice Institute, Houston, Texas
Received March 2, 1953

Marked mutual protection against crystallization was observed in the system Be0O-ln203 The composition ranges over

which the two zones of mutual protection extend vary with the temperature level at which the gels are heated.

Heat treat-

ment of the dual oxide gels for two hours at 700 or 800° results in interstitial solid solution in the In2 3structure of as much

as 90 mole per cent, beryllium oxide.

Introduction

The phenomenon of mutual protective action: in
dual systems of hydrous oxides has been previously
observed in the following systems: CuO-Fe:03,3
N10-Al:0:,4 t'e~Oa-CrTh,5 and BeO-AhCh, Zr02—
AlL.0s and Snoz-Alz 3.6 An examination of the
ternary systems NiO-Cr:0s-ZrO» and AL.03
Sn02-Ti02s revealed a similar behavior. In each
of these systems each oxide prevents or retards the
crystallization of the other. The degree of mutual
protection varies from system to system and also
depends upon the temperature level at which the
dual gels have been heated.

(20)

300°. 400°.

1.— X-Ray spectrometer tracings of BeO-In2 3 gels
heat treated at 300 and 400°.

Fig.

(1) Preliminary results were presented before tbe 2nd Texas Regional
Meeting of the American Chemical Society, Dallas. Texas, December,
1946.

(2) W. O. Milligan, This Journal, 55, 497 (1951).

(3) W. O. Milligan and J. Holmes, J. Am. Chem. Soc., 63, 149 (1941).

(4) W. O. Milligan and L. Merten, This Journal, 50, 465 (1946).

(5) W. O. Milligan and L. Merten, ibid., 51, 521 (1947).

(6) H. B. Weiser, W. O. Milligan and G. A. Mills, ibid., 52, 942
(1948),

(7) W. O. Milligan and L. M. Watt, ibid., 52, 230 (1948).

(8) W. O. Milligan and B. G. Holmes, ibid., 57, 11 (1953).

Similar studies are reported here for the system
BeO-1n203 chosen for the distinctively different
crystal structures of the two oxides.

Experimental

Appropriate portions of beryllium and indium nitrate
solutions (0.71 M with respect to the anhydrous oxides)
were mixed together and precipitated with a slight excess
of ammonium hydroxide (ea. 5.0 M) to form eleven mixed
hydrous oxide gels containing 0, 10, 20, 30, 40, 50, 60, 70,
80, 90 and 100 mole per cent. In20 3. After being washed in
a centrifuge with distilled water and dioxane until nitrate
free, the gels were poured into evaporating dishes and
allowed to dry in air at room temperature. Small portions
of the air-dried gels were heated for two hour periods in an
electric furnace at 300,400, 500, 600, 700 and 800°.

X-Ray diffraction patterns of the air-dried and the heat-
treated samples were obtained using CuKa X-radiation and
a Norelco 90° recording X-ray spectrometer. Tracings of
some of the 77 X-ray spectrometer curves are given in Figs.
1-2 for samples heat treated at 300, 400, 500 and 600°.
The results at the higher temperatures are given in chart
form in Figs. 3-4.

(29

500°. 600°.

2—X-Ray spectrometer tracings of BeO-In2 3 gels
heat treated at 500 and 600°.

Fig.



884 L. M. Watt and W.
io 5 4 2.0 15
_ 1 - mole %
BeO  Inadi
1 1 (Standard BeO)
1 100 0
1 1 9 10
] i 80 20
1 - Jl— 70 30
1 1 60 40
1 1 3 50 50
L L 40 60
; ; 3 1 30 70
. . 1 20 80
1 1111 e
1 111 11 _ 1 imi ©

(Standard InaOa)
1L 111 Liirana
il 1 1
10 5 4 1.0 15

of BeO-In20j
gels heat treated at 700°.
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Fig. 4—Chart of X-ray diffraction patterns of BeO-lruCh
gels heat treated at 800°.

Discussion

The air-dried samples were amorphous to X-
rays, and heat treatment at 300° did not increase
the crystallinity appreciably.

0. Milligan Voi. 57

The series of samples heated for two hours at
400° and that heated for two hours at 500° ex-
hibited very similar X-radiograms. At these
temperatures the mutual protection phenome-
non was clearly visible. The samples containing
100 and 90 mole per cent. In:03 gave the stand-
ard cubic Inz2 s pattern; the 80 mole per cent.
In.0s sample was amorphous to X-rays; the
X-radiogram of the 70% In20330% BeO
sample also exhibited lines of the standard Inz 3
pattern; all samples containing 60 through 90
mole per cent. Inzo 3 were again amorphous; and
the pure BeO sample gave the standard hex-
agonal BeO pattern. Thus, two zones of mutual
protection against crystallization were observed,
one between 90 and 70 mole per cent. In:0s and
another between 70 and O mole per cent.

Heat treatment at 600° shifted these regions
of mutual protection. Figure 2 shows that
after two hours at this higher temperature all
samples containing 100 through 60 mole per
cent. In:0s contain In20s crystals; the 50 and
40 mole per cent. In20s samples are amorphous;
the 30 and 20 mole per cent. In.0s samples are
crystalline; and the 10 mole per cent, sample is
also amorphous. The pure BeO sample is again
crystalline. In this series of samples the zones
of mutual protection lie between 60 and 30
mole per cent. Inz s and 20 and o mole per
cent.

The samples heated at 700° and at 800° were
all crystalline (Figs. 3 and 4), the latter set
giving sharper patterns indicating greater crys-
tallinity. All of the dual samples exhibited the
diffraction pattern of Inzo s alone, instead of the
anticipated patterns showing the presence of a
mixture of hexagonal BeO crystals and cubic
In:0s crystals. The pattern of In.0s alone was
observed even when 90 mole per cent. BeO and
only 10 mole per cent. In:0s was present. The
positions of the diffraction lines did not change
appreciably with the addition of increasing
amounts of beryllium oxide. The results are in
general agreement with some recent observa-
tions of Ensslin and Valentiner.s

Solid solutions of the lattice substitution type
exhibit with a change in composition a change
in lattice constants caused by the replacement
of ions of one kind by ions of another having
different effective radii. The deformation of the
unit cell resulting from such substitutions is re-
vealed in the X-ray diagrams by a shift in the
positions of the diffraction lines and has been
observed in other dual oxide systems such as
that of the ferric and chromic oxides.s

However, if the packing of the ions in a
crystalline compound leaves large enough holes
between its ions, small incoming ions foreign to
the original substance might fit into these
holes without greatly disturbing the structure
about them. This would result in an inter-
stitial solid solution. In such an instance an

appreciable shift of the lines of the diffraction pat-
tern should not occur. Also, if this distribution
of the incoming ions among the holes was entirely

(9) F. Ensslin and S. Valentiner, Z. Naturforsch., 26, 5 (1947).
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of a detectable shift in the observed cubic Inz s
lines (Fig. 4) make this type of interstitial solid
solution a likely explanation of the crystal struc-
tures giving rise to the X-radiograms obtained of
the BeO-1n:0s system.

random, no coherent scattering of the X-rays
would be expected, and hence new diffraction lines
would not appear.

The small radius of the beryllium ion compared
to that of the oxygen and indium ions and the lack

SORPTION-DESORPTION STUDIES IN THE SYSTEM BeO-InAl

By W. 0. Milligan and C. R. Adams

The Rice Institute, Houston, Texas
Received March 2, 1953

Water vapor sorption-desorption isotherms at 2 and 12° have been obtained for a series of eleven heat-treated (2-hour
periods) gels selected at every 10 mole per cent, in the system Be0O-In2 3 Two zones of enhanced adsorption occur at com-
positions of about 40-60 and 90 mole per cenr. BeO, in a plot of specific adsorptive capacity at constant p/p0Oas a function
of composition. Plots of BET surface area as a function of composition lead to the same conclusion. The two zcnes of
enhanced adsorptive capacity correspond to the zones of mutual protection against crystallization previously detected by

X-ray diffraction methods.
protection.
firm a prediction set forth in an earlier paper.

Isosteric differential and integral heats of adsorption are likewise higher in the regions of mutual
The observed enhanced composition zones of amount of adsorption and the enhanced heats of adsorption con-
The most frequent uncorrected Kelvin pore radii computed from the desorp.

tion isotherms are 125 A. for pure lu2 3and 25 A. for pure BeO. As the amount of BeO is increased the pore radii decrease
regularly, the greatest changes occurring az compositions of 10 and 90 mole per cent. BeO.

Introduction

In a previous report from this Laboratorys a
systematic X-ray diffraction study of dual hydrous
oxide gels in the system BeO-1n:0s demonstrated
the existence of two composition zones of mutual
protection against crystallization. In an earlier
investigations the prediction was made that such
zones of protection may correspond to regions of
maximum surface, and which., therefore, may ex-
hibit enhanced adsorptive properties.

The purpose of this present paper is to report the
results of an extensive sorption-desorption study
of gels in the system BeO-1n:0s which have been
heat treated at 500°.

Experimental

Preparation of Samples.— The samples employed in this
investigation were prepared similarly to those previously
used in X-ray diffraction experiments.2 Freshly prepared
solutions of beryllium and indium nitrate (0.5 M with re-
spect to the anhydrous oxides) in 0.01 N nitric acid were co-
precipitated at a pH value of 9.4 in a rapid mixing device4
by the addition of a previously determined quantity of dilute
freshly distilled ammonium hydroxide. The amounts of
the beryllium and indium nitrate solutions were selected so
that the eleven gels corresponded to 0, 10, 20, 30, 40, 50,
60, 70, 80, 90 and 100 mole per cent. In2D 3. The carefully
washed2gels were dried in air at room temperature, and then
were heat treated at 500° for a period of two hours. After
the heat treatment the samples were allowed to attain
equilibrium with water vapor in the atmosphere, in order
that samples for sorption-desorption isotherms and aliquot
portions for water analysis would be identical in composi-
tion.

X-Ray Analysis.— In order to ensure that the samples
were closely similar to the ones used earlier in X-ray diffrac-
tion studies,2 monochromatic X-radiograms were obtained,
using chromium Ka X-radiation from a sodium chloride
crystal monochromator. “No-Screen” X-ray film was em-
ployed, and the exposure time was 60 hours.

(1) Preliminary results presented before the Division of Colloid
Chemistry at the ]22nd meeting of the American Chemical Society in
Atlantic City, N. J., September 14-19, 1952.

(2) L. M. Watt and W. O. Milligan, T his Journal, 57, 883 (1953).

(3) H. B. Weiser, W. O. Milligan and G. A. Mills, ibid., 52, 942
(1948).

(4) H. B. Weiser and W. O. Milligan, ibid., 40, 1C75 (1936).

Sorption-Desorption Isotherms.— The isotherms were
obtained in a multiple sorption-desorption apparatus, fully
described elsewhere.6 The temperature was held constant
during each isotherm to approximately +0.001°.6 At the
same time that the adsorption samples were placed in the
apparatus, aliquot portions were weighed and then ignited
to constant weight at 750°. The loss in weight upon igni-
tion was attributed to the loss of water, inasmuch as these
samples had previously been heated at 500°, at which tem-
perature essentially all of the possible foreign volatile matter
would have been lost.

Complete sorption-desorption isotherms were obtained at
12°, employing water vapor as the adsorbate. Barium
chloride dihydrate, carefully degassed at liquid nitrogen
temperature, was used as the source of water vapor. Water
vapor was made available to the samples, while the tempera-
ture was being lowered from that of the room to 12° in order
to maintain true equilibrium, after which the apparatus was
evacuated at 10-6 mm. before the commencement of the iso-
therms. Upon completion of the isotherms at 12°, the tem-
perature was lowered to 2°, again in the presence of excess
water vapor. Complete sorption-desorption isotherms were
then obtained at 2°, following the same procedure as at 12°.

Results and Conclusions

X-Ray Analysis.— The results of X-ray diffrac-
tion analysis were similar to those obtained pre-
viously. at a temperature level of 500 or 600°.
Samples in a wide region of composition were found
to be amorphousto X-rays: namely, the region lying
between 70% In20330% BeO and 10% In20390%
BeO. The samples containing 30% or less BeO gave
only the pattern of Inz s with a decrease in crys-
tallinity as the amount of BeO increased. The
X-ray results will not be discussed in detail here.

Isotherms.— The sorption-desorption isotiierms
are plotted in Figs. 1-22. All of the samples gave
similarly shaped isotherms, with the exception of
the sample consisting of pure BeO. The isotherms
for the ten samples containing In2 s show that a
considerable amount of water vapor is taken up at
low relative pressures and that only a small amount
of water vapor is taken up thereafter, until the
relative pressure reaches a rather high value. At

(5) W. O. Milligan, W. C. Simpson, G. L. Bushey, H. H. Raehford,

Jr., and A. L. Draper, Anal. Chem., 23, 739 (1951).
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Figs. 1-11.— Sorption-desorption isotherms at 12° and Kelvin pore distributions at 2 and 12° for In20 3B e0 mixtures:
Fig. 1 2 3 4 5 6 7 8 9 10 11
BeO, mole % 0 10 20 30 40 50 60 70 80 90 100
Fig. 12.— Sorption-desorption isotherms at 2° and differential (solid line) and integral (dashed line) heats of adsorp-
tion at 7° for 100 mole % In20 3.
high relative pressures a large amount of vapor is The sample consisting of pure BeO gives a decid-

adsorbed, and marked hysteresis occurs. edly different type of isotherm. The amount ad-
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Figs. 13-21.— Sorption-desorption isotherms at 2 ° and differential(solid line) and integral (dashed line) heats of adsorp-
tion at 7° for In2 3B e0 mixtures:

Fig. 13 14 15 16
BeO, mole % 10 20 30 40

sorbed increases more rapidly in the middle pres-
sure region than for the other ten samples. Also it
is noted that, whereas hysteresis in the other ten
samples continues up to the saturation pressure,
there is a definite region near saturation where ad-
sorption is reversible, and that the hysteresis oc-
cursatamuch lower relative pressure, indicating the
the absence of large pores.

The results bear out the conclusions reached from
X-ray diffraction studies: namely, that the effect
of BeO upon the properties of In2 3is not nearly
equivalent to the effect of In2 3upon the properties
of BeO. The addition of a large amount of BeO to
In20 3has relatively little effect upon the properties
of the latter, whereas only a small amount of In2 3
added to BeO changes its characteristics drasti-
cally.

17 18 19 20 21
50 60 70 80 90

Specific Adsorptive Capacity.— In Fig. 23 the
amount of water vapor adsorbed at two different
relative pressures is shown as a function of composi-
tion. From these two curves it is noted that there
are two major regions of increased specific adsorp-
tive capacity, at a region corresponding to 40-60%
BeO and at a region corresponding to 90% BeO.
These are the same composition regions where
maximum mutual protection against crystallization
has been observed.

The enhanced adsorptive capacity may be ex-
plained on the basis of mutual protection against
crystallization.3 If one oxide acts as a protective
colloid for another oxide in the solid state, the pro-
tective action serves to prevent growth in ihe solid
phase into the ordered crystal state. It follows
that if oxide A is adsorbed by oxide B, it will inhibit
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ps/p0
Fig. 22.— Sorption-desorption isotherm at 2° and dif-
ferential (solid line) and integral (dashed line) heats of
adsorption at 7° for 100 mole % BeO.

the crystallization of B, and if oxide B is adsorbed
by oxide A, it will inhibit the crystallization of A.
The mutual protective action of the two oxides on
each other will result in two composition zones of
maximum protection against crystallization (one in
which oxide A is in excess, and a second in which ox-
ide B is in excess) and three zonesof maximum crys-
tallization (in which B isin large excess, a second in
which A is in large excess, and a third in which both
A and B are present in proportionately large
amounts). In the zones of protection, the gels are
amorphous to X-rays or consist of extremely finely
divided crystals which may correspond to regions of
maximum surface and which, therefore, exhibit en-
hanced adsorptive properties.

Fig. 23.— Specific adsorptive capacities and surface areas in
the system BeO-In20 3

The adsorption data were converted to the BET
function and were found to give good straight lines
within the range of relative pressures from 0.05 to
0.3, where experience has shown that the BET
equation is usually applicable. Surface areas, as
calculated by fitting the data to the BET equation
by means of the method of least squares, are shown
as a function of composition in Fig. 23. They are
plotted with the x/m values corresponding to mono-
layer coverage on the same scale as the x/m values
at p/po = 0.0 and 0.1. It is noticed that this curve
parallels quite closely the curve of x/m vs. composi-
tion at p/po = 0.1. A discussion of the surface
areas would lead to the same conclusions as those
reached above in connection with enhanced specific
adsorptive capacities.

W. 0. Milligan and C. R. Adams

Vol. 57

heats of adsorption in the system BeO-1n20 3

Pore Size Distribution.— The hysteresis effects
often observed in sorption-desorption isotherms
may be interpreted on the basis of the pore struc-
ture of the adsorbent.6 The curves in the insets of
Figs. 1-11 give the uncorrected pore distribution
for each of the samples as obtained by means of the
Kelvin equation, assuming complete wetting.7
This.assumption is justifiable, since the walls of the
pores already are wetted by at least a monolayer
of water. The maximum point of these curves
represents the most frequent uncorrected pore ra-
dius. It will be noticed that the pore distributions
at the two different temperatures agree closely.
This internal consistency of the results supports
the view that the Kelvin equation is applicable,
inasmuch as several temperature dependent vari-
ables are involved.

The mostofrequent pore radius for 100% In2 3is
about 125 A. The addition of 10 moje per cent.
BeO decreases this value to about 80 A. The av-
erage pore radius does not change by more than

+10 A. upon the addition of more BeO until a
composition of 90% BeO is reaoched. Here the av-
erage pore radius is about 64 A., a decrease attrib-
uted to the effect of a high concentration of BeO.
The pure BeO shows a very sharp distribution at
about 25 A.

Differential and Integral Isosteric Heats of
Adsorption.— The isosteric differential heats of
adsorption at 7° obtained by means of the classical
Clausius-Clapeyron equation are given in the in-
sets in Figs. 12-22. The integral heat of adsorption

(6) w. 0. Milligan and H. IT. Rachford, Jr., This Journalt, 51, 33
(1947).

(7) W. O. Milligan and H. H. Rachford, Jr., 3. Am. Chem. Soc., 70,
2922 (1948).
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was also computed, at constant spreading pressure,
employing methods described in the literature.5
The integral heats are also included in Figs. 12-22.

The differential heats of adsorption at 7° ob-
tained by means of the classical Clausius-Clapey-
ron equation are quite high at low p/pOvalues where
the water vapor is being adsorbed on the bare oxide
surface. However, by the completion of the second
layer the heats have dropped off to approximately
the heat of liquefaction of water.

The integral heats of adsorption at 70are of lower
magnitude in the lower relative pressure regions and
show a much smaller decrease with increasing pres-
sure. This is probably due to the particular shape
of the adsorption isotherm; there is very little in-
crease in adsorption for a long increase of pressure
after a value of 0.1p/po is reached. The integral
heats hold practically constant until pressures of
0.6 to O.7p/p0, at which point they progress regu-
larly toward the heat of liquefaction of bulk water.

(@ T.L. Hill, P. H. Emmett and L. G. Joyner, ibid., 73, 5102 (1951).

The pressures at which the integral heats of adsorp-
tion show an appreciable reduction correspond with,
the incidence of capillary condensation.

In Fig. 24 are shown plots of the differential and
integral heats of adsorption as a function of compo-
sition at various values of the relative pressure.
Within the limits to which one would expect the
surface properties of one sample to compare with
those of another, the two types of curves show a
great similarity. Two maxima exist, one between
30% BeO and 60% BeO, the other between 80%
BeO and 90% BeO. These are essentially the
same composition ranges in which there is mutual
protection against crystallization2 and an increase
in surface area and adsorptive capacity (Fig. 23).
It will be noted that the two types of heat of adsorp-
tion curves cross, as is required.8 Although there
appear to be some additional systematic small max-
ima, it is the opinion of the authors that they
are not to be considered significant at the present
time.

THE STRUCTURE AND ELECTRICAL CONDUCTIVITY OF

HYDROCARBON-BASED SOLUTIONS OF THE

“SOLUBLE OIL” TYPE.

A COMPARABLE AQUEOUS SYSTEM

By J. Bromilow and P. A. Winsor

Shell Petroleum Co., Ltd., P. 0. Box 1, Chester, Great Britain
Received March 6, 1963

The variations in electrical conductivity with gradual modification of the composition of a number of “soluble oils” based
on Aerosol OT/undecane-3 sodium sulfate mixtures, on monoethanolamine laurate or on monoethanolamine oleate have

been examined.

It has been found that a qualitative interpretation of the results obtained may be given on the basis of the

intermicellar equilibrium indicated in Fig. 1 which has been used previously in interpreting the electrical conductivity and
phase relationships Bhown by aqueous “solubilized Bystems” and in accounting for the X-ray diffraction patterns obtained

from solutions of detergents.

The completely analogous form of the conductivity behavior'and phase relationships of the

“soluble oil” systems and of a series of wholly aqueous solutions in which the sodium ion of sodium hendecane-3 sulfate is

progressively replaced by the cyclohexylammonium ion has been demonstrated.

It is concluded that an intermicellar

equilibrium of the kind indicated in Fig. 1 is operative in all solutions of amphiphilic substances from the completely

aqueous to those based completely on hydrocarbon.

Introduction

In a series of papers published elsewherel-3
observations have been described of the phase
transitions and electrical conductivity changes
which accompany variations of the composition
and temperature of a number of solubilized sys-
tems. In these systems, containing various amphi-
philic salts as “solubilizing agents” or “co-sol-
vents,” water and organic liquid were usually
present in approximately equal proportions al-
though in some cases water ivas the major con-
stituent. It was found that a consistent inter-
pretation of the results obtained could be given
on the hypothesis of a very mobile intermicellar
equilibrium of the type illustrated by Fig. 1
It was also shown4that such an equilibrium was in
agreement with the published X-ray measurements
on detergent solutions.

(1) P. A. Winsor, Trans. Faraday See., 44, 376 (1948).

(2) P. A. Winsor, ibid., 44, 451 (1948).

(3) P. A. Winsor, ibid., 46, 762 (1950).
(4) P. A. Winsor, This Journal, 56, 391 (1952)

Systems of the type discussed earlier but of
lower water content, or even containing no water
at all, are technically of much importance as water-
dispersible or “soluble” oils for use in metal working
and as textile assistants, etc. The present paper
describes an investigation of systems of this type.
It will be seen that the phase changes and conduc-
tivity variations now recorded are analogous to
those found earlier with the more aqueous systems.

To complete the picture, analogous results ob-
tained with an aqueous system in the complete
absence of an organic liquid are given (Fig. 6).
It thus appears that the intermicellar equilibria
and the associated phase transitions shown in Fig. 1
may be realized over the entire range of solutions
containing amphiphilic electrolytes from those
based completely on hydrocarbon, to those based
completely on water.

Experimental

Apparatus.— The apparatus and procedure used for the
determination of the electrical conductivities were those
described earlier.3
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Fig. 1.— Intermicellar equilibrium and associated phase

changes: W = hydrophilic_section of micelle; C = amphi-
philic section of micelle; O = lipophilic section of micelle;
R = ratio of dispersing tendencies on lipophilic; and hydro-

philic faces of C respectively.

Materials.— The organic liquids (ra-hexane, cyclohexane,
octanol-1, cyclohexanol) used were middle fractions from
the redistillation of pure grade laboratory reagents. Spe-
cific resistances (S.R.) > 107ohms.

The undecane-3 sodium sulfate solution, prepared as de-
scribed earlier,3 was substantially free from inorganic salt
and unsulfated organic matter, had d2Zm 1.051, undecane-
3 sodium sulfate content 26.8% w. (28.2% w./total volume
of solution).

The Aerosol OT6 was the pure compound from General
Metallurgical and Chemical Co. Ltd. Its 15% w/total
volume solution in n-hexane had d2Zm 0.748, and that in
cyclohexane had dw20.815.

Monoethanolamine, redistilled, 1.018, n2d 1.4537,
equivalent 60.5 (theory 61.0), S.R. 20,500 ohms.

Laurie acid ("Distec,” pure), setting point 42.7°, equiva-
lent, found 202 (theory 200).

Oleic acid, cloud point ca. 4°, (“20.899;
equivalent, found 282 (theory 282).

Cyclohexylammonium chloride, colorless crystals, equiva-
lent, found 134.3 (theory 135.5).

Phase Analyses.— The phase compositions recorded in
Tables 1 and Il were calculated from the analyses of the
Sr and Srphases, the densities of these phases, the relative
volumes of the phases measured after complete settling
and the synthetic composition of the total systems.

The S-phases of Table | were analyzed as follows: (1)
(Aerosol OT + undecane-3 sodium sulfate) by dry wt,;
(2) (Aerosol OT/undecane-3 sodium sulfate) by sulfated
ash/dry weight, and also by methylene blue titration6dry
weight; (3) water by Karl Fischer method; (4) hydro-
carbon by difference.

The compositions of the liquid crystalline (“ gel” ) phases
were calculated by difference.

In Table Il likewise the S-phases were analyzed and the
composition of the G-phases calculated by difference.
Monoethanolamine was titrated in the presence of water
using methyl orange, which is unaffected by lauric acid, as
indicator. The lauric acid was titrated in alcoholic solution
using as indicator phenolphthalein which is unaffected by
monoethanolamine under these conditions.

Graphs.— The wide range of the resistance measurements
makes the presentation of the graphs somewhat difficult.
Figures for points which could not be conveniently plotted
have therefore been indicated at the top of the graphs.

nwd 1.4631,

Discussion

A. Aerosol OT-Undecane-3 Sodium Sulfate
Systems (Figs. 2 and 3). (1) Conductivity Meas-
urements and Phase Transitions.— In Fig. 2 the
specific-resistance/composition curve indicates that
the equilibrium, initially in favor of the S2micelle,
which is the predominant form in solutions of Aero-

(5) The sodium bisulfite adduct of diisooctyl maleate.
(6) S. It. Epton, Trans. Faraday Soc., 44, 226 (1948)

J. Bromilow and P. A. WINSOR
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sol OT in hydrocarbon,78is progressively shifted in
favor of the G- and Si-micelles by addition of the
aqueous solution of undecane-3 sodium sulfate
((1) Methods Ha and lie). A similar curve is ob-
tained with cyclohexane as solvent. The displace-
ment of the intermicellar equilibrium to the left is
accompanied by the typical series of phase transi-
tions (S2—» (S* -* G) —»G —» (G -]- Si) —» Si —
Type | system) and the changes in electrical resist-
ance are similar to those discussed earlier3 for
more aqueous systems. Aswith the earlier systems
the phase transitions and resistance changes may
be reversed by addition of an oil soluble alkanol,
e.g., with octanol-1 as shown in Fig. 3. The more
water-soluble cyclohexanol produces a similar but
less sharp rise in resistance than does the less water-
soluble octanol-1.9

0 1 2 3 4 5 6 7 3 9 10
m OF AQUEOUS UNDECANE-3 SODIUM SULPHATE (26 8%«)
ADDED TO AERCSOL OT IN nHEXANE (IS¥%wW/TOTAI ;0ml),
OT./In-
in water;
No dispersion;

Fig. 2.— Specific resistance changes in Aerosol
hexane systems: D = Opalescent dispersion
M.D. = Milky dispersion in water- N.D. =
(X) See Fig. 3. (a) Compositions in Table I.

() Composition of Equilibrium Phases.— When
the lamellar micelle in equilibrium with the Si- and
S2micelles reaches a certain concentration and
stability, separation of a liquid crystalline phase in
equilibrium with a residual Si- or S2phase occurs.
It seems likely that this “Gel” phase consists en-
tirely of lamellar micelles which have the com-

(7) R. W. Mattoon and M. B.
(1949).

(8) W. Philippoff, 3. Colloid Sci., 5, 947 (1950).
(9) P. A. Winsor, Trans. Faraday Soc., 46, 768, Fig. 4 (1950).

Mathews, J. Chem. Phys., 17, 496
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Tabte |
Composition of Equilibrium S-and G-Phases Formed on Addition of Aqueous Undecane-3 Sodium Sulfate Solution
(26.8% w.; 28.2% w./total vol.) to an (Aerosol OT + n-hexane) solution (15% w./total vol.; 20 ml.)
C1HZASO04 Na solution, ml. 2.5¢ 3.4° 5.7°
Nature of phases s2 G S2 G Sx G
Phase vol., ml. 4.8 17.7 2.4 21.0 11.8 13.9
Specific gravity (D 20) 0.732 0.798* 0.758 0.780* 0.773 0.925'
Specific resistance, ohms 4.47 X 106 ¢ 40.0
Composition of phases
(s2%w.; G%w./total vol.)
CnEtaSChNa, % 9.7 2.1 4.7 4.2 9.6 5.3
Aerosol OT, % 2.7 16.5 1.5 14.3 6.9 17.1
n-Hexane, % 79.6 51.9 82.4 48.0 64.3 51.1
Water, % 8.0 9.3 11.4 11.5 19.2 19.0
Ci£aSOiNal/Aerosol OT (w./w.) 3.5 0.13 3.3 0.29 1.4 0.31
n-Hexane/water (w./w.) 10.0 5.57 7.25 4.18 3.3 2.7

“ Compare Fig. 2, subscript a. 4Computed by adding w./total vol. percentages.

position of the bulk phase and fill it completely.410
A comparison of the composition of the lamellar
and equilibrium S-phases should give some
of the

position which are osmotically permissible within

idea
limiting extent of the fluctuations of com-

the individual S-phases. Such comparisons are
made in Table 1I. Entirely analogous results are
obtained with comparable systems containing

cyclohexane.

Fig. 3.— Specific resistance changes in Aerosol OT./n-hexane
systems.

It will
phases contain significant concentrations of all the

be seen that although the equilibrium

(10) A. P. Brady, This Joubnal, 53, 947 (1949).

' Insufficient material for determinati

components (in contrast to the excess hydrocarbon
or water phases in Type | or Type Il systems))
the divergence in composition is considerable. In
spite of this, however, since the phases are in equilib-
rium the colligative properties of each constituent
must be the same in both phases.

An interesting and somewhat surprising feature
of Table | is the marked concentration of Aerosol
oT in the
liguid crystalline phase whether this is in equilib-

relative to undecane-3 sodium sulfate

Fig. 4.— Phase transitions and accompanying specific
resistance changes on adding monoethanolamine to 25 ml.
of a solution of lauric acid (10 g.) in cyclohexane (100 ml.):
0, in the presence of 0.15 ml. water; O, in the presence of
0.15 ml. of water and 0.75 ml. of methanol; A in the presence
of 1.00 ml. of water.
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Table Il
Composition of Equilibrium S-and G-Phases Formed on Addition of M onoethanolamine" to 25 m1.0? a Solution6
of Lauric Acid (10 g. in Cyclohexane' (100 m1.)) in the Presence of Water (0.15 m1.)
Monoethanolamine added, ml. emememeeennnes =06 5 -omeeeeen- — » 1.10 9 — 1.80
Nature of phases S2 G Si G Si Excess
cyclohexane
Phase vol., ml. 6.2 19.6 10.4 15.85 23.95 " 3.0
Specific gravity (20°/20°) 0.782 0.814* 0.777 0.837* 0.826* 0.774
Compositions of phases
Lauric acid, g. 0.084 2.21 0.008 2.28 2.29 j trace
Monoethanolamine, g. 0.021 0.64 0.002 1.12 1.80 1 only
Cyclohexane, g. 4.70 13.00 8.07 9.63 15.39 2.31

“ Specific gravity (20°/20") 1.018.

rium with either S2or Si.
with the
inorganic ions.4

B. Hydrocarbon Systems of Lauric (or Oleic)
Acid + Monoethanolamine.— Although the systems
described under A are of low water content,

This may be connected

relative intolerance of the G-phase for

it was
thought worthwhile to determine whether similar
phase changes could be realized in almost, or com-
pletely anhydrous systems. Results for such sys-
tems are recorded in Figs. 4 and 5.
acid/monoethanolamine systems (Fig. 4) a trace
of water was found necessary to inhibit crystalliza-
tion. It was thought that this was probably due to
the high crystallizing tendency of the »-fatty acid
soap rather than to the necessity for the presence
of traces of water for the constitution of the liquid
(soap/hydrocarbon) phases. This view was con-
firmed by the preparation of the oleic acid systems
illustrated by Fig. 5. In the latter series all in-
gredients carefully dried by
distillation of water before use.

In the hydrocarbon solutions of fatty acid, the
acids, presumably, will be dispersed initially as
bimolecular units. On increasing the polarity of
the carboxyl groups by gradual conversion to mono-
ethanolammonium salts, their tendency to segrega-
tion is enhanced and the size of the units will in-
crease giving, at first, a solution with micelles
predominantly in the S2form. On further gradual
addition of monoethanolamine, as is evidenced
by comparison of Fig. 4 with Figs. 2 and 3 discussed
under A above and with those reported earlier3
is progressively shifted in

In the lauric

were entrainment

the micellar equilibrium

6 Specific gravity (20°/20°) 0.800.

e Specific gravity (20°/20°) 0.772. d Calculated.

and of their breakdown in the above manner is
especially interesting.
are spontaneously emulsifiable in water, the mono-

In these Si-solutions, which

ethanolammonium carboxylate groups must appar-
ently be associated together, forming (with the
small amount of excess monoethanolamine and the
water present) a virtually continuous conductive
network enclosing the CnH23chains with their
associated C6hydrocarbon molecules. In the form-
ation of the Type | systems with further addition
of monoethanolamine, the increased tendency
toward concavity (R (cf. Fig. 1) becoming pro-
gressively smaller) toward the hydrocarbon side of
the network causes extrusion of hydrocarbon as a
separate phase.

The formation of the liquid crystalline phase does
not correspond
stoichiometric compound of the lauric acid and the
monoethanolamine present. Thus the position
of the resistance peaks in Fig. 4 is much affected
by the amount of water present and by the addition
of methanol.

to the formation of a definite

Replacement of cyclohexane with
n-hexane gives a maximum displaced somewhat to
the right.

(ii) Oleic Acid-Monoethanolamine Systems.—
These systems (Fig. 5) although completely an-
hydrous show entirely similar behavior to the
lauric acid-monoethanolamine systems containing
approximately 0.6%

In the

water.

index/composition
cluded in Fig. 5 a maximum in refractive
occurs in the region of homogeneous liquid crys-
talline systems. This indicates a contraction on

refractive curve in-

index

favor of the G-(lamellar) and Si-micelles. This the formation of liquid crystal of the order of
displacement is accompanied by the usual phase 1% .9U It is remarkable that this inflexion of the
transitions and conductivity changes. R.l. curve, which is also shown by the mono-

0] Lauric Acid-Monoethanolamine Systems.—=thanolammonium laurate systems containing 0.15

The most remarkable feature shown by the phase
analyses in Table Il is that in both the heterogene-
G and G + Si, the monoethanol-
lauric acid are very largely confined to
the liquid crystalline phase.

In Fig. 4 the further addition of monoethanol-
amine to the G +
rather narrow range, of compositions, homogeneous
Si solutions, which break down at the right hand
terminations of the conductivity curves into Type
I systems (Si + excess hydrocarbon) as indicated
by the phase analyses in the
Table I1.

The
systems of

ous regions S2 +
amine and

Sj mixtures gives first, over a

last two columns of

low-water-content
rather highly conductive Si-solutions,

occurrence in these

ml. of water (Fig. 4), is obtained only in the pres-
ence of a small amount of water and is absent with
In a comple-
mentary manner no inflection was observed for the

the completely anhydrous systems.

completely aqueous systems in Fig. 6 but on addi-
tion of 2.5 ml. of cyclohexane (10%) a pronounced
maximum appeared as shown. The constitutional

significance of these results is not yet clear.

C. Aqueous Systems of Undecane-3 Sodium

Sulfate and Undecane-3 Cyclohexylammonium Sul-
fate.— In the preceding sections A and B it has
been shown that the micellar equilibria and associ-
ated phase transitions, studied
papers with systems usually containing approxi-

(11) K. Hess, H. Kiessig and W. Philippoff, Kolloid Z., 88, 48 (1989).

in detail in earlier
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(04, 181 x 106
05, 33x 10%)

Fig. 5.— O, phase transitions and accompanying specific resistance changes on adding monoethanolamine to 25 ml

of a 9.90% w./v. solution of oleic acic in cyclohexane; 0,

0.25 ml. of water.

mately equal amounts of hydrocarbon and water,
are also found with systems based almost or wholly
on hydrocarbon. The same equilibria and phase
transitions are also observable in wholly aqueous
systems (c/. ref. 1, 12).

An exact aqueous counterpart to the sequence
described under B, viz.

—————————————————— —>a S» — >
ethanolamine

(S, -f G)-—- G —-> (G + Si)———- > 8l-» Type | system
would be
aqueous solution a _ "N g qg\_ "

of monoethanolamine acj( . lw
G — > (G + Ss) — *mS2— > Type Il system
Attempts were made to study this sequence
using lauric acid and oleic acid but, as is usual in
systems containing water (+ hydrocarbon) with

(12) J. W. McBain and S. Ross, J. Am. Ch?m. Soc., 68, 296 (1946)

corresponding refractive index changes in the presence of

alkane-l salts in conjunction with alkane-1 polar
derivatives,13 the range of compositions in which
liguid crystal G large. Also
these liquid crystalline or partially liquid crystalline
systems were very viscous, entrained air bubbles
readily and were generally unsuitable for use in

A much more experi-

is present was very

conductivity experiments.
mentally convenient series was obtained starting
with a 10% w.
sodium

aqueous solution of undecane-3
and displacing the intermicellar
equilibrium to the right by gradual replacement of
N a+ with cyclohexylammonium+ according to the
reaction CnH23S04-Na+ + CEHIrNH3+CI-
CiHZS(VCBHuNH3+ + Na+Cl~ (ref. 1, method
Ic).

This reaction involves the introduction of NacCl
into the system but this should also tend to shift
the right (ref. 1
method introducing

sulfate

<>

intermicellar equilibrium to the
1d). It. should, however, by

(13) P. A. Winsor, Trans. Faraday Soc., 44, 397, 467 (1948).
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Fig. 6.— O, phase transitions and accompanying specific resistance changes on adding cyclohexylamine hydrochloride

solution (48.6% w./total volume) to 25 ml. of undecane-3 sodium sulfate solution (10%

w.); 0, corresponding re-

fractive index changes in the presence of 2.5 ml. of cyclohexane.

additional ions, superimpose a progressive increase
in conductivity on the general reduction in con-
ductivity due to the displacement of the intermicel-
lar equilibrium to the right. The phase transitions
and accompanying conductivity changes observed
are shown in Fig. 6 and appear to be completely
analogous to those found with the hydrocarbon
and (hydrocarbon + water) systems.

When the clear aqueous gels or liquid crystalline
solutions obtained according to Fig. 6 are drawn
into a capillary they show birefringence at 45°
angle to crossed polaroid sheets and not at angles
normal to the crossed polaroids. This behavior,
which has been described by Schulmanl4 in the
case of gels from mixtures containing fatty alcohol/
ethylene oxide condensate, water and hydrocarbon,
also occurs with the hydrocarbon/monoethanol-
amine/oleic acid liquid crystalline phase indicated

(14) J. H. Schulman, Trans. Faraday S 0 C1A,3341 (1951).

in Fig. 5, with the liquid crystalline 20% aqueous
sodium tetradecane-7 sulfate solution,15 and with
other G-phases.

Conclusions

The results described in A, B and C above in
conjunction with those reported earlier indicate that
the intermicellar equilibrium illustrated by Fig. 1
is operative over the whole range of amphiphilic
salt compositions from water-based aqueous soap
solutions to hydrocarbon-based “soluble oils.”

The considerable conductivity of the G- and Si-
phases in the hydrocarbon systems shows that
electrical conduction can occur along the amphi-
philic layers which, in these phases, virtually form a
many-layer sandwich or quasi-cellular structure
enclosing the hydrocarbon. The much higher
conductivity of the S2phases in aqueous systems
even close to the Type Il region, probably indicates

(15) P. A. Winsor, ibid., 44, 463 (1948)
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that electrical conduction can also readily occur
across the amphiphilic electrolyte layers which, in
this case, virtually form a quasi-cellular structure
enclosing the water.

The progressive change in conductivity with
composition or temperature3in the Sr or S2phases
indicates that the relative abundance of the more
and less-conducting micellar forms changes grad-
ually with changing conditions, i.e., that the differ-
ent forms co-exist in equilibrium and are mutually
transformable.

Adsorption op Silver Salts on Silver
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The discontinuous form of the conductivity
curve in the region of the existence of the liquid
crystalline phase G indicates, when taken with the
other special properties of this phase, that its
micellar organization is fundamentally different
from that of the Si- and S2phases. The variation
in structure between the latter two phases is how-
ever continuous in character.

Acknowledgment.— The writers wish to thank
the Shell Petroleum Co., Ltd., for permission to
publish this paper.

THE ADSORPTION OF SILVER SALTS ON SILVER1
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The amount of adsorption of silver nitrate, perchlorate and sulfate on crystalline silver powder, from aqueous solutions,
has been measured. The results at 25°, when the metal surface has received no special treatment, indicate less than mono-

layer adsorption.
A few measurements have been made at 0°.

The amount of silver nitrate adsorbed on silver
(and gold) was first determined by v. Euler and his
co-workers.2-6 The first measurements were made
with very fine precipitated silver (particle diameter
0.6-0.8 ju). The values found were consistent, but
the authors were not satisfied with their estima-
tion of surface area. Rudberg and v. Euler em-
ployed silver sheet, and found several times as
much adsorption perunit of apparent area.

Experiments by Proskumin and Frumkin,6 de-
signed to find the concentration of silver ion which
would make silver a “null electrode,” allow calcu-
lation of the amount of adsorption of silver nitrate
on sheet silver. The values cover an extreme range
and are not very self-consistent, which is probably
to be explained by the method of surface prepara-
tion employed.

Experiments intended to be similar to those of v.
Euler and Hedelius, using fine precipitated silver,
have been reported by Tartar and Turinsky.7
These authors concluded that; any apparent ad-
sorption was really due to reaction with traces of
reducing agent left in the silver. However, in most
cases their ratio of silver to solution volume was too
small to detect adsorption, and their results are in-
conclusive.

Work in this Laboratory on the rate of dissolu-
tion of silver in ferric sulfate8and perchlorate9solu-
tions has shown that silver salts, whether formed in

(1) Based on a Ph.D. thesis submitted by Ruth Kimmelman
Schochet to the Graduate School of New York University. Work done
under U. S. Atomic Energy Commission Contract No. AT (30-1)-816
with New York University.

(2) H.v. Euler and A. Hedelius, Arkiv Kemi, Mineralogi Geologi, 7,
No. 31 (1920).

(3) H.v. Euler and G. Zimmerlund, ibid., 8, No. 14 (1921).

(4) E. G. Rudberg and H. v. Euler, Z. Physik, 13, 275 (1923).

(5) H.v. Euler, Z. Elektrochem., 28, 446 (1922).

(6) M. Proskurnin and A. Frumkin, Z. physik. Chem., 155A, 29
(1931).

(7) H.V.Tartarand O. Turinsky, J. Am. Chem. Soc., 54, 580 (1932).

(8) H. Salzberg and C. V. King, J. Electrochem. Soc., 97, 290 (1950).

9) C. V. King and F. 8. Lang, ibid., 99, 295 (1952).

If the metal has been washed with dilute nitric acid, much larger amounts of silver salt can be taken up.
The results are compared with measurements found in the literature.

the reaction or added separately, have apronounced
inhibiting effect. Equations based on surface cov-
erage following isotherms of the Langmuir type
were used to express the dissolution rates. A few
adsorption experiments with silver perchlorate on
reduced silver9were found to follow approximately
a Langmuir isotherm, and the adsorption per unit
apparent area, extrapolated to infinite concentra-
tion (1/c = 0), was about twice that estimated
from the values of Rudberg and v. Euler for silver
nitrate.

Because of the great discrepancies in published
values, and to find more about the influence of the
anion, it was thought desirable to make quantita-
tive measurements of the adsorption of silver ni-
trate, perchlorate and sulfate on the metal.

Experimental

The Silver.— In order to adsorb appreciable amounts of
the salt, it is necessary to have a large silver surface area
in contact with the solutions, and for this reason precipi-
tated silver was employed. Most of the measurements re-
ported here were made with one lot of Mallinckrodt silver.
The analysis indicated 0.005% other metals, a similar per
cent, of chloride, and 0.05% sulfate.

Preliminary measurements were done with the lot of
silver used by King and Lang,9 which was prepared as de-
scribed by Walden, Hammett and Edmonds.0 Both
samples were similar in appearance under the microscope,
consisting originally of quite uniform rectangular particles
whose dimensions could be measured easily. After some
use the particles were in general less uniform, the edges and
corners were less sharp, and the estimated area had increased
as much as 15%. About 80 particles were examined to cal-
culate the area.

Another lot of Mallinckrodt silver was purchased, but
not used in the experiments. The particles were smaller
and less uniform in size. The estimated area was 1780
cm.2/g.; low temperature nitrogen adsorptionll gave an
area of 2380 cm.2/g. If the true areas of all the samples are
considered to have this ratio to the microscopic area, the
adsorption values given below should be multiplied by 0.75.

(10) G. H. Walden, L. P. Hammett and S. M. Edmonds, J. Am.
Chem. Soc., 66, 350 (1934).
(11) Courtesy of Sylvania Electric Products, Inc.
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The Measurements.— Bottles containing silver and solu-
tion were rotated in a thermostat at 25 + 0.02° except for a
few experiments done in an ice-bath. It is essential to have
a silver surface-solution volume ratio which will result in a
reasonable concentration change. King and Lang used 10
g. of silver, estimated area 500 cm.2/g., with 25 ml. of silver
perchlorate solution, and found 4710% loss from the solu-
tion. When the same silver was used with silver sulfate
solution in the present work, the concentration change was
found to be 2% or less; with silver nitrate the change was
even smaller. The discrepancy was later traced to treat-
ment of the silver with dilute nitric acid before use by King
and Lang. This apparently “activates” the surface in
some way, and the effect is not permanent.

Without such activating treatment, it was found neces-
sary to increase the amount of silver to 55 g. with 25 ml. of
solution. This was the largest amount which would move
about freely when the bottles were rotated slowly. This
resulted in a loss of 4-12% silver sulfate from solution,
somewhat less perchlorate and nitrate.

All of the silver powder was used in preliminary runs, so
that it had been in contact with silver salt solution for sev-
eral hours before use in final experiments; this should be
effective in removing less noble metals from the surface, and
possibly in reducing local cell action. Before each experi-
ment the silver was washed very thoroughly with water,
rinsed with alcohol and fat-free ether, and dried with air on a
glass filter.

Since surface contamination with oxide or sulfide was
feared, a few samples were rinsed with 5% potassium cyan-
ide before washing with water and drying. There was no
pronounced effect on the adsorption measurements.

The time necessary to ensure equilibrium was explored
thoroughly. Two hours was sufficient for the nitrate and
sulfate; perchlorate was taken up very slowly for a much
longer time, and the experiments reported were continued
for 72 hours.

Analysis of the Solutions.— Analytical grade potassium
bromide was used as the primary standard, and titrations
were made with Rhodamine 6 G as adsorption indicator.
Successive samples of approximately 10 ml., delivered care-
fully from a pipet, could be titrated with a precision ap-
proaching one part per thousand. Samples of original and
final solutions were titrated in succession with the same bro-
mide solution to obtain maximum accuracy in measuring
the concentration changes.

From two to six samples were run at each concentration,
and the results averaged. The average deviation in amount
of adsorption was ordinarily 1 to 6%, in only two experi-
ments above 10%.

Results

The amount of adsorption of the three salts is
represented in Fig. 1 in terms of the reciprocal of

Cecil V. King and Ruth Kimmelman Schochet
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equivalents per cm.2 apparent areal2vs. the recip-
rocal of equivalent concentration; this is a con-
venient way of extrapolating to “infinite con-
centration” (1/c = 0). Since silver sulfate is not
very soluble, the concentration range for this salt is
limited. The other salts were used to the highest
practical concentrations to assist in the extrapola-
tion.

To find whether dilute nitric acid treatment was
responsible for the much larger sorption values
found for silver perchlorate by King and Lang, sil-
ver samples were washed with 4.5% nitric acid (7
ml. commercial acid per 100 ml.) as was done by

them. Brief rinsing on a suction filter had little
effect, and the silver treatment was repeated as
follows: 30-g. samples were washed with six to

eight 50-ml. portions of acid, allowing 2 or 3 min-
utes each time before applying suction to remove
the acid. The silver was then washed and dried as
usual. Measurements are given in Table I, and are
to be compared with values ranging from 3.5 to 18
X 1(FXlequiv./cm.2plotted in Fig. 1.

Table |

Sorption of AgCICh on Nitric Acid Treated Silver at

25°
10.0 g. silver, area 675 cm.2/g., bottles rotated 72 hr.
C orig,, C final, Equiv.
N . N m .-! x 10*
0.0226 0.02075 68
.0496 .0458 141
.0606 .0561 167
.2585 .2495 330
447 437 360
Rudberg and v. Euler reported no significant

difference in the adsorption of silver nitrate on gold
between 0 and 50°, but, did not carry out similar ex-
periments with silver. A few experiments with sil-
ver nitrate at 0° are given in Table Il. The bottles
were immersed hi an ice- and water-bath and were
shaken frequently during the day.

Table Il

Adsorption of AgNCL on Silver at ~0°

25 ml. solution, 55.0 g. silver, area 615 cm.2/g., two samples
each concentration

Hours in C orig., C final, Equiv.
ice-bath N \Y cm.-> X 101¢
8 0.01885 0.01855 2.3
25 .01922 .01730 14.1

25 .09825 .08715 82

It is well known that silver ion in solution under-
goes exchange with silver metal, to such an extent
that penetration to the depth of several atomic
layers, or its equivalent in surface electrolysis or
recrystallization mustbe assumed.13 A few adsorp-
tion experiments were carried out with silver ni-
trate containing a small amount of radioactive
Aguo in order to measure the adsorption and ex-
change simultaneously. Samples were titrated as

(12) R. B. Dean, This Journal, 55, 611 (1951), has proposed that
10“10 mole cm.-2 be regarded as an adsorption unit and called the
Gibbs.

(13) B. V. Rollin, 3. Am. Chem. Soc., 62, 86 (1940); C. C. Coffin
and 1. I. Tingley. J. Chem. Phys., 17, 502 (1949); H. Gerischer and

W. Vielstich, Z. Elektrochem.. 56, 380 (1952); M. Anta and M. Cottin,
Cornet, rend., 234, 1686 (1952).
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usual, and 2-ml. samples of initial and final solu-
tions were placed in small Petri dishes and counted
with an end window GM tube. The initial count
of each solution was about 800 per minute above
background. Two and three duplicates at each
concentration gave the usual agreement in amount
adsorbed (~5% ) and similar agreement in amount
of exchange. The removal of silver nitrate and of
radioactivity from the solutions is shown in Table
1.

Table Il

Adsorption and Exchange with AgNO03 Containing

Agiio ON s ILVER AT 25°

25 ml. solution, 55.0 g. silver, area 675 cm.2g., bottles
rotated 20-25 hours
. Exchange
i AgNOi Activity- Adsorp: + adsorp-
C orig., removed, removed, tion, equiv. tion, equiv.
N % % cm.-2 X 10D cm.-* X 101
0.01876 2.03 63 2.6 79
.04855 1.55 60 5.1 196
.09875 0.81 77 5.4 510

Discussion

A Langmuir adsorption isotherm can be put in the
form

X C To

Where x = amount adsorbed per unit area, a is a
constant, ¢ = concentration and x« is the saturation
adsorption. In Fig. 1, values for silver sulfate and
for more concentrated nitrate solutions are in rea-
sonable agreement with such isotherms, while val-
ues for the perchlorate approach those for the ni-
trate at higher concentrations. It is significant
that the three curves extrapolate to about the same
value, near 0.05, at 1/c = 0, indicating saturation
adsorption near 20 X 10~10equivalents percm.2

A single atomic layer in the (100) plane of the
silver crystal contains 19.9 X 10~10 gram atoms
per cm .2 while the reticular density of other princi-
pal planes is somewhat smaller. Since the true
area is almost certainly not less than the meas-
ured area, we can say that the adsorption at 25°
on silver not treated with nitric acid is always less
than monolayer in nature. One is inclined to be-
lieve that, with precipitated silver crystals which
have been in contact with silver salt solution for
several hours, the real area is not much different
from the apparent area, and that the Ilimiting
amount of adsorption isa monolayei.

The measurements of v. Euler and Hedelius with
silver nitrate on precipitated silver have been
plotted in the same manner in the upper part of
Fig. 2. The straight line has been drawn arbitrar-
ily to an intersection of 0.05 X LO010 but could
hardly be drawn much differently. While the au-
thors felt uncertain of the area within *50%, it
seems more than coincidence that the extrapolated
value agrees with ours. However adsorption at
the low concentrations employed by these authors,
while representing less than a monolayer, is much
greater than was found in the present experiments
with silver nitrate. To make the two sets of data
overlap in the dilute range, one of the area estima-
tions would have to be in error by a factor of 13
times. This is rather unlikely, especially since our

Adsorption of Silver Salts on Silver

897
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Fig. 2.— The adsorption of silver nitrate and perchlorate
on silver: upper curve, v. Euler and Hedelius, precipitated
silver; lower curves, A, King and Lang; B, Rudberg and
v. Euler, silver sheet.

values for silver sulfate are in the same range as
those of v. Euler and Hedelius for the nitrate, and
both extrapolate to similar values at 1/c = 0.
It seems more probable that a factor such as sur-
face cleanness is involved, with other adsorbed ma-
terials being displaced most easily by the sulfate,
but by the other salts at sufficiently high concen-
trations.

While the measurements discussed above seem to
indicate that a simple adsorption process occurs
normally, other results show that more complicated
sorption can take place under suitable conditions.
Curves A and B of Fig. 2 show the measurements
of King and Lang on nitric acid treated precipitated
silver, and of Rudberg and v. Euler on sheet silver.
These curves extrapolate to 87 and 200 X 10~1
equiv./cm.2 and the smallest value measured is
about 40 X 10~~10 If the silver used by King and
Lang had not failed to give similar sorption in la-
ter use, we should ascribe the large values to en-
hanced surface area. The silver used by Rudberg
and v. Euler was treated with steam and alcohol
vapor, rinsed with water and dried at 100°. Me-
chanical polishing or nitric acid etching (presum-
ably followed by the above treatment) did not af-
fect the results by more than the experimental error
(about 25%).

Cooling to 0° certainly does not affect the sur-
face area, but can have a pronounced effect on the
sorption (Table Il). The surface treatments men-
tioned above probably do not increase the real area
to 5 or 10 times the apparent area but, instead, fa-
vor multilayer sorption. Consistent measurements
then demand consistent surface treatment, and
each experimenter finds different values.

According to the measurements of Proskurnin
and Frumkin,6 silver acquires a positive charge in
solutions containing its ion in concentrations above
10-6 N. The charge density on the metal results in
an electrical double layer capacity in the neigh-
borhood of 20 microfarads per cm.2. Since the po-
tential difference between metal and solution is
only a few tenths of a volt, this would require less
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adsorption of silver ion alone than any of the values
give above; substitution in the relation between
capacity, charge and potential

gives x — 0.2 X 10-10 equiv./cm .2 per 0.1 volt.
Consequently adsorption is specific, involving at-
tachment of both anions and cations to the sur-
face, and not merely a process of charging the dou-
ble layer.

We may assume that silver ions are adsorbed
first, but become a part of the metal lattice; the
positive charge carried does not remain localized.
To obtain the equivalent of monolayer adsorption,
it would not be necessary that silver ions deposit
over the whole surface but, rather, that anions be-
come intimately attached in a monolayer. If the
anions should be bound approximately as rigidly
as in the salt lattice, further sorption might reason-
ably be expected to occur. The process would not
continue indefinitely, because the effect of extra
charge on the metal and the lattice forces would be
balanced by thermal agitation and dissolution
forces acting on the outer layer.
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One can understand why low temperatures might
favor such multilayer sorption, but we have no ex-
planation for the effect of nitric acid too dilute to
etch the surface, or possibly the alcohol vapor
treatment of Rudberg and v. Euler.

Exchange experiments show that the surface
atoms of a metal, to a depth of several atomic lay-
ers at least, have a great deal of mobility. The ex-
periments of Table 111 show that 60 to 77% of the
silver ions originally in solution become part of the
metal in some 20 hours, while an equal amount of
the original metal dissolved. Exchange in depth
may be aided by local cell action, but there is prob-
ably the equivalent of an abnormally large self dif-
fusion coefficient in the surface layers, as postulated
by Gerischer and Vielstich.13 The mobility should
be an aid in establishing adsorption equilibrium
and especially in the displacement of less firmly ad-
sorbed substances. The tremendously rapid ex-
change must serve to repair minor irregularities of
the surface when the metal is immersed in a solu-
tion of its own ions. The true area would tend to
become equal to the measured area unless the metal
is actually porous or has major faults such as abra-
sion marks, corroded areas, etc.

ON THE DETERMINATION OF CRITICAL MICELLE CONCENTRATIONS
BY A BUBBLE PRESSURE METHOD

By Lawrence M. Kushner and Willard D. Hubbard

Surface Chemistry Section, Division of Chemistry, National Bureau of Standards, Washington 25, D. C.
Received March 28, 1953

Bubble pressure measurements have been made on aqueous solutions of pure and commercial grade sodium dodecyl sul-

fate.

The curves obtained with the commercial material have considerable structure depending on the bubbling rate.
curves for the pure samples are what one might expect on the basis of the surface tension of the solutions.

The
The interpreta-

tion of bubble pressure and conductance data for solutions of impure surface active materials is discussed.

Introduction

In a recent publication,1Brown, et al.,, have de-
scribed a bubble pressure method for the determi-
nation of the critical micelle concentration of sur-
face active agents in aqueous solution. The
method involves measurement of the air pressure
necessary to maintain a stream of bubbles from a
small diameter tube immersed in the detergent
solution. Plots of bubble pressure versus concen-
tration of detergent, at different rates of bubbling,
show distinct and reproducible irregularities at
particular concentrations. The electrical con-
ductances of the same solutions show sudden, small
changes at some of these concentrations.

Brown, et al., interpret these effects as indicating
more than one critical micelle concentration and
also feel that the data present a strong argument
for the existence of more than one micellar species
in these dilute solutions. They do however point
out that all of the surface active compounds used
were commercial grade, and suggest that some of
the effects noted may be due to the presence of
impurities. Since their apparatus is easily repro-
duced, it was decided to make bubble pressure

measurements of this type on a sample of commer-
cial sodium dodecyl sulfate and a sample of pure
sodium dodecyl sulfate which had been syn-
thesized in this Laboratory for an earlier research.2

Experimental

Materials.— The commercial material3 was used as re-
ceived. The pure sodium dodecyl sulfate was synthesized, as
described by Shedlovsky,4from a vacuum-distilled sample of
w-dodecyl alcohol. The chlorosulfonic acid for the synthesis
was distilled immediately before use. All other reagents and
subsequent purification conformed with American Chemical
Society specifications. The final step in the purification pro-
cedure consisted of extracting the detergent crystals with di-
ethyl ether for about 8 hours in a Soxhlet extractor.

Apparatus and Procedure.— The apparatus design and
procedure were the same as described by Brown, et al.l
A 20-gage hypodermic needle was used for all the measure-
ments reported here.

Results and Discussion

Typical plots of bubble pressure versus concentra-
tion of detergent for both pure and commercial
grade sodium dodecyl sulfate are shown in Fig. 1.

(2) L. M. Kushner, B. C. Duncan and J. |I. Hoffman, J. Research

Natl. Bur. Standards, 49, No. 2, 85 (1952), RP 2346.
(3) Obtained from the Fisher Scientific Co., Silver Spring, Md.,

@ A. S. Brown, R. U. Robinson, E. H. Sirois, H. G. Thibault, W. under the label, Sodium Lauryl Sulfate, U.S.P.

McNeill and A. Tofias, This Journal, 56, 701 (1952).

(4) L. Shedlovsky, Ann. N. Y. Acad. Sci., 46, 427 (1946).
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For both samples the upper curve corresponds to
a bubbling rate of about 10 bubbles in 4 seconds,
the lower to 10 bubbles in 10 seconds.

It is to be noted that whereas the commercial
material shows two regions of peculiar behavior
(the effects being larger as the bubbling rate is in-
creased, as observed by Brown, et al.), the pure
sample shows only a rather sudden leveling off of
the curve in the region 0.008 to 0.009 M. This, it
is true, is quite close to the region of micelle forma-
tion for sodium dodecyl sulfate, but it is also the
region in which the surface tension of these solu-
tions becomes essentially constant.4 Since, at
very low bubbling rates, there is a direct propor-
tionality between surface tension and the maxi-
mum bubble pressure during bubble formation and
detachment, one would expect an interdependence
between the two phenomena even at higher rates of
bubbling. Thus, the observed behavior with the
pure sample is reasonable without considering the
formation of micelles.

Further, the behavior of the commercial material
in the region around 0.008 M may also be asso-
ciated with the surface tension rather than micellar
effects. Shedlovsky4 has observed, in this region,
a minimum in the surface tension versus concentra-
tion curve for solutions of sodium dodecyl sulfate
which have been deliberately contaminated with
dodecanol, an expected impurity in the commercial
product.

The break in the curve at 0.03 to 0.04 M for the
commercial sodium dodecyl sulfate must also, on
the basis of the data presented here, be ascribed
to the presence of an impurity.

The breaks in the molar conductance versus

V m curves observed by Brown, et al, at con-
centrations higher than that expected for micelle
formation, are probably due to the nature of the
impurity. In the case of lauryl pyridinium chlo-
ride and Santomerse No. 3 (used by Brown, et al.),
the presence of a lower homolog of the major con-
stituent would probably result in the appearance
of a second region of micelle formation at a con-
centration somewhat higher than that of the major
constituent. The effect at the higher concentra-
tion, however, may be the result of the solubiliza-
tion of an impurity by the micelles of the major
constituent. Such behavior has been observed
in this Laboratory with commercial grade sodium
dodecyl sulfate. If the impurity were to contribute

Determination of Critical Micelle Concentration

Fig. 1.— Comparison of the concentration dependence of
bubble pressure for pure and commercial grade sodium
dodecyl sulfate. For each sample, the upper curve corre-
sponds to a bubbling rate of 10 bubbles in 4 seconds, the
lower, 10 bubbles in 10 seconds.

to the conductance of the solution, such a process
could explain the conductivity data.

Additional work should clarify these points and
aid in the evaluation of a bubble pressure technique
for the determination of critical micelle concen-
trations. Of particular interest would be bubble
pressure measurements on a pure and impure
sample of a surface active material which does not
form micelles. It would appear however that the
interpretation of a surface effect, as is bubble pres-
sure, is risky in the presence of even a small amount
of impurity. Further, one must be extremely cau-
tious in interpreting a surface effect in terms of any
bulk property of a solution, such as micelle forma-
tion.



900

THE HYDROLYSIS OF PICOLINAMIDE AND

IT. H. G. Jellinek and J. R. Urwin

Vol. 57

ISONICOTINAMIDE IN

CONCENTRATED HYDROCHLORIC ACID SOLUTIONS

By H. H. G. Jellinek and J. R. Ukwin

Department of Chemistry, The University, Adelaide, Smith Australia
Received March. 24, 19fiS

The hydrolyses of picolinamide and isonicotinainide were investigated over a range of hydrochloric acid concentrations

from 0.1 to 8 N.
acid concentration.

The experimental first-order rate constants do not pass through maxima with increasing hydrochloric
The Arrhenius equations at a number of hydrochloric acid concentrations were determined.

The

energies of activation and the A factors increase with hydrochloric acid concentration.

The hydrolysis of amides in concentrated acid
solutions was studied by a number of workers.1
The first-order rate constants pass through max-
ima in all cases with increasing acid concentra-
tions. Various theories were advanced to account
for these maxima; however, none can be consid-
ered satisfactory.

Recently, Jellinek and Gordon2 investigated the
hydrolysis of nicotinamide. In contrast to all the
other amides, the rate constants for this heterocy-
clic amide do not pass through a maximum, but
increase steadily with the acid concentration.

The present paper extends the work to other het-
erocyclic amides, such as picolin- and isonicotinam-
ide. It is shown that these amides behave in a
similar way to nicotinamide. A study also has
been made of the parameters of the Arrhenius equa-
tion as functions of the acid concentration. Both
the energies of activation and frequency factors,
the latter divided by the respective acid concentra-
tions, increase with the acid concentration. In the
case of the non-heterocyclic amides, only the ener-
gies of activation increase, whereas the frequency
factors remain constant.1

The differences in the hydrolyses of the three het-
erocyclic amides are only small, indicating that the
position of the amido group on the ring does not
exert a significant influence on the reaction.

As in the previous work on nicotinamide,2 the
polarograph was used to analyze the reaction mix-
tures. The analysis was based on the fact that the
polarographic waves of the acids corresponding to
the amides disappear at high pH values.

Experimental

Materials.— The preparation of picolinamide (m.p.
106.5°) and isonicotinainide (m.p. 156.0°) is described else-
where.3 Hydrochloric acid, sodium hydroxide, borax and
disodium hydrogen phosphate were Analar reagents.

Technique.— The hydrolyses were carried out in sealed
glass tubes, immersed in an oil thermostat, kept constant
within £0.5°. The tubes (Hy-sil glass) were cleaned with
chromic acid mixture, thoroughly rinsed with distilled water
and dried. Tubes were withdrawn from the thermostat
at definite time intervals, rapidly cooled and analyzed as
described below.

Calibration curves for the polarographic analysis were
prepared for picolinamide and isonicotinamide over a range
of concentrations from 0.2 X 10-3 to 2 X 10“3M . These
solutions were obtained from stock solutions of the amide
in 0.1 N hydrochloric acid diluted with 0.1 N hydrochloric
acid to give a range of amide concentration. Ten-ml. por-
tions of these solutions were made up to 50 ml. with a phos-
phate buffer. The pH values were 11.5 + 0.1 as deter-

(1) B. S. Rabinovifcch. and C. A. Winkler, Can. J. Research, 20B, 73
(1942), contain references to earlier work.

(2) H. H. G. Jellinek and A. Gordon, T his Journal, 53, 966 (1949).

(3) H. H. G. Jellinek and J. R. Urwin, not yet published.

mined with a Cambridge pH meter in conjunction with an
“Alki” glass electrode. The buffer consisted of 100 ml. of
ili/20 Na2HP042H2 plus 86.4 ml. of 0.1 N sodium hy-
droxide; this solution made up to 200 ml. with water gave
a pH value of 12.0.

The diffusion current was found to be a linear function
of the amide concentration in the range of concentrations
indicated above. It was also ascertained that hydrolysis
did not take place in the buffer over several hours at 25°.

The reaction mixtures, after hydrolysis for definite time
intervals, were buffered as described above, with the ex-
ception of those reaction mixtures which had concentrations
of hydrochloric acid of 1 A’ or above. In these instances, the
reaction mixtures were first diluted to make them 1 N with
respect to hydrochloric acid. Ten ml. samples were then
almost neutralized with 2 N sodium hydroxide and made up
to 50 ml. with the phosphate buffer. All final solutions had
pH values of 11.5 + 0.2.

Experimental Results

@ Hydrolyses as a Function of the Tempera-
ture.— The hydrolyses in 0.1 N hydrochloric acid
were carried out over a range of temperatures from
79.5 to 139.3° for picolinamide and from 70 to 130°
for isonicotinamide. In both cases the reactions
follow a first-order law. Table I gives the initial
concentrations of the amides in moles/liter at the
various temperatures and the corresponding rate
constants in reciprocal seconds. The last column
shows these rate constants corrected for thermal
expansion of the solutions from room temperature
to the respective reaction temperatures. These
corrections were made by first calculating the hy-
drochloric acid concentrations at the respective re-
action temperatures. The rate constants were
then adjusted linearly to the same hydrochloric
acid concentration (he., 1/10 N) for all reaction

Tabile |

Hydrolysis of Picolinamide and Isonicotinamide in

0.1 A Hydrochloric Acid

Initial Rate Cor. rate
Temp., conen. of amide, constants, constants,
°C. mole/l. (X 103 sec._1 (X 109 sec. (X 109
Picolinamide
79.5 5.02 0.0213 0.0216
90.5 5.02 0.0807 0.0836
99.5 5.02 0.155 0.161
119.5 4.98 0.685 0.725
129.5 4.98 1.46 1.56
139.5 5.05 2.53 2.73
Isonicotinainide

70.0 5.00 0.0266 0.0271
79.5 5.00 0.0576 0.0587
98.3 5.03 0.238 0.248
120.3 4.96 1.163 1.23
130.0 5.00 2.24 2.39
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temperatures. The assumption of linearity is jus-
tified for small concentration ranges.

Figure 1 shows the experimental results for pico-
linamide; isonicotinamide gives very similar
straight lines. The first-order law for these amides
is obeyed up to about 80% conversion.

Hydrolyses were also investigated in 1,3 and 8 N
hydrochloric acid over a range of temperatures.
Table Il gives the relevant initial concentrations of
amide and rate constants.

Table Il

Hydrolysis of Picolinamide and Isonicotinamide in

1, 3 and 8 A Hydrochloric Acid

Initial Rate Cor. rate
HCI, Temp., concn. of amide, constants, constants,
N °C. moles/1. (X 108 S30.-i (X 10« sec. 1 (X 109
Picolinamide
1.00 85.0 5.07 0.392 0.405
1.00 102.0 5.07 1.56 1.63
1.00 113.0 5.20 3.47 3.66
3.04 70.5 15.0 0.368 0.376
3.04 85.0 15.0 1.43 1.48
3.04 100.0 15.0 4.72 4.92
8.08 54.5 30.2 0.232 0.235
8.08 69.5 30.4 1.095 1.12
8.08 85.0 30.0 5.18 5.35
Isonicotinamide

1.00 68.0 5.00 0.373 0.380
1.00 90.5 5.05 2.21 2.23
1.00 100.0 5.05 4.80 5.00
1.00 105.0 5.04 6.78 7.10
3.04 55.5 15.10 0.375 0.380
3.04 68.0 14.90 1.29 1.32
3.04 83.0 14.85 4.75 4.89
8.08 41.0 29.3 0.294 0.296
8.08 55.5 29.8 1.43 1.45
8.08 68.0 30.8 4.52 4.61

The Arrhenius equations for the hydrolyses in
0.1, 1, 3 and 8 N hydrochloric acid were derived
from plots of the logarithms of the corrected rate
constants against the reciprocal of the absolute
temperatures:

Picolinamide

0.1AHC1 «k = 6.5 X 107 sec.“1
1.0A HCl 4 = 7.6 X 1®erim/RT SeC -i
3.0A HCl k = 8.45 X 103e~2MeIRT see."l
8.0A HcCl k = 3.80 X 10u e-;3mIRT sec.“1
Isonicotinamide
0.1 A HC1 k = 2.7 X 107 e-200/<T see.-i
1.0 A HC1 k = 9.2 X 103e"2HIK see.“ 1
3.0 A HC1 k = 7.9 X 109e¢-~2ImIRT see."1
8.0 A HC1 k = 7.4 X 10“ e~nm,RT see.“1

(b) Rate Constants as a Function of the Hydro-

chloric Acid Concentration.— Hydrolyses were car-
ried out over a range of hydrochloric acid concen-
trations from 1.0 to 8 N at 85° for picolinamide and
at 68° for isonicotinamide. A first-order law is
obeyed for either substance over the whole range of
hydrochloric acid concentrations. As can be seen
from Table Ill, the rate constants increase steadily
with the hydrochloric acid concentrations. The
rate constants for 0.1 A hydrochloric acid were cal-
culated from the corresponding Arrhenius equa-
tions.

Hydrolysis of Picolinamide and Lsoniootinamide
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Fig. 1.— Hydrolyses of picolinamide in 0.1 A hydro-
chloric acid over a range of temperatures: A, 139.5°: B,
129.5°; C, 119.5°; D, 99.5°; E, 90.5°.

Tabte Il

R ate Constants as Function of the Hydrochloric Acid

Concentration

HCI, Cor. &xptl. HCI, Cor. (exptl.
N sec.“1 X 104 N sec.-1 X 10
Picolinamide at 85° Isonicotinamide at 68°
0.100 0.058 0.100 0.020
0.970 0.392 0.980 0.373
1.94 0.875 1.96 0.775
2.94 1.43 2.98 1.29
3.86 1.85 3.91 1.83
5.73 3.28 5.02 2.56
6.85 4.35 5.80 3.18
7.83 5.18 7.92 4.52
Discussion

It is of interest to consider the energies of activa-
tion and frequency factors of the Arrhenius equa-
tions as functions of the hydrochloric acid concen-
tration for the non-heterocyclicl and heterocyclic
amides.

Whereas, the energies of activation rise steadily
for all amides with increasing acid concentration,
the frequency factors divided by the respective acid
concentrations, remain practically constant for the
non-heterocyclic amides, but rise continuously for
the heterocyclic amides. In the latter case, the
increase in the energies of activation is just about
compensated by the increase in the A/[H CI] fac-
tors. The logarithms of the A /[HCI] factors
plotted against the respective energies of activation
give straight lines for picolin- and isonicotinamide,
as is shown in Fig. 2.

A satisfactory mechanism has not yet been ad-
vanced to account for the maxima in the rate con-
stant versus acid curves for non-heterocyclic am-
ides, though a number of suggestions have been
made by various authors.1 The occurrence of
these maxima has been ascribed repeatedly to salt
or complex formation.4-6 The reason for the dif-
ferent behavior of the heterocyclic amides is not
clear and it would be premature to offer any sug-
gestions at this stage of the work.

(4) T.W. J Taylor, J. Chem. Soe., 2741 (1930).

(0) V. K. Krieble and K. A. Holst, 3. Am. Chem. Soc., 60, 2976

(1938).
(6) A. Benrath, Z. anorg. allgem. Chem., 151, 53 (1926).
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Energy of activation in kcal.

Fig. 2.— Log A/[HC1] values as a function of correspond-
ing energies of activation for picolinamide (A) and isonico-
tinamide (B).

A mechanism for the hydrolysis of nicotinamide
was presented in a previous paper.2 However, it
is difficult to decide whether such a mechanism is
really operative because of medium effects. The
experimental results indicate that at low hydro-
chloric acid concentrations the experimental rate
constants are proportional to the first power of the
acid concentration and not to the second power as
the mechanism, proposed previously, would require.

THE RATE OF THE THERMAL

J. Erskine Hawkins and James W. Vogh

ISOMERIZATION OF /3-PINENE

Vol. 57

A first power law would be obtained by assuming
the following reaction to take place

H+RCONH3+ + HD — ~ H+RCOOH + NH4+

The experimental rate constants, not considering
medium effects, should then be given by
focexpu

fe[Hi°] i + a-3[H:b +] 1)

If K3is small, /Copii is proportional to the first
power of the hydrogen ion concentration, which is
the case up to about 2 N hydrochloric acid for the
three heterocyclic amides. Any deviations can
then be ascribed to medium effects. fc2in equation
1lis a rate constant and K% an equilibrium constant
pertaining to the dissociation of the amide.27

A detailed discussion of mechanisms will be re-
served until more data are available for dilute solu-
tions, the main purpose of the present paper being
to ascertain the dependence of the experimental
rate constants and the parameters of the Arrhen-
ius equation on hydrochloric acid in concentrated
solutions.

The three heterocyclic amides do not show very
pronounced differences amongst themselves. The
energies of activation for picolinamide are higher
than those for the other two amides. It may also
be mentioned that the energies of activation for the
three amides plotted against the logarithms of
their experimental rate constants for any one hy-
drochloric acid concentration do not give straight
lines with slopes of magnitude 2.303RT, as was the
case for other amides.1

@) H. H. G. Jellinek and M. G. Wayne, This Journal, 55, 173

(1951).

IN THE

VAPOR PHASE1l

By J. Erskine Hawkins and James W. V ogh

Contribution from the Department of Chemistry, University of Florida

Received March SO, 1953

The rate of the thermal isomerization of (3-pinene in the vapor phase has been determined in the range 350-400°.

Suffi-

cient variation in pressure, temperature and extent of decomposition was obtained to calculate the order of the reaction and

the energies of activation for the formation of myrcene and i-limonene and for the decomposition of (3-pinene.

stants for the first-order reactions are equal to

the reaction is included.

The rate of the thermal isomerization of /3-pinene
in the liquid phase has been reported by Hunt and
Hawkins.2 It was shown that the presence of quin-
oline, hydroquinone and dipentene diluent had no
effect upon the pyrolysis reactions. Myrcene poly-
mers and Z-limonene were the products. The ac-
tivation energies for the formation of myrcene and
Z-limonene were found to be 47 and 50 kcal./mole,
respectively, in the temperature range 220 to 235°.
Other thermal isomerizations of /3-pinene in the va-

(1) The material included in this paper is based upon a partial ab-
stract of a dissertation presented to the Graduate Council of the Uni-
versity of Florida by James W. Vogh in partial fulfillment of the re-
quirements for the degree of Doctor of Philosophy, June, 1953.

(2 H. G. Hunt and J. E. Hawkins, J. Am. Chem. Soc., 72, 5618
(1950).

The rate con-

10 17-%-49'9D,RT, i0163-45'107], and 10174 e~issmIRr min.-1, respec-
tively. Two minor products of the reaction were found but have not been identified.

A discussion of the mechanism of

por phase have been carried out but no rates of the
reactions were measured. The first work of this
type was that of Arbuzov,3who stated, apparently
erroneously, that /3-pinene partially isomerized to
alloocimene at 345 to 350°. Goldblatt and Pal-
kin45 and Savich and Goldblatt8 have shown the
pyrolysis products to be Z-limonene, myrcene and
myrcene polymers and have discussed Arbuzov’s
work.3 The conditions they used were 5 seconds
(3) B. A. Arbuzov, J. Gen. Chem. (U.S.S.R.), 6, 297 (1936).

(4) L. A. Goldblatt and S. Palkin, 3. Am. Chem. Soc., 63, 3517
(1941).

(5) L. A. Goldblatt and S. Palkin, U. S. Patent 2,420,131 (May 6,
1947).

(6) T. R. Savich and L. A. Goldblatt, U. S. Patent 2,507,546 (May
16, 1950).
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contact time at 40506 and 0.004 second contact
time at 725 to 750°.6 At the higher temperature
the yield was 85% myrcene and 0.8% polymer.
Nothing else was reported. This virtual absence
of polymer correlates with the small contact time,
which does not permit the formation of the high
boiling compounds, a-camphorene or other poly-
mers.4

Experimental

Preparation of Materials.— Commercial Z-/3-pinene was
distilled in a Lecky and Ewell column of about 60 plates
under the conditions of operation. The /3-pinene used in
these studies was distilled from a single batch in order to
ensure uniformity of the physical properties of the pinene
and the pyrolysis products. The constants for the /3-pinene
were: b.p. 59.5° (20 mm.), raxd 1.4768, d%4 0.8669 and
M 2d -21.35.

Myrcene was prepared according to the procedure of
Goldblatt and Palkin.4 Approximately three liters of care-
fully distilled /3-pinene was pyrolyzed. Myrcene was ob-
tained from the product of distillation and the constants
were: b.p. 65.5° (20 mm.), @D 1.4682, dm4 0.7921, and
[aj Zp 0.

Z-Limonene was prepared by distillation of the same py-
rolysis mixture and the constants found for it were: b.p.
71.5° (20 mm.), «."d 1.4710, &2640.8385 and M 2d -107.91.

Separate redistillation of the fractions obtained prior to
the myrcene and after the limonene produced two more
components. Neither of these compounds was identified.

Apparatus and Procedure.— All experimental runs re-
ported in this paper were carried out in a pyrolysis train
of the usual type. The pyrolysis tube consisted of four
sections of 1.25-cm. Pyrex tubing, each 36 cm. in length.
These were connected by narrow-bore U-bends, about 4-
mm. inside diameter. This design was found satisfactory
since replacement of the upper half of the first section with
a narrow tube had no effect on the calculated reaction
rates. The volume determined for the pyrolysis tube was
corrected for the calculated expansion at the operating
temperature. The correction was approximately 0.7 cc.
for the total volume of 200 cc.

The tube was heated to the operating temperature in an
electrically heated thermostat which contained a fused
mixture of LiNO03, 27.3 wt. %; NaNCh, 18.2 wt. % and
KNOj, 54.5 wt. %.

Three iron-constantan thermocouples were placed in the
bath: one near the bottom, one near the top and one half-
way down. Temperature control was attained by the use
of a thermoregulator of the design given by Benedict.7 A
nickel resistance thermometer was used to operate the ther-
moregulator. When in use the bath was found to have a
maximum difference in temperature throughout the whole
length of less than 0.2° at all times.

The products of the reaction were discarded through a
side arm until a steady rate was obtained. The drop rate
into the receiver was noted in order to ascertain that the
steady rate of production of pyrolysate was maintained. At
the completion of the timed runs the samples were weighed
and stored at 0° under nitrogen.

Analysis of Pyrolysate.— The determination of the rate
of pyrolysis was carried out assuming that the amounts of
materials other than /3-pinene, myrcene and Z-limonene
present in the product could be neglected. This was done
since the complete decomposition of /3-pinene under the con-
ditions of the experiment produced no more than 0.5 wt. %
of material other than myrcene and Z-limonene. Density
and optical rotation measurements were made for analysis
of the product using the relations

1/dp = wp/dp + wtt/du -1- wi/41 + 0.0044 WPWU (1)
Dp] = (2)
1= wp+ wn + wi 3)
The symbols have the definitions: d = density, [a] =
specific rotation at 25°, w = weight fraction. The sub-

scripts p, (3 L and M refer to the pyrolysis mixture, /S-pin-
ene, Z-limonene and myrcene, respectively. The relations
were based upon the density and optical rotation values for

(7) M. Benedict, Rev. Sci. Instruments, 8, 252 (1937).
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/3-pinene-myrcene mixtures and Z-limonene-myrcene mix-
tures.

In a supplementary test of the validity of this analytical
method it was found that the average discrepancy between
the known and calculated values of weight fractions for the
three components of three mixtures was 0.002 unit. These
known mixtures were prepared to correspond to the compo-
sitions of typical pyrolysis products.

There appeared to be no polymers in the pyrolysis prod-
uct. Successive simple distillations of 30 cc. of fresh py-
rolysis samples left less than 0.1 g. of residue in each case.

Results and Discussion

The constants found for the component boiling
at 78° (20 mm.) were: w2d 1.4836, n2d 1.4862,
cP4 0.8557, cPjo 0.8612, [a]»D -0.35. Isken-
derov8reported the following values for 1(7),8(9)-
p-menthadiene prepared by dehydration of A89
dihydroperillic alcohol: b.p. 65-66° (11 mm.), d20
0.8735, w2od 1.4870. When this b.p. is corrected to
20 mm. pressure by the method of Hass9it becomes
77.3-78.3°. The mechanism (Fig. 1) for the ther-
mal isomerization of /3-pinene permits the formation
of 1(7),8(9)-menthadiene. However, the infrared
spectrum of the compound isolated in this work
does not indicate its presence.l0

Another unidentified component was obtained in
a mixture with /3-pinene at 59-60° (20 mm.).
Although only a partial separation could be made,
the physical constants were estimated to be: b.p.
59-60° (20 mm.), n26D 1.4661, dA 0.833, [a]ZXu O.

Since the combined amount of the unidentified
substances was less than 0.5% of the products,
their structures were not investigated further.

Table | contains the data of the several experi-
mental runs.

Table |

Conditions of Pyrolysis and Rate Constants for

Formation of Myrcene and Z-Limonene

Experi- Contact
ment Temp., Pressure, time, &M, &,
no. °C. mm. min. min.-1 min. 1
1 350.1 35.1 0.304 1.72 0.35
2 350.1 80.3 .482 1.62 0.33
3 364.8 20.3 .1519 4.17 0.79
4 364.8 50.4 1732 4.08 0.78
5 378.7 35.7 .0617 9.72 1.70
6 378.5 36.3 .0457 9.69 1.72
7 378.5 50.3 .1444 9.55 1.70
8 378.4 80.4 .1143 9.34 1.63
9 395.0 20.4 .0736 24.58 3.97
10 395.5 35.5 .0508 25.59 4.11
11 395.1 50.5 .0581 24.56 3.95
12 409.5 35.3 .0397 53.0 8.0
13 409.0 20.5 .0438 48.7 7.4

First-order reaction rate constants for the reac-
tions were calculated according to the equations

2.303 .
Adic = —-— log wB (4)
wm/ F1 s
=y IDu/wj. ®)
Klj — /akc  IM (6)

The symbols fcdec, &n and &1 are the rate constants
for the decomposition of /3-pinene, the formation of
myrcene and the formation of Z-limonene, respec-

(8) M. A. Iskenderov, 3. Gen. chem. (USSR), 1, 1435 (1937).

(9) H. B. Hass, J. chem. Education, 13, 490 (1936).
(10) R. L. Webb and J. P. Bain. /. Am. Chem. Soc., 75, 4279 (1953).
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tively. wm and Wi are the weight fractions of
myrcene and Z-limonene, respectively. The con-
tact time is I, minutes, and the other symbols have
meanings previously designated. Table 1

tains the rate constants for the formation of myr-

con-

cene and Z-limonene.

When log it's for the decomposition of /3-pinene,
for the formation of myrcene, and for the formation
of Z-limonene are plotted against 103T, straight
lines result.

Activation energies for the decomposition of /3-
pinene and for the formation of myrcene and Z
limonene were determined from the slope of these
plots and were found to be 48,800, 49,900 and 45,100
cal./mole, respectively. The dependence of the
rate of these reactions may be expressed by

Adc = 10174e~24600r min.-1
Am = KFAe-"ioo/r min.-i (7)
Al = 10553 -2™Fr min."1

The above relations indicate that the rate of the
reaction is independent of pressure,
and amount of /3-pinene decomposed within the
ranges covered.

The preferred mechanism for this reaction in the
vapor phase scheme proposed by
Burwellll which in Fig. 1.
nism is in agreement with the findings of Hunt and
Hawkins12 that the liquid phase pyrolysis of /3-
pinene was not affected by the presence of quino-

contact time

is the diradicai

is shown This mecha-

line, hydroquinone or dipentene.

/-fi-Pinene

I-Lirronene

A

Myrcene 1(7).809)-p-M enihad'iene

I-fi-Pinene

Fig. 1.— The mechanism of the thermal isomerization of

fj-pinene in the vapor phase.

The pyrolysis of cyclobutane to ethylene by
Genaux and Waltersi3 was found to be homogene-
(11) R. L. Burwell, 3. Am. Chem. Soc., 73, 4461 (1951).

(12) H. G. Hunt and J. E. Hawkins, ibid., 72, 5618 (1950).
(13) C. T. Genaux and W. D. Walters, ibid., 73, 4497 (1951).
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ous and first order and to be unaffected by the pres-
ence of propene or nitric oxide. This reaction is
analogous to the breaking of the cyclobutane ring
in /3-pinene during the formation of myrcene. The
formation of the menthadienes from /3-pinene is
best explained by an intramolecular exchange of
hydrogen as suggested by Burwell.l The possi-
bility that there is an exchange of hydrogen between
the biradical and a stable molecule and a resulting
complex mechanism is lessened by the fact that the
reaction is first order and the rate constant is un-
affected by a change of pressure within the range in
which this work was carried out.

On the basis of the proposed mechanism the fol-
lowing steps may be set up for the pyrolysis reac-
tions where B, R, L and M are the symbols for /3-
pinene, the biradical shown in Fig. 1, Z-limonene,
and myrcene, respectively.

Al

B — (8)
k2

R— > B (9)
s

R— >L (10)
Kk,

R — (11)

The corresponding reactions have been observed
in the pyrolysis of a-pinene by Fuguitt and Hawk-
ins.14 The rate constant for the racemization of a-
pinene was shown to be about one-tenth that of the
sum of the rate constants for the formation of di-
pentene and alloocimene and the activation energy
of the racemization to be 1.5 kcal. greater than that
for alloocimene formation. If the same relation of
rate constants and activation energies occurs in the
pyrolytic reactions of /3-pinene the reaction R
B may be omitted without introducing a great er-
ror. Appropriate treatment of the rate equations
and the energies of activation of the reactions in 8,
9,10 and 11 lead to the conclusion that

Edc = Ex (12)

where Ei is the activation energy for reaction 8.

Since iom/ w1l is not independent of temperature,
neither Eh nor Em can be expected to be independ-
ent of temperature. However, temperature de-
pendence could not be observed in the data avail-
able.

E 3and Ei, the energies of activation for the reac-
tions in equations 10 and 11, could not be deter-

mined from the information available. However,
the difference may be shown to be
7’m — Eh — Et — E3 (13)

Reaction 8 represents dissociation of the 6-8
bond. The activation energy of this reaction can
be taken as equivalent to the dissociation energy of
the 6-8 bond of the /3-pinene with the resulting
formation of the biradical. No direct comparison
with reported dissociation energies can be made.
Sehon and Szwarclh found a bond dissociation en-
ergy of 61.5 kcal. for the 3-4 bond of 1-butene.
The difference between this and the experimentally

(14) R. E. Fuguitt and 3. E. Hawkins, ibid., 69, 319 (1947).

(15) A. H. Sehon and M. Szwarc, Proc. Roy. Soc. (London), A202,
263 (1950).
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determined activation of 48.8 kcal. may be attrib-
uted to the strained nature of the cyclobutene ring
of the /3-pinene, to the hyperconjugation effect due
to the two methyl groups on carbon 8, to the fact
that the distance between the unpaired electrons
of the biradical is restricted by the molecular di-
mensions of the biradical, and to the fact that the
two resonance forms shown are not symmetrical.
The only mechanism other than that suggested
by Burwell which completely agrees with the kinetic

LIQUID-VAPOR

HEXAFLUORIDE-HYDROGEN

Liquid-V apor Equilibrium in Uranium Hexafluoride-H ydrogen Fluoride
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behavior and products observed is that of Hunt.16
W hile the possibility of the occurrence of a chain
reaction mechanism, particularly in the formation
of the menthadienes, cannot be excluded on the
basis of the information available, several possible
chain mechanisms were analyzed but none fitted the
experimental observations in a satisfactory manner.

(16) H. G. Hunt, “The Kinetics of the Thermal Isomerization of the

Pinenes,” Ph.D. Dissertation, Department of Chemistry, University of
Florida, June, 1950, p. 32.
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Liquid-vapor equilibrium in the system uranium hexafluoride-hydrogen fluoride has been determined over the whole

range of compositions in the temperature interval 40 to 105°.

tem is one of maximum pressure at constant temperature.

In this temperature range, and considerably beyond, the sys-
Vapor-liquid separation factors, activity coefficients and other
pertinent functions have been calculated with respect to a formula weight of hydrogen fluoride of 20.01.

This procedure is

convenient and practical, but it is not in agreement with molecular weights of hydrogen fluoride calculated from vapor

density measurements.
tact with solutions.

In a recent publication2the nature of condensed
phase equilibria of the binary system uranium hexa-
fluoride-hydrogen fluoride was presented. The
purpose of the present paper is to submit data on
liguid-vapor equilibrium. Two factors should be
noted concerning this system, as follows: first, a
miscibility gap extends from 61.2 to 101°; second,
since the manner in which the molecular weight of
hydrogen fluoride varies with temperature, pres-
sure and concentration is net known, the system
cannot be expressed in terms of molar quantities.
Formula quantities have been used in this paper for
convenience, although such units introduce very
extensive distortions in graphical representation of
this binary system.

Experimental

Equilibrium Still.— The equilibrium still used to obtain
data for this paper has been described in a previous com-
munication,3 as has the vapor pump.4 Briefly, it con-
sisted of a pot, an overhead vapor column that could be
isolated from the pot, and a pump to force vapor through
the liquid. This whole unit, with its pressure transmitter,
was contained in one side of a two-compartment air thermo-
stat; the other compartment contained the sampling mani-
fold. One portion of this unit not previously described in
adequate manner is the liquid pipet. It was formed by
major modeling of two Hoke M 342 valves which were
welded to the bottom of the pot, as shown in Fig. 1.

The still was controlled at one of eight temperatures by
mercury regulator-electronic relay circuits. Temperatures
were measured by means of a calibrated eopper-constantan
thermocouple and a Leeds and Northrup Portable Poten-
tiometer. Vapor and liquid temperatures were maintained
equal within 0.1 to 0.2°.

(1) This work was performed for the U. S. Atomic Energy Commis-
sion by Union Carbide and Carbon Corporation at Oak Ridge, Ten-
nessee.

(2) G. P. Rutledge, R. L. Jarry and W. Davis, Jr., T his Journal,
57, 541 (1953).

(3) R. L. Jarry and W. Davis, Jr., Hid., 57, 600 (1953).

(4) F. D. Rosen, Rev. Sci. Instruments, 24, in press (1953).

These weights vary from 60 to 100 in the temperature range 60 to 40° for saturated vapor in con-

Pressures were measured by use of a Booth-Cromer
pressure transmitter6and one of two Bourdon gages, each of
which was calibrated against a dead weight gage.6 One,
used in most of the experiments, had a 7-in. diameter scale
of 0 to 160 p.s.i.g. in 2 pound increments; the second had
a 4-in. diameter scale of 0 to 300 p.s.i.g. in 1 pound incre-
ments.

Gas Density Flask.— This flask was made of spun nickel,
about 10 mils thick, and had a volume of about 535 cc.
With its light weight, right angle, metal valve (monel metal
body, Z nickel stem, modified from Hoke type 431) this unit
weighed less than 200 g. It was connected to the sampling
manifold through a V« in. compression fitting in which the
copper gasket was replaced by one made of Fluorothene.

Materials.—-Uranium hexafluoride used in these experi-
ments contained less than 0.015 wt. % impurity,2 the im-
purity being principally hydrogen fluoride. Hydrogen
fluoride, whose purification has been described previously,3
was about 99.74 mole % pure.

Procedure.— The pot (A, Fig. 1, ref. 3) was charged with
a mixture of hydrogen fluoride and uranium hexafluoride,
and then heated to one of the 8 different temperatures used
in this work. Vapor was circulated through the solution
while the materials were heating and until constant tempera-
ture and pressure had been obtained. The pump was then
stopped and the vapor and liquid materials valved off from
each other. A sample of the vapor was obtained by crack-
ing a valve between the vapor volume and the sampling
manifold. The pressure and temperature of this sample as
expanded into the gas density flask was taken, the flask
closed, and then, along with a counterpoise, removed from
the thermostat for weighing.

A sample of the solution was obtained by use of the solu-
tion pipet of Fig. 1. After collecting liquid between valves
V-l and V-2, valve V-l was closed and valve V-2 rapidly
and completely opened. By this operation all the liquid
in the pipet was completely vaporized, without fractionation,
into a part of the gas sampling manifold (Fig. 1, ref. 3)
which included a re-evacuated and retared vapor density
flask. It should be noted that the counterpoise was taken
through the same heating and cooling cycles as was the gas
density flask.

In three experiments the complete vapor sample was con-
densed from the isolated vapor volume into a weighing flask

(5) S. Cromer, “The Electronic Pressure Transmitter and Self-
Balancing Relay,” MDDC-803 (1947).
(6) W. B. Kay, J. Am. Chem. Soc., 69, 1273 (1947).
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by liquid nitrogen condensation. These experiments were
performed to provide values of the apparent molecular
weight of hydrogen fluoride under specific conditions.

Standardization.— Vapor density analyses of
mixtures of uranium hexafluoride and hydrogen
fluoride present somewhat unusual aspects; first,
because the former reacts with nickel and, second,
because hydrogen fluoride polymerizes, at least at
relative pressures much in excess of 0.1. Because
of this a number of standardization tests were made
on the gas density method of analysis. First, to
check the potential errors due to technique, the
molecular weight of nitrogen was calculated, in two
tests, using the ideal gas law, pressure, volume,
weight and temperature data. The values were
27.89 and 28.06. These and all other tests were
run at about 80°, a temperature chosen as being
high enough to minimize hydrogen fluoride poly-
merization at pressures below one atmosphere.
Second, in four determinations with hydrogen fluo-
ride at pressures of 400 to 650 mm., the molecular
weight was found to be 20.35 with a standard de-
viation of 0.15. Third, in six determinations with
uranium hexafluoride at pressures of 100 to 400
mm., the molecular weight was found to be 349.3
with a standard deviation of 3.0. Finally, to check
the possible time dependence of probable chemical
reaction of uranium hexafluoride with metal, as well
as to check the accuracy of analyses of mixtures, a
synthetic gas mixture was made and sampled during
a period of two days. Results of this test, sum-
marized in Fig. 2, indicate that during the few
minutes maximum, while these gases were con-
tained in the transfer lines, little reaction of ura-
nium hexafluoride would occur, and that accuracy
within about 1 to 1.5% of the apparent molecular
weight could be expected.

Results
Liquid-vapor equilibrium data, separation fac-
tors and activity coefficients are presented in Table
I while Table Il contains data on the degree of
polymerization of hydrogen fluoride in vapor over

R. L. Jarry, F. D. Rosen, C. F. Hale and W. Dauvis, Jr.
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P uf, the vapor pressure of pure7 UF6and P°HF the
vapor pressure of pure hydrogen fluoride3; nijF, is
the number of moles of UF6per unit volume in the
vapor phase and Vgp, is the “true” mole frac-
tion of UF6; n\ is the number of moles of (HF); in
the vapor phase per unit volume; 7P = 2inj/2nj
is the association number of hydrogen fluoride; M
is the average molecular weight of material in the
vapor phase as determined by gas analysis; and W is
the weight of the gas sample taken for analysis.
Equation 3 follows directly from the assumption that
P -V -T relations of mixtures of UF6and the various
hydrogen fluoride polymers (HF); may be described
adequately by ideal gas laws at the sampling condi-
tions of relatively lowpressure and high temperature.
This assumption is contained in equations 1 and 2
wherein the ratio 20.01 HinJ/'ZnJd is assumed to
have the same value of 20.35 for UF6H F mixtures
as it did for pure HF.

] . (1)
"DFi+ h in' RT M
352.07 nm, + 20.01 in] w (2)
=1
” M - 20.35
/ UFi — (3)
337.7 - 0.017 M
Separation factor = a = '"f ' P (4)
I'hf1 fv Fe
Pfu
7TUF6 = (5)
Puf/ljf
PfHF
Yhe (6)
Fhf/ hf

As mentioned previously, this work was performed
at a series of constant temperatures, one of these
being 104.7°. Liquid-vapor equilibrium data were
not taken over the full composition range at this
temperature since the maximum pressure, about
220 p.s.i.a., was somewhat beyond the safe limits of

(@) G. D. Oliver, H. T. Milton and J. W. Grisard, J. Am. Chem.

Soc., 75, 2827 (1953).
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Tabte |

Liquid-V apor Equilibrium Data for the System

Uranium Hexafluoride-H ydrogen Fluoride

Separation Activity
Composition, factor, coefficient
Temp., Pressure, formula %UFe°® (HF)V ,(UFt)V in sol.
°C cm. Liquid Vapor (HF)L' (UF«)L yUFi THF
40.89  156.0 0.00 0.00 1. 000
40.89  179.6 2.74 6.85 0.383 8.76 1.103
40. 89 51.3 100.00 100.00 1. 00
50.90 214.0 0.00 0.00 1. 000
50.90 244.7 2.47 7.45 0.315 10. 03 1.085
50.90  258.3 3.81 9.09 0.396 8.37 1.141
50. 90 73.6 100.00 100.00 1. 00
59.66  275.0 0.00 0.00 1. 000
59.56  314.4 1.64 7.54 0.205 14. 62 1.075
59.75 343.8 5.78 1159 0.468 6.97 1.173
59. 66 98.9 100.00 100.00 1. 00 . - A .
Fig. 3.— Liquid-vapor equilibrium in the system UF6HF
66.87  340.0 0.00 0.00 1. 000 °
at 104.7 + 0.1°.
66.99  382.7 1.89 7.17 0.249 11. 66 1. 065
67.01  412.7 4.07 12.48 0.298 10. 16 1. 107 . .
66.92 429.6  7.40 14.01 0.491 6. 53 1.173 Discussion
66.97  431.1 13.99 ] ] . .
66.79 424 5 742 1396 0.494 6. 41 1 160 _Compar_lson of results obt_amed in this re_search
66.97 430.5 7.67 15.14 0.466 6. 82 1 164 with previous work from this Laboratory2is pos-
66.83  428.3 8.27  14.40 0.536 5.99 1. 176 sible mainly in the region of the miscibility gap of
22-87 i;g-é 7;-;2 15-22 19.27 0.670  4.73 the system uranium hexafluoride-hydrogen fluo-
.85 . 78. 14. 21.21 0.643  5.00 - S - g
66.74 360.8 9145 2470 3261 0782 9 35 ride. T_he_equnlbrlum §t|II_Was. run with 200 to 400
66.81 360.1 92.53 25.10 36.96 0.784 10.62 cc. of liquid and the liquid pipet was located so
91.93 33.99 0.789  9.83 close to the bottom of the pot that only the lower
66.92  262.0 98.50  46.73 74.86 0.998 27.4 (UF6 rich) of the two phases could be sampled
66.87 124.5 100.00 100.00 1. 000 .
when two liquid phases were present. Analyses of
72.47 396.0 0.00 0.00 1. 000 liguid phases consistently agreed with revious
72.48  442.5 1.83 7.38 0.234 12. 82 1.054 d p y ag P
72.28  442.8 255 8.00 0.301 9.41 1. 056 results2 and scattered only to a small extent about
72.50 482.6 4.26 1313 0.294 10. 07 1. 106 the heavy-lined miscibility curve— or solubility
72.48  498.4  7.44  15.04 0.454 6.82  1.155 curve— shown in Fig. 4. This figure also summar-
72.48 503.6 10.84 16.15 0.629 5.19 1. 191 : Lo P, .
7248 4998 7348  16.40 1412 0755 3 98 izes liquid-vapor eq_unlbrlum data at. a series of
72.62  494.7 77.62  16.93 17.02 0.731 4. 64 pressures. Data points and dashed lines to con-
72.28 409.1 93.57 28.40 36.69 0.841 11.50 nect liquid composition curves through the misci-
72.62 286.7 98.43 5115 59.88 1.009 22.5 bility gap have been omitted to keep the figure legible.
72.47  147.7 100.00 100.00 1..000 It is obvious that this system is one of minimum
84.46  538.0 0.00 0.00 1. 000 s : ;
8445 5973 155 6.07 0.244 1121 1 0s9 boiling point e.1t te_m peratures c:)n5|derably beyond
84.49 652.1  3.60 11.60 0285 10,08 1112 therange studied, i.e., 40 to 105°.
84.40 681.9 7.36  16.00 0.417 7.11 1. 149 Extensive deviations of solutions of uranium
84.47 688.2 11.05 17.75 0.517 5.30 1.183 hexafluoride and hydrogen fluoride from ideal or
84.33 683.6 11.32 17.81 0.589 5.20 1. 186 “ ” ; :
real” 8 solution theory have previously been re-
84.38 686.,6 6578 17.80 8.88 0.892 3.07 L y P L y
84.55 678,4 73.12 17.56 12.77 0.782 3.87 ported2 this is indicated quantitatively by the
84.53 543.5 93.74 33.33 29.95 0.927 10.8 activity coefficients of Table I. However, these
84.53  364.7 98.96 58.75 66.81 1.039 26.9 coefficients are based on formula weights, rather
84.46  208.5 100.00 100.00 1.000 than mole quantities, and accentuate deviations of
92.30  656.0 0.00 0.00 1.000 the system from ideality. In order to obtain
92.28  718.8 1.50 6.15 0.232 11. 45 1.044 . . .
92.28  789.2 350 11.22 0.287 9. 83 1111 some estimate of the distortion produced by use of
92,30 830.5 6.91  16.95 0.364 7.91 1.129 the formula weight, the density as well as formula
92,30 840.6 11.24 1851 0.558 5.38 1.176 composition of saturated vapor in equilibrium with
92.30 837.9 6167 18.70 6.99 0.987 271 saturated solution was determined at 3 tempera-
92.37 821.8 7117 19.19 10.40 0.861 3.51 bel he f h . . ¢
02 30 637.6 93.94 3545 2823 0.935 10.4 tures be ow_ the four p.a'se. |nvar_|ant temperature o
92.28 421.1 99.53 62.43 127.4 1.026 51.3 61.2°. Using the definitions given above we may
92.30 257.5 100.00 100.00 1.000 write equations 7 and 8. The second equality of
104.74  886.0 0.00 0.00 1.000 equation 7 can be written only in the event that
104.77  962.4 1.18 5.24 0.216 12.13 1.042 solid UF6is present in the system.
104.73 1051.3 3.22  10.73 0.277 9.93 1.095
104.60 804.6 94.92 40.85 27.06 0.983 10.6
104.87 524.8 99.56 66.44 114.3 0.993 45.2 = PVIP = e nVA -~ %)
104.74  352.5 100.00 100.00 1.000
° Compositions were calculated on the basis of association PUF L i—1

of hydrogen fluoride in samples equivalent to a molecular
weight of 20.35.

the apparatus. However, pressure vs. composition
data for this temperature are plotted in Fig. 3; 1=1

experimental and extrapolated points are appropri- (8  J. H. Hildebrand and R. L. Scott, “Solubility of Non-Electro-
ately differentiated. lytes,” Third Edition, Reinhold Publ. Corp., New York, N. Y., 1950.



908 1L L Jarry, F. D. Rosen, C. F. Hale and W. Davis, Jr.

Table Il
Apparent Molecular W eight of Hydrogen Fluoride

Total press, Mole frac. Formula frac. HF
Vapor press, over satd. UFs in vapor UFs in vapor association
Temp., of solid UFs, UFs-HF sol., (eq,V5), (Table 1), no.
\%
°C. cm. cm. IVUFs JUFs (eq. 5 and 6)
40.89 51.1 179.6 0.283 0.0685 5.37
50.90 73.5 258.3 .285 .0909 3.99
59.66 98.8 343.8 .287 .1159 3.07
See ref. 3.
0 10 20 30 40 50 60 70 80

COMPCSITION - FORMULA % UF6 =
Fig. 4.— Summary of liquid-vapor equilibrium in the system UF6ITF.

Assuming the iueal gas laws and no association of
UF6 the vapor phase association numbers (Zv =

\Vol. 57

Av. mol. wt. of HF

Vapor over Vapor over
sol. Pure HF«
107 64

80 60
61 56
90 100

'Sin”/'SnJd) of hydrogen fluoride have been calcu-
lated from data and presented

in Table Il. In
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terms of average molecular weight this association
has been compared with association in pure hydro-
gen fluoride vapor.3 Such data indicate the com-
plexity of this binary system but are of little value
in terms of solution theory unless it is safe to as-
sume that saturated liquid and saturated vapor
have approximately the same degree of association
of hydrogen fluoride.

The azeotropic nature of the system UFG6HF,
in the temperature region studied, is shown in the
X -Y plot of Fig. 5. This figure gives a quantita-
tive expression to the ease of removing “small”
(less than 75 formula %) amounts of HF from UF6,
either in a simple still or by a “flashing” procedure.
Use of “flashing”, or pumping, at —80° to remove
HF has been described by Katz and Rabinowitch.9

By use of data of Table I the effect of tempera-
ture on the vapor pressure of a solution of fixed
composition may be obtained. Plots of log P wvs.
1/T vyield nearly straight lines; considering devia-
tions therefrom as within experimental error, data
have been expressed in Table Ill in terms of the an-
alytical equation

logP = A - B/T 9)

Table 111

Vapor Pressure Equation Constants for UF6HF

Solutions

Sol. comP,, Expt. temp,
formula range, B, BR In 10,
% UFg °C. A" "KL o-i cal./molei’
5 54- 94 6.906 1460 6680
10-60 66- 94 6.864 1440 6590
70 72- 94 6.474 1300 5950
80 66- 94 6.423 1290 5900
90 66- 94 6.205 1260 5760
95 66-105 6.344 1300 5950
96 66-105 6.322 1300 5950
97 66-105 6.298 1300 5950
98 66-105 6.233 1290 5900

aPressures are in cm. 6The term mole is here used with

considerable reservation.

In addition to values of .4 and B, the apparent
heats of vaporization, BR In 10, where R is the gas
constant, have been listed for comparison with (1)
the molar heat of vaporization of pure7UF6and (2)
Zv times the formula heat of vaporization of hy-
drogen fluoride (Zv here is the association factor of

[©) J. J. Katz and E. Rabinowitch, “The Chemistry of Uranium,

Part I. The Element, Its Binary and Related Compounds,” McGraw-
Hill Book Co., Inc.,, New York, N. Y , 1951.
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LIQUID COMPOSITION - FORMULA  FRACTION  HF.

Fig. 5.— Liquid vs. vapor composition diagram.

saturated hydrogen fluoride vapor in contact with
liquid). Z~AHvap.HF, where AHvapHF is the heat
of vaporization of 20.01 g. of hydrogen fluoride,3
is the heat that must be added to this liquid mate-
rial to produce vapor containing 1total mole (not 1
formula weight) of the species (HF)i. By analogy
and within limits imposed by assuming that the
various molecular species in the gas phase obey ideal
gas laws, the term BR in 10 is that quantity of heat
which when added to a UF6H F solution at con-
stant temperature and pressure will lead to the
formation of saturated vapor that contains 1 mole
(not 1 formula weight) of a mixture of UF6 and
(HF);. Comparative numbers are A//vap = 6500-
6900 cal./mole7for UF6and ZvAHvap,HF = 6400 to
6300 cal./mole vapor,3these values applying to the
temperature interval 90 to 60°. It is evident that,
from HF-rich solution, heats required to form vapor
containing 1 mole of mixture are less than those for
pure hydrogen fluoride or pure uranium hexafluo-
ride. It should be noted that the weight of 1 mole
of vapor is not known and that this weight varies
with temperature.

Acknowledgments.— The authors wish to ac-
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The empirical constants used for the calculation of thermal transpiration have been more accurately determined, and a

new correlation between the pressure shifting factor and the gas collisional diameter becomes possible.

adopted as the new standard to replace nitrogen.

Introduction

When a temperature difference exists between
the pressure measuring device and the part of the
system to be measured, such as in the cases of low
temperature adsorption and vapor pressure meas-
urements, the pressure measured differs from that
desired because of thermal transpiration. For the
calculation of this thermal transpiration effect R,
an equation was introduced,2 where pi and p2 are
R - W(X/f)> + KX/f) + Rm]/-

MX/f)* + KX/Zf) + 11 (1)

pi/p, =

the true and measured pressures;
pirical constants; X = p2, d being the diameter
of the connecting tube; Rm = {TIT 22, Ti and
T2being the temperatures (°K.) of the system to
be measured and of the measuring device; and/
the pressure shifting factor with/ for nitrogen arbi-
trarily defined as unity; the empirical relationship

ft/fi =

a and i3 the em-

1+ 4[(n/r2) - 1] (2)

was suggested later on for the estimation of the R
values of one gas from those of another, through the
use of their collisional diameters n and r23 In the
earlier communication, in addition to the obvious
error that fi/f2 appeared where /2/i should, the
condition rjr2 ~ 1 was, unfortunately, left out.
W ithout this condition, eq. 2 would require ri/r2to
have a fixed value. The constants a, 3 and f’s
have since been more accurately determined, and a
more reliable correlation between r and / becomes
possible. It is felt that the new information is use-
ful enough to be reported.

Experimental

The measurements were made by the “relative method”
described in detail elsewhere.2 Briefly, the system to be
measured was connected with two tubes of different diame-
ters, one narrow and one wide, to two pressure gages. The
“measured pressure” p2 was that measured through the
narrow tube. The “true pressure” pi was represented by
that measured through the wide tube of such a diameter
d/\ > 103to 104, X being the mean free path of the gas, so
that the thermal transpiration effect became unimportant.
Thus, the larger the diameter of the wide tube, the more
accurate the measurements may be made at lower pressures.
In the present study, a 90 mm. i.d. tube was used as the
wide tube. Two capillaries of 1.2 and 2.6 mm. i.d. were
used as the narrow tubes. The pressure gage temperature
was constant at 296 + 2°K. The cold bath temperature
was at 195°K. (Dry lIce-acetone) and 77.5 + 0.1°K. for
two sets of measurements.

The gases measured included helium, neon, hydrogen,
argon, nitrogen, Kkrypton, xenon and ethylene. The
ethylene was withdrawn from a commercial tank and puri-
fied by fractionation, the final gas was found to be at least
99.9% pure by mass spectrometric analysis. All the other
gases were obtained from Linde Air Products.

(1) Research Laboratory, Dominion Tar & Chemical Co.,
Allard Street, Ville LaSalle, P. Q., Canada.

(2) S. C. Liang, J. Applied Phys., 22, 148 (1951).

(3) S. C. Liang, This Journal, 56, 660 (1952).
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Helium has been

Results and Discussion

In the earlier works, nitrogen was chosen arbi-
trarily as the standard. It hasnow been found that
the thermal transpiration effect is important in a
much wider region than then anticipated, and the
choice of standard cannot be made arbitrarily with-
out causing inconvenience in the future. Helium
has thus been decided upon as the new standard.
Because helium has the smallest collisional diame-
ter of all the gases, it has the largest thermal trans-
piration effect under the same conditions. There-
fore, its effect can be measured most accurately.
Furthermore, by redefining a new pressure shifting
factor 43 eq. 1 takes anew form more convenient for
calculation

R = PYP2= [ome(d>sX)> + fiHe{<ex) + Rm}/

I“ He(<PBY)2 + @He(<t>gX) + 11 (3)
The relationship between/and 4may be expressed,
for a gas, 4e = fiie/fg- In the present form, 4 has a
minimum value of unity.

The results obtained are summarized in Table I,
where the previously published / values are also
included and fne/fg evaluated to compare with the
newly determined 4g values. Also included are
the collisional diameters r of the various gases. It
is of interest to note that, with the exception of
nitrogen and krypton, a higher r is associated with a
higher 4

Table |

Pressure Shifting Factors and Collisional Diameters

Gas He Ne H2 A N, Kr Xe CjH4

Old factor / (/ns

-1 2.80 2.0 2.201.251.0000 .. .. 05
fne/fy 1.0000 1.40 1.272.24 2.80 5.60
New factor ¢

(OHe = 1) 1.0000 1.41 1.522.933.28 3.906.87 7.2
Collisional diam.

r, A 258 2.80 2.903.413.70 3.60 4.1 45

o
In Fig. 1 are plotted 6 vs. r (in A.), both on a log-
arithmic scale. The straight line relationship

0.27 log 0 = logr — 0.41 4)

is indicated. At present the 4&values can be deter-
mined only with 5% uncertainty, with the excep-
tion of that of helium which is defined as unity.
The rvalues are not yet very well defined, and a 5%
uncertainty is used for illustration. The cross on
each point represents such uncertainties.

It should be mentioned that the molecular diam-
eters used are those calculated from the viscosity
data by the Lennard-Jones 12:6 potential method.
It has been suggested to the author that the “equiva-
lent elastic-sphere diameters” 4 given by Kennard
should be used, because the krypton molecule under

4 E. H. Kennard, “Kinetic Theory of Gases,” McGraw-Hill Book

Co., Inc.,, New York, N. Y., 1938, p. 149.
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such considerations, has a larger diameter than ni-
trogen. Since a universally accepted method for
the calculation of molecular diameter is not avail-
able, and a discussion of the relative merit of differ-
ent methods is out of the province of this communi-
cation, we shall leave this point out. This action
may be justified because eq. 4 is only an empirical
relationship (the true relationship is unknown) for
the estimate of the thermal transpiration effect of a
gas for which no experimental measurements have
been made, and accuracy is unimportant. Accu-
rate values, if desired, should be obtained experi-
mentally, or calculated from eq. 3 if Rvalue is ob-
tainable by some other more accurate method.

We wish to emphasize, however, although we are
not convinced of the accuracy of the Kennard
molecular diameter values, we agree that krypton
should have a larger diameter than nitrogen. The
thermal transpiration effect of nitrogen has been
determined several times. The constants a and d
for nitrogen obtained previously are compared with
those obtained during the present study in Table II.
The difference is very small indeed. In fact, it co-
incides almost exactly with the results of Los and
Fergusson.6 All these indicate that the existence
of serious experimental errors is unlikely. In the
case of krypton, our results agree well with those of
Fergusson6a and also those of Holmes and King-
ton,6b and 4xt is unmistakably larger than <=2
suggesting that krypton may have a collisional di-
ameter larger than nitrogen, in fact, by some 6-7%.
When krypton and nitrogen were used for surface
area measurement by the adsorption method, it
was always necessary to assign krypton a cross-sec-
tional area some 15% higher than that of nitrogen,
or 7.5% in terms of diameter.7 The Kennard val-
ues indicate a 10% difference.

Tabite Il

Constants fob Nitrogen

Cold end a
temp., New New
°K. Previous (aHeON22 Previous (PHe”Nj)
195 22.76 27.1 5.00 4.79
77.3 29.5 27.1 12.5 12.4

In the earlier studies, the / values were thought
to be afunction of the cold end temperatures; thisis

(5) J. M. Los and R. R. Fergusson, Trans. Faraday Soc., 48, 730
(1952).

(6) (a) and (b) both unpublished.

(7) R. A. Beebe, J. B. Beckwith and J. M. Honig, J. Am. Chem.
Soc., 67 1554 (1945).
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LOG 4

I.*>—Correlation between collisional diameter r (in A.)
and the pressure shifting factor 4

Fig.

now known to be not the case. The <€ (and there-
fore/) values are independent of temperature. The
constants «<He and dm are found to be: (1) «He =

2.52, independent of cold end temperature, and

(2) dm = 7.68 (1 — Rm). with Rm 1; when pres-
sure and tube diameter are measured in mm. Hg and
mm., respectively.

Although some difference is noted between the
/m //g and 4g values in Table I, it remains to be
pointed out that the actual change in R values in
most casesis small. Thus, for example,/m //c2H4 =
5.60, whereas $c2n4 = 7.2, an almost 30% differ-
ence; the effect on the thermal transpiration is il-
lustrated in the following.

The results of previous vapor pressure measure-
ments3are summarized in Table I11.

Tabte Il

Vapok Pressure Measurement of Ethylene

Tube diameter + 1.6 mm. 32 mm.
Exptl., Cor,, Exptl., Cor,,
n n ti n
77.5°K. 1.04 0.53 +0.01 0.77 0.55 +0.03
90 °K. 36 30 30 30

Equation 3 may be conveniently written in the
form

(>2 — PIl)/i>2 = Ap/p2= (1 — Rm)/(.aCiHtX2 + fiCiSiX + 1)

OiCiHi = »He~CiHi = 131
At77.5°K.: Em= 0.510, Pc”*. = Ps~cm. = 27.1
d= 16 mm. Ap= 0488ft pi = p2 — Ap= 0.55ft
d — 32 mm. Ap= 0.216ft pi = p2 — Ap= 0.55ft
At 90°K.: Rm= 0.550, Pcm, = 24.9
d = 1.6 mm. Ap= 5.64ft pi = 30ft
d= 32mm. Ap= 0.092ft pi = 30ft

The vapor pressure data of ethylene are therefore
not materially affected.
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Adsorption measurements for A, Ns, O2and CO on molybdenum powder were extended from multilayer coverages at high
relative pressures to pressures of one-tenth of a micron of mercury. Little or no physical adsorption data for metal surfaces

has previously been reported down to such low pressures.

Thermal transpiration corrections applied to the low pressure
data modified the calculated heats of adsorption by about 200 cal. at the lowest pressure measured.
the surface heterogeneity of a reduced molybdenum sample was revealed by heat of adsorption data.
for argon on the reduced metal was about 0.9 kcal. greater than the respective value on the unreduced sample.
carbon monoxide had similar isosteric heat values, ca. 3.5 kcal., at low surface coverages.
very close at all coverages with an initial value of about 3.1 kcal.

Further evidence for
The initial heat value
Nitrogen and
Argon and oxygen heat values were
The absolute entropies of the adsorbed phase have been

calculated. These data were compared with theoretical entropy values obtained from statistical mechanical considerations.

Introduction

The results of a study of the physical and chemi-
cal adsorption of gases at low temperatures on
molybdenum powders in the pressure range which
extends roughly from 1 to 76 cm. were reported
recently.3 From these studies important informa-
tion concerning the physical and chemical hetero-
geneities of molybdenum surfaces was obtained.

The more fundamental objective of the present
work was the cbtainment of accurate, low pressure
adsorption data in the range 1 X 10-4 to 10 mm.
These data together with the high pressure data al-
low the various thermodynamic quantities recently
developed by Hill4to be calculated. The most im-
portant of these is the absolute entropy of the ad-
sorbed molecules, which can be used for the inter-
pretation of absorbate behavior by comparison
with simple statistical mechanical models.

Little or no adsorption data for metal surfaces
has previously been reported for such a wide range
of pressures. In a recent comprehensive search of
the literature, Honig and Reyerson5found only six
instances of adsorption measurements for the phys-
ical adsorption of gases on solids which included
the low pressure region of the isotherm. Promi-
nent among these was the work of Jura and Hark-
ins6é who measured the adsorption of nitrogen on
anatase at pressures as low as 5 X 10~3 mm.
through use of a wide bore mercury manometer
and a traveling microscope.

Further, the effect of thermal transpiration cor-
rections of low pressure physical adsorption data
on calculated thermodynamic quantities has been
evaluated. In low pressure adsorption work, cor-
rection for this effect has seldom been made hereto-
fore.

Experimental

Apparatus and Procedure.— The pretreatment of the
molybdenum powders and the purification of the gases used
in the adsorption measurements have been reported pre-
viously.3 Low pressure adsorption measurements were de-

(1) This work was used as part of a thesis submitted by J. J. Chessick
in partial fulfillment of the requirements for the degree of Doctor of
Philosophy.

(2) Presented at the Fall, 1952, meeting of the American Chemical
Society, Atlantic City, New Jersey.

(3) F. H. Healey, J. J. Chessick and A. C. Zettlemoyer, This Jour-
nal, 57, 178 (1953).

(4) T. L. Hill, 3. Chem. Phys., 17, 520 (1949).

(5) J. M. Honig and L. H. Reyerson, T his Journal, 56, 140 (1952).

(6) G. Juraand W. J. Harkins, J. Am. Chem. Soc., 66, 1356 (1944).

termined in an apparatus described by Orr.7 However,
in this work absolute pressures rather than differential
pressures were measured. The oil manometer used allowed
adsorption pressures to be measured in the range 0.10 to 50
mm. Apiezon “B” was used in the manometer. This oil
has a very low vapor pressure and did not dissolve measur-
able amounts of the gases used. Pressures below the oil
manometer range were read on a calibrated McLeod gage.
The well known BET volumetric apparatus was used to
obtain adsorption measurements in the higher relative pres-
sure range.

McLeod Gage.— In initial studies, data for the adsorption
of nitrogen on unreduced molybdenum were obtained at
—183 and —195°. The isosteric heats of adsorption were
calculated by means of the Clausius-Clapeyron equation.
Although adsorption pressures as low as 0.1 mm. were
measured using an oil manometer, it was found that reliable
heat data below a V fV mvalue of 0.4 could not be obtained
because a large fraction of the surface was already covered
below 0.1 mm. After a thorough study of the various pres-
sure gages available, it was decided that a modified McLeod
offered the best possibilities for adequate pressure measure-
ments below the range of the oil manometer.

The McLeod gage consisted of a series of bulbs joined by
capillary tubing. The gage volumes were determined both
gravimetrically and volumetrically. The method of cali-
bration and the accuracy obtained will be discussed in a
forthcoming publication. An accuracy of approximately
4% was obtained for the lowest pressure measured: 5 X
10“4 mm.

At least 1.5 hours were required for equilibrium to be
attained in the low pressure region at —195°. A slightly
lesser time interval was necessary at —183°.

Calculations

Heats of Adsorption.— The heat term most useful
in explaining adsorption phenomena is defined by
the equation developed by Hill.4

/dInp\
VdT)v

Hg - Hs  Qeq
RT2 RT2

where the subscripts S and G refer to the adsorbed
and gaseous phase, respectively. The independent
variables are: the temperature, T; pressure of the
gas, p; and the spreading pressure, {p the difference
in free surface energy between the clean solid and
the film covered solid. The heat term, Qeq, is the
equilibrium heat of adsorption defined by Hill. R
is the molar gas constant.

In order to calculate the equilibrium heat, use
was made of the fundamental Gibbs equation for
the spreading pressure

(7) W. J. C. Orr, Proc. Roy. Soc. {London), 173A, 349 (1939).



Dec., 1953

The undefined terms introduced are the molar
volume of the adsorbate V, the volume adsorbed v,
and the surface area of the adsorbent 2. Since no
simple relationship exists between v and p, the
spreading pressure must be calculated by graphical
integration. Large scale plots of v/p vs. p were
made for the two temperatures employed. These
were graphically integrated to obtain the area under
the curve between definite pressure intervals. For
the calculation of the spreading pressure from 0 to
p(p < 10~3mm.) the following procedure was used.
The experimental values for v were plotted against
the low pressure values on large graph paper and a
smooth curve was drawn through these points to the
lowest measured pressure. A straight line, v =
kp, was used as an analytical expression for the
lowest pressures. The equilibrium heat values
were then calculated according to the method de-
scribed by Hill.4

Entropies of Adsorption.— Assuming no entropy
change for the adsorbent, the integral entropy of
the adsorbed molecule, SS, was calculated from the
equilibrium heats and a knowledge of the entropy of
a gas as a function of the equilibrium pressure.
Since the adsorption process is an equilibrium proc-
ess the following expression holds

eq H H a 0
Qea_ Ha._  Ha_ & &
T T

and
8B — 8 — ¥
T

From the third law of thermodynamics one ob-
tains the expression for the absolute entropy of a
gas as a function of pressure

p = 1latm.
I dinp

where Sg° is the absolute entropy of the gas at 1
atm. and the average temperature f-

Thermal Transpiration Corrections.— Reynolds8
first pointed out the necessity for applying thermal
transpiration corrections to low pressure measure-
ments for a system and gage operating at widely
differing temperatures. Tompkins and Wheeler9
determined values for the pressure ratio R =
{Pi/Pi), where Pi is the pressure of the system at
—183° and P 2is the pressure observed on the gage
at room temperature using hydrogen gas. Once
values of R for hydrogen were available, corre-
sponding values for nitrogen and argon were ob-
tained through use of a proper factor. For example
Liangl0has shown that for the four gases employed
in his investigation (H2, He, A and Ns) plots of R vs.
P2could be reduced to a single curve by changing
the pressure scale. Unfortunately no “pressure
shifting” factors were determined for oxygen and
carbon monoxide.

Values of R for nitrogen and argon for systems at
—195 and 25°, respectively, were taken directly
from the data of Liang.

®) O. Reynolds, see Maxwell, “Scientific Papers,” Vol. 2, 1890, p.

708.

(©)] F. S. Tompkins and D. E. Wheeler, Trans. Faraday Soc., 29,

1248 (1933).
(10) S. Chu Liang, J. Appl. Phys., 22, 148 (1951).
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Discussion

Isosteric and Equilibrium Heats of Adsorption,
Unreduced Molybdenum.— The heats of adsorp-
tion as a function of the fraction of surface covered,
6, were calculated using the Clausius-Clapeyron
equation in the form

@§)f -zw(A'é.)

where AH is the isosteric heat evolved per mole of
gas adsorbed at a given equilibrium pressure.
The heat values thus obtained fall steadily with
increasing 8 to the latent heat of vaporization or
sublimation of the gases employed. The results
are plotted in Fig. 1.

The similarity of the argon and oxygen heat
curves is not surprising. Orr7 pointed out the
marked resemblance between the potential energy
curves for two argon atoms and two oxygen mole-
cules as derived from virial coefficient data. Fur-
ther, the diameters of the argon atom and the
oxygen molecule derived from liquid densities are
about the same. Thus, it is reasonable to expect
the behavior of these gases to be similar under the
influence of relatively weak van der Waals forces.
Because of its lower heat of vaporization, one would
expect lower energies of adsorption for nitrogen
than those found for argon and oxygen. This is
contrary to experimental findings. Morrison and
Drainll have recently successfully correlated the
differences in the adsorption heats of a variety of
gases on rutile by considering the effect of electric
quadrupole moments of these molecules on adsorp-
tion.

Roberts and Orr12 carried out detailed calcula-

(11) Private communication from L. E. Drain and J. A. Morrison,
National Research Council, Ottawa, Canada.

(12) J. K. Roberts and W. J. C. Orr, Trans. Faraday Soe.t 34, 1346
(1938).
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tions for the energies of adsorption at equilibrium
distances for an argon atom at various positions
on a potassium chloride surface. Similar consid-
erations hold for the adsorption of other non-
polar atoms or molecules on smooth surface of
crystals. For example, the polar van der Waals
energy for the adsorption of argon on the smooth
surface of M o002 calculated from the equation of
Hiickell3amounts merely to 0.25 kcal. per mole and
must, therefore, play only a minor role in the ad-
sorption process. Unfortunately, the molybdenum
samples used were not smooth surfaces but rather
polycrystalline in nature. Furthermore, data con-
cerning the oxides of molybdenum necessary for
calculation of the more important non-polar van
der Waals energies of adsorption are not available.
Thus a comparison of theoretical and experimental
heat quantities is not possible. As a consequence,
advantage must be taken of the availability of
equilibrium heats of adsorption and the entropies
calculable from them to gain knowledge of the be-
havior of the adsorbed phase.

Before proceeding further, it should be pointed
out that the transpiration corrections applied to the
pressures used in calculating the isosteric heat val-
ues did not change these values greatly. This is
illustrated in Fig. 1 where both corrected (solid
line) and uncorrected (dotted line) heat curves for
nitrogen are plotted. Since the temperatures em-

Fig. 2.— Isosteric and equilibrium heats of adsorption for
argon and nitrogen adsorbed on unreduced molybdenum.
T = -189.4°.

ployed in the adsorption studies differed only by
approximately 12°, it is not surprising that the cor-
rections applied to the measured pressures did not
differ much at these two temperatures. None-
theless, these corrections are important for the ob-
tainment of true values for the absolute entropies
of the adsorbed molecules. The equilibrium heat

(13) E. Hiickel, “Adsorption und Kapillarkondensation,”
Verlagsgesellschaft, Leipzig, 1928, p. 126.
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values obtained for the adsorption of argon and
nitrogen on unreduced molybdenum are shown in
Fig. 2 plotted as a function of the fraction of surface
covered, d.u The heat values at low coverage start
below the isosteric heat values and fall less rapidly
than the latter as 9 increases. The condition set
forth by Hill that the isosteric heat be RT (167
cal.) greater than the equilibrium heat at 9 0 is
met.

Isosteric and Equilibrium Heats, Reduced Mo-
lybdenum.— The isosteric heat values obtained for
the adsorption of argon on the reduced surface are
plotted in Fig. 3 as a function of 9. The curve is
about 0.9 kcal. greater at 9 0 than the corre-
sponding one found for the adsorption of this gas
on the oxide surface. The argon curve falls rap-
idly and essentially equals that for the unreduced
metal at monolayer coverage. The larger adsorp-
tion heats found at small coverages for adsorption
on the metal surface are not surprising. This
sample of molybdenum had been subjected to only
one reduction and should have the maximum of
physical imperfections on the surface, since sintering
effects are at a minimum here. Evidence for physi-
cal heterogeneities on a reduced molybdenum sur-
face has been reported previously.2

Fig. 3.— Isosteric heats of adsorption for argon adsorbed on
reduced ( 9> and unreduced (=) molybdenum; T = —189.4

Integral Entropies of Adsorption.— The integral
entropy curves determined from equilibrium heat
data are shown in Fig. 4 for the adsorption of
nitrogen, argon and oxygen gases on unreduced
molybdenum. The absolute entropies per mole of
the adsorbed phase are given assuming the thermo-
dynamic properties of the solid are not changed by
the adsorbed molecules. The figure also contains

(14)

heat values are corrected for transpiration effects.
are not corrected.

Oxygen pressures

The pressures of nitrogen and argon used to calculate these
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for comparative purposes curves representing the
theoretical entropy, /St, of a perfect two-dimen-
sional gas which has lost one degree of translational
freedom. The theoretical values were calculated
according to the equation developed by Kemballh

St = (RInMTa -{- 65.80 4- STot 4- Sei)

where a is the area available per molecule, SM the
rotational entropy term and Se\the electronic en-
tropy term.16

For immobile adsorption there will be a configu-
rational term in the entropy associated with the
number of ways of distributing the molecules over
the surface. |If the fraction of surface covered is
1/X , the distribution of N molecules among N X
sites gives an entropy

S = RxInX- (X - 1)In(X - 1)

Thus a mole of argon adsorbed on a uniform sur-
face atd = 0.5 would have an additional entropy of
about 1.8 e.u. over that for the completely covered
surface providing the adsorbed phase has the prop-
erties of solid argon. The configurational curve
for solid argon is labeled Sc.

It is of interest also to compare the integral en-
tropy values with those for the bulk three-dimen-
sional phases of the adsorbates. The absolute en-
tropies of all the gases studied were obtained from
the NBS-NCA Tables of Thermal Properties of
Gases.I7 The entropies of solid nitrogen and oxy-
gen at 78.5°K. were taken from the work of Kings-
ton, et allw The entropy of solid argon was ob-
tained from its heat of sublimation and the knowl-
edge of its saturation pressure at 83.5°K. The
liquid entropies were obtained from heats of lique-
faction.

All the integral entropy curves approach m as
6 -*m 0 since

$s — Sg — &S

and AS is finite while the entropy of the gas Sg is
infinite at 6 = 0. The entropy of adsorbed oxygen
decreasesrapidlyandthenremainsclosetotheentropy
of liguid oxygen overalarge range ofsurface coverage.
The nitrogen curve issimilarexcept that the entropy
values fall slightly below that for solid nitrogen. The
argon curve on the other hand is slightly below the
theoretical, Sc, curve which was obtained by adding
the configurational entropy terms to that for solid
argon. The theoretical, S0, type of curve might
well be explained on the basis of: (1) immobile ad-
sorption on a uniform surface with no lateral inter-
action between adsorbed molecules and (2) a
high configurational entropy since the atoms favor
all sites equally and have a large choice of sites. It
is highly improbable that the surface of unreduced

(15) C. Kemball, “ Advances in Catalysis,” Vol. 11, Academic Press,
Inc., New York, N. Y., 1950, p. 233.

(16) The rotational entropy of argon is, of course, zero. Those for
nitrogen and oxygen at 83.5°K. are calculated to be 7.52 and 7.96 e.u.,
respectively. In addition oxygen has an electronic entropy amounting
to 2.17 e.u., resulting from allowable transitions between the two low-
est lying electronic levels.

(17) The Tables 9.10, 11.10 and 19.10 may be obtained from the
National Bureau of Standards, Washingcon, D. C.

(18) G. C. Kington, R. A. Beebe, M. H. Polley and W. R. Smith,
J. Am. Chem. Soc., 72, 1780 (1950).
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Fig. 4.— Integral entropies of adsorption for a variety of
gases adsorbed on unreduced molybdenum; T = —189.4°,

molybdenum would exhibit behavior typical of a
uniform surface especially in the region of low
pressures where heterogeneities of the surface must
play an important role in the adsorption process.
Furthermore, if the configurational entropy terms
are added to the entropy of solid nitrogen, it is evi-
dent from an inspection of Fig. 4 that these values
will be higher than those found experimentally
for nitrogen. This is in agreement with the con-
cept that adsorption takes place on a non-uniform
surface.

A comparison of the experimental values with
those calculated from statistical mechanics reveals
that a standard state of 6 = 0.5 the integral en-
tropy of adsorbed oxygen is about 2.0 e.u. lower
than Si, the entropy of gaseous oxygen minus one
degree of translational freedom. Adsorbed nitro-
gen, however, is about 5.0 e.u. lower than the value
expected for a perfect two-dimensional gas which
would indicate more restriction on the adsorbate
than is the case with oxygen.

Argon suffers about the same entropy loss as oxy-
gen. In view of the similarity of the heat of subli-
mation of argon and the heat of vaporization of
oxygen it is not surprising that while the absolute
entropy of adsorbed oxygen is close to that of the
liquid the adsorbed argon has an entropy very
much like the solid.
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Radioactive tracer methods have been used to measure the adsorption of sulfate at the air/solution interface in solutions
containing sulfate with various cationic, anionic and non-ionic agents. Measurements of sulfate adsorption with solutions
of Aerosoll SE Cationic Agent indicate that there is a surface hydrolysis which can be explained in terms of competition
between sulfate and hydroxyl gegenions. It also has been shown that sulfate gegenions replace chloride gegenions with the
replacement substantially complete in the presence of a moderate excess of sulfate. At high concentrations it was found
that multilayers of gegenion were adsorbed. Multilayer adsorption of sulfate, up to an equivalent of about 200 monolayers,
was also found in solutions containing sodium sulfate with anionic and non-ionic agents. It appears that when a layer of
surface-active agent is present at the surface, electrolyte which may be present in the solution tends to accumulate in the
region adjacent to the surface in an amount which is proportional to the concentration of the electrolyte. Multilayers of
surface-active electrolyte apparently form in the same way as multilayers of any other electrolyte, in spite of the fact that
long chain ion micelles may be involved as well as small ions.

Introduction

Adsorption of surface-active agents at the air/
solution interface can be conveniently measured by
methods using radiotracers.2-6 It appeared that,
since the number of gegenions adsorbed should be
equivalent to the number of long chain ions, meas-
urement of gegenion adsorption 'would offer a rela-
tively simple method of estimating adsorption of a
number of different surface-active agents without
requiring the synthesis of each agent in the radio-
active form. Some measurements of the adsorp-
tion of sulfate ions from solutions of cationic and
anionic surface-active agents have been reported
in preliminary notes.7 The data presented from
the study of cationic agents7(@indicated: thatmulti-
layers of considerable depth are formed at the sur-
face of these solutions; that at low concentrations
the adsorbed species is the hydrolyzed form; and
that although chloride gegenions are replaced by
sulfate gegenions on the addition of sodium sulfate
to the cationic chloride, substantial replacement by
sulfate does not occur with trace amounts of sulfate
as has been suggested.8 The data reported from
the study of anionic agents7 indicated that small
ions of the same sign as the long chain ion are ad-
sorbed as well as ions of the opposite sign (gegen-
ions). It is seen that sulfate gegenion adsorption
can be used to measure long chain ion adsorption in
cationic agents, but that the concentration of long
chain ion and of sulfate ion must both be large
enough so that the adsorption of other ions can be
neglected.

The data which have been obtained for the ad-
sorption of sulfate ions from solutions containing
sulfate with cationic, anionic and non-ionic agents
are presented in detail below.

(1) Registered trademark, American Cyanamid Company.

(2) J. K. Dixon, A, J. Weith, Jr.,, A. A. Argyle and D. J. Salley,
Nature, 163, 845 (1949).

(3) D. J. Salley, A. J. Weith, Jr., A. A. Argyle and J. K. Dixon,
Proc. Roy. Soc. (London), A203, 42 (1950).

(4) G. Aniansson and O. Lamm, Nature, 165, 357 (1950).

(5) G. Aniansson, This Journal, 55, 1286 (1951).

(6) E. Hutchinson, J. Coll. Sci., 4, 599 (1949).

(7) (@ C. M. Judson, A. A. Argyle, J. K. Dixon and D. J. Salley,
/. Ckem. Phys., 19, 378 (1951); (b) C. M. Judson, A. A. Lerew, J. K.

Dixon and D. J. Salley, ibid., 20, 519 (1952).
(8) D. Reichenberg, Trans. Faraday Soc., 43, 467 (1947).

Experimental

Method.— Sulfate adsorption measurements were made
by the surface count method of Salley, Weith, Argyle and
Dixon.23 This method depends on the use of a soft /9-
emitter as a label, the radiation above a solution of a surface
active agent being greater than over a solution at which
no surface adsorption occurs, because radiation from the
molecules at the surface is not self-absorbed in the solution.
The procedure used was essentially that previously de-
scribed, 3 except that the specific activity at the surface of
the solution was corrected for the geometry of the counting
arrangement by determining the specific activity as a func-
tion of radius from the counter tube axis, and integrating
over the area of the sample. This method of correcting
the specific activity has been developed independently by
Aniansson,6 and the procedure used was essentially that re-
ported by him except that the integration was made graphi-
cally. As in the previous measurements,3 the surface count
was followed with time until constant values were obtained.

Some measurements of adsorption were also made by the
film method developed by Hutchinson,6 using a platinum
ring of 1.5 cm. radius to draw the film of surface-active
agent from the solution.

Materials.— Radioactive sodium sulfate was prepared
from neutron bombarded potassium chloride obtained from
the Oak Ridge National Laboratories on allocation by the
U.S. Atomic Energy Commission. Barium sulfate was
precipitated and was converted to sulfur dioxide according
to the procedure previously described.3 The sulfur dioxide
was then dissolved in a calculated amount of sodium hy-
droxide and the solution was treated with hydrogen peroxide
to obtain sodium sulfate.

Aerosoll OTN Anionic Agent (di-re-octylsodium sulfosuc-
cinate, referred to below as A-OTN) was prepared by reac-
tion of di-re-octyl maleate with sodium bisulfite.9 The
product was recrystallized from an alcohol-water mixture.
Aerosol SE Cationic Agentsl (Y-stearamidopropyl-2-hy-
droxyethyldimethylammonium chloride and sulfate, re-
ferred to below as A-SE chloride and A-SE sulfate, respec-
tively) were prepared by neutralizing 7-stearamidopropyl-
dimethylamine with acid and treating the amine salt with
ethylene oxide.l0 The chloride, prepared using hydrochlo-
ric acid, was recovered by precipitating with ether and re-
crvstallizing from acetone. In the preparation of the sul-
fate the intermediate 7-stearamidopropyldimethylamine
was recrystallized from an alcohol-water mixture and the
quaternary salt, obtained using sulfuric acid, was recovered
by concentrating on the steam-bath and then pumping off
the remaining solvent, and was used without further puri-
fication. Solutions of A-SE sulfate were also prepared by
adding a calculated amount of silver sulfate to solutions
of A-SE chloride and removing the silver chloride by filtra-
tion. Aerosoll NL-10 Non-ionic Agent (referred to below
as A-NL-10) was prepared by condensing 10 mols. of ethylene

(9) A. O. Jaeger, U. S. Patent 2,028,091 (Jan. 14, 1936).
(10) E. W. Cook and P. H. Moss, U. S. Patent 2,589,674 (March 18,
1952).
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oxide with one mol of N-(2-hydroxyethyl)-lauramide. The
product obtained was bleached with hydrogen peroxide and
was used without further purification. American Cyana-
mid Company 100% Aerosoll OT Anionic Agent (di-2-
ethylhexylsodium sulfosuccinate, referred to below as A-OT),
and Edwal Laboratories cetylpvridinium chloride were also
used in these experiments.

Results

Competition between Sulfate and Chloride
Gegenions.— The competition between sulfate and
chloride gegenions is illustrated by sulfate adsorp-
tion measurements in solutions containing cetyl
pyridinium chloride and sodium sulfate. The data
obtained are shown in Fig. 1 as a function of sodium
sulfate concentration at constant cetyl pyridinium
chloride concentration, and in Fig. 2 as a function
of cetyl pyridinium chloride concentration at con-
stant sodium sulfate concentration.

SODIUM SULFATE CONCENTRATION (MOLS/LITER X 105).

Fig. 1— Adsorption of sulfate from solutions of cetyl
pyridinium chloride containing sodium sulfate; measured at
constant cetyl pyridinium chloride concentrations: A,
210 X 10“5M; m, 84 X 10~sM; Q 21 X 10~5M; O,
4.0 X 10~-6M; O, 0.4 X 10-6 M. Critical concentration,
100 X 10~5M, lower with added sodium sulfate.

Figure 1 indicates that the sulfate adsorption in-
creases with sulfate concentration but tends to
level off at sulfate concentrations somewhat greater
than the long chain ion concentration. It appears
that on addition of sulfate ions to these solutions,
the monovalent gegenions which are present in the
surface layer (chloride ions or, if the agent is hy-
drolyzed at the surface, hydroxyl ions) are replaced
by sulfate gegenions. In solutions containing a
moderate excess of sulfate the monovalent gegen-
ions in the surface layer are substantially replaced
by sulfate gegenions.

Figure 2 indicates that the sulfate adsorption
increases with increasing concentration of cationic
chloride, reaches a maximum, and then decreases at
higher concentrations of cationic chloride. The
increase in sulfate adsorption with increase in con-
centration of cationic chloride observed at low con-
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Fig. 2.— Adsorption of sulfate from solutions of cetyl
pyridinium chloride containing sodium sulfate; measured
at constant sodium sulfate concentration: O, 50 X 106
M; 0, 20 X 10~6ili; X,5.0 X 10~SM; A, 1.1 X 10~EM.
Critical concentration, 100 X 10~EM, lower with added
sodium sulfate.

centrations is apparently due to the increase in ad-
sorption of long chainion with increasing concentra-
tion of long chain ion. The decrease in sulfate ad-
sorption at higher concentrations is apparently due
to replacement of sulfate gegenions by chloride ge-
genionswith increasing concentration of chloride ion.
Data qualitatively similar to the foregoing were
obtained with solutions of A-SE chloride and so-
dium sulfate. At constant A-SE chloride concen-
trations of 10 X 10 5and 100 X 10~5M, the mono-
valent gegenions in the surface layer were substan-
tially replaced by sulfate when the sulfate concen-
trations were roughly 15 X 10_s and 200 X 10-~6
M, respectively. Likev/ise, at constant sodium
sulfate concentrations of 5 X 10~5 10 X 10-6 and
20 X 10~sM, maxima were observed in the curves
of sulfate adsorption vs. A-SE chloride concentration.
Reichenberg,8in attempting to explain the min-
ima sometimes observed in the surface tension vs.
concentration curves, has suggested that trace
amounts of sulfate ions would completely replace
the monovalent gegenions at the surface. The
present data for cetyl pyridinium salts (one of the
specific instances considered by Reichenberg) show
that the monovalent gegenions are not substantially
replaced by sulfate gegenions in the presence of
trace amounts of sulfate. Although the quantita-
tive treatment given by Reichenberg is not applic-
able, these results do not necessarily mean that his
qualitative explanation of surface tension minima
as being due in some cases to replacement of gegen-
ions by impurities of polyvalent salts is incorrect.
This suggestion of Reichenberg that traces of
sulfate gegenion would replace monovalent gegen-
ions had indicated that it might be possible to esti-
mate the adsorption of a cationic agent (most com-
monly obtained as the chloride) by measuring the
sulfate adsorption of a solution containing a little
tagged sodium sulfate along with the cationic chlo-
ride. The experiments reported show that for the
two cationic agents studied it is necessary to add
more than a trace of sodium sulfate. In order to
measure the long chain cation adsorption from the
sulfate gegenion adsorption, it is necessary, in
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general, either to prepare the cationic sulfate or to
measure the sulfate adsorption as a function of
sulfate concentration and establish that a maximum
sulfate adsorption is reached.

Formation of Multilayers of Aerosol SE.—The
adsorption of sulfate at the surface of solutions
of A-SE sulfate is shown in Fig. 3. The data are
shown by a log-log plot in order to cover a wide
range of concentration and adsorption values.
Above the critical concentration for micelle forma-
tion, the data plotted on a log-log scale appear to
fit reasonably well to a straight line with a slope of
approximately unity, indicating that the sulfate
adsorption increases approximately linearly with
the concentration of A-SE sulfate. However,
there is a definite deviation from the linear rela-
tionship at low concentrations.

LOG AEROSOL SE ION CONCENTRATION (MOLS/LITER),

Fig. 3.— Adsorption of sulfate from A-SE solutions: O,
direct surface count for A-SE sulfate; X, Hutchinson’'s
method for A-SE sulfate; #, direct surface count for equi-
molar mixtures of A-SE chloride and sodium sulfate.
Critical concentration, 6.5 X 10~5 M. Adsorption in
monolayer, 1.25 X 10~‘° mole/cm.2 sulfate ion; 2.5 X
10-10 mole/cm.2 A-SE ion.

The adsorption of sulfate at the highest concen-
tration measured is about 30 times the amount of
sulfate adsorbed in a monolayer of A-SE sulfate as
estimated from the surface tension vs. concentra-
tion data. The amount of long chain ion adsorbed
in these solutions must be at least equal to the
amount of gegenion adsorbed and may be larger
if there is surface hydrolysis. However, the evi-
dence presented below indicates that there is sur-
face hydrolysis of A-SE sulfate only at low concen-
trations. It is therefore concluded that at the
highest concentration measured a multilayer of
A-SE sulfate is adsorbed which is equivalent to 30
monolayers of A-SE sulfate. Consideration of
other evidence for multilayer adsorption may be
found in a review by Henniker.1l

(11) J. C. Henniker, Rev. Mod. Phys., 21, 322 (1949).
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The multilayer as measured by the surface count
method mayobe quite diffuse. The count for a
layer 10,000 A. below the surface would be experi-
mentally indistinguishable from the count at zero
depth, and any increase in the amount of S¥in the
entire region of depth equal to the range of the S®
beta particle (about O 2 mm.) would lead to an in-
crease in the measured surface count.

Agreement was obtained between measurements
of A-SE solutions prepared from A-SE chloride
with silver sulfate and measurements with purified
A-SE sulfate. Agreement was also obtained over a
wide range of concentrations between measurements
with a constant specific activity and measurements
with a constant total activity.

Sulfate adsorption measurements for equimolar
mixtures of A-SE chloride and sodium sulfate also
agreed fairly well with measurements of A-SE sul-
fate solutions. The equimolar mixtures apparently
contain sufficient excess sulfate so that the gegenion
adsorbed is predominantly sulfate. This agrees
with the results of the chloride-sulfate competition
experiments which indicated that the chlorideis sub-
stantially replaced by sulfate in solutions contain-
ing a moderate excess of sulfate.

Measurements of sulfate adsorption in A-SE sul-
fate solutions were made by Hutchinson’'s method
as well as by the direct surface count method. The
sulfate adsorption values obtained by Hutchinson’s
method are slightly lower than the direct surface
count measurements at high concentrations and
are slightly higher at low concentrations (Fig. 3).
The lower values at high concentrations may be
attributed to the much shorter time allowed for
equilibrium in Hutchinson’s method (a few sec-
onds instead of a few minutes). The higher values
by Hutchinson's method at low concentrations
may also be due to the short time allowed for equi-
librium. The direct surface count measurements
at concentrations below 10~4M showed a gradual
decrease with time, requiring as much as one hour
for equilibrium. Apparently at low concentrations
where (as shown below) there is surface hydrolysis,
some sulfate gegenions which are initially adsorbed
are slowly replaced by hydroxyl gegenions. The
sulfate adsorption measured by Hutchinson’'s
method allowing a few seconds for equilibrium
would therefore be too high. At concentrations
above 10-4 M the direct surface count measure-
ments were constant within a few minutes, the
shortest period for which adsorption can be meas-
ured, but probably would show increases with
time if very short intervals could be studied. (It
was not found feasible to study the effect of varying
time by Hutchinson's method.)

Similar data were obtained for equimolar mix-
tures of cetyl pyridinium chloride and sodium sul-
fate. Some 16 determinations by the direct sur-
face count method and 6 determinations by Hutch-
inson’'s method gave an approximately linear ad-
sorption with concentrations up to 30 X 10~10
mole/cm.s at 800 X 10-5 M (8 times the critical
concentration).

It would appear that the adsorbed multilayers of
cationic sulfate formed at high concentrations of
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agent are made up mainly of micelles. The sul-
fate gegenions would then be partly bound in the
micelles and partly unbound. The basis for believ-
ing that micelles are adsorbed is that above the
critical concentration the single long chain ion con-
centration is approximately constant while the
concentration of micelles increases continually with
concentration. Since the adsorption of surface-
active agent increases more or less linearly with
concentration in this region, the adsorption de-
pends on the micelle concentration and this sug-
gests that the adsorbed layer is made up of micelles
rather than single molecules.

Surface Hydrolysis of Aerosol SE.—The surface
adsorption in solutions of A-SE sulfate may be
calculated from Gibbs’ equationl213

—¢7 = BTTSr dInCbo~+ EFTa-se*d In Ca-se+

(1)

where y is the surface tension, Csor and (7a se+
are the concentrations of sulfate and A-SE ions,
respectively, and rg04 and r AsE+arethe amounts
adsorbed per cm.2 Even though A-SE may be
adsorbed as the hydroxide, the term due to Fon -
in equation 1 is small and may be neglected because
dIncon- is small. This agent is very little hy-
drolyzed in the bulk solution and the effect of ad-
sorption on the bulk concentration of hydroxyl ion
is also small. The concentration of hydroxyl ion
does not change much either from hydrolysis or
from adsorption as is shown by the constancy of the
measured pH within 0.1 unit. Thatis Alog con-
is less than 0.1 for the region 10~6to 10“2M A-SE
sulfate in which A log Ca- se+and A log Cs04 are
equal to 3. The term due to Th+is also small.
Finally the contribution of TNat+ can be neglected
because the amount of sodium sulfate used to tag
the solution is negligible compared to the amount
of A-SE sulfate present. The effect of activity co-
efficients can safely be neglected in these solutions
which are dilute enough so that the activity is not
affected either by micelle formation or by interionic
attraction.

Since the concentrations of A-SE and sulfate are
equal, the slope of the curve obtained for surface
tension vs. concentration gives the sum of the ad-
sorption of the A-SE ion and the adsorption of the
sulfate ion. The value obtained is constant at
about 25 X 10~ mole/em.2for concentrations
from 0.4 X 1 0 to 6 X 10~6M (the critical con-
centration). This adsorption value calculated
from the surface tension measurements is suffi-
ciently larger than the sulfate adsorption at these
concentrations as measured by the direct surface
count method (lower curve in Fig. 4) as to indicate
clearly that the surface layer at low concentrations
contains predominantly hydroxyl gegenions rather
than sulfate gegenions.

A-SE sulfate appears to be hydrolyzed at the sur-

(12) E. A. Guggenheim, “Thermodynamics,” Interscience Pub-
lishers, Inc., New York, N. Y., 1949, p. 326.

(13) It has been suggested recently by J. T. Davies, Trans. Faraday
Soc., 48, 1052 (1952), that Gibbs' equation should be written with
only a single term for the surface-active ion. While it is true that
the gegenion term vanishes in the case considered by Davies in which
an excess electrolyte is present, there seems to be no justification for
omission of the gegenion term in the general case.
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Fig. 4.— Adsorption of sulfate ion and A-SE ion from
A-SE sulfate solutions: lower curve (points shown by
circles), measured sulfate adsorption; upper curve, one-
half of estimated A-SE ion adsorption (from Fig. 5). Critical
concentration, 6.5 X 10-6 M.

face even though quaternary ammonium salts are
salts of strong bases and are not hydrolyzed in solu-
tion. The quaternary ammonium base must be
considered as a weaker base in the surface than in
the bulk of the solution. Data indicating surface
hydrolysis for compounds which are not ordinarily
considered to be hydrolyzed has been previously ob-
tained by various methods for A-OTN,8% sodium
lauryl sulfatel4and thymolsulfonphthalein.’6

The amount of surface hydrolysis apparently
decreases with increasing concentration of A-SE
sulfate because the ratio of sulfate to hydroxyl ions
in solution becomes larger. At sufficiently high
concentrations the amount of A-SE ion adsorbed
should be equivalent to the amount of sulfate ad-
sorbed.

Figure 5 shows the A-SE ion adsorption calcu-
lated from the sulfate ion adsorption for concentra-
tions above 10_3M A-SE ion. A reasonably good
straight line can be drawn through these data wffiich
also passes through a point at 10~6M representing
the adsorption at the knee of the isotherm as cal-
culated from the surface tension measurements.
This line is therefore taken to represent the sur-
face adsorption of A-SE ion at concentrations
above 10“6 M. In Fig. 4 this estimated A-SE
ion adsorption is compared with the measured
sulfate ion adsorption for the region below 10~3
M in which the transition from adsorbed hydroxyl
to adsorbed sulfate takes place.

It should be noted that the straight line drawn
in Figs. 4 and 5 to reDresent the A-SE ion adsorp-
tion is not identifiable, except at high concentra-
tions, vfith the straight line in the log-log plot of
Fig. 3 which represents the sulfate adsorption. The
A-SE ion adsorption line extrapolates to an adsorp-
tion of 1.25 X 10~0Dmole/cm.2at zero concentra-
tion and the log-log plot of this line would become
horizontal at this value rather than continually de-
creasing to zero.

We can derive an expression for the variation in
sulfate adsorption with concentration by using ki-
netic equations of the type used by Langmuir in

(14) M. A. Cook and E. L. Talbot, This Journal, 56, 412 (1952),
(15) D. Deutsch, Z. physik. Chem., 136, 353 (1928).
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Fig. 5.— Adsorption of A-SE ion from A-SE sulfate solu-
tions: O, estimated from sulfate adsorption; X, from sur-
face tension measurements. Critical concentration, 6.5 X
10“6 M.

considering gas adsorption. Application of this
Kinetic treatment to adsorption from solutions is
of limited value in the general case because there
are no specific adsorption sites, but in special cases
such as adsorption of electrolyte on an insoluble
monolayerl and in this case involving adsorption
of gegenions at sites already occupied by long-chain
ions, the Langmuir treatment is of particular value.
Adsorption of a sulfate ion requires two adjacent
species so that the rate depends on the square of
the number of vacant spacesl/

ki Tgoi' =
and

fcsFsor (TA-siA — Toh- — 2 Tsoy)2 (2)

kz Toh- = kiCow- (r ASE+ — Toh---2 Tgo,") (3)

where krand f3are rate constants for desorption and
k2and ki rate constants for absorption. On dividing
this becomes

IW/roH-2 = A, Cgo,-/t'oH-2 (4)
Assuming that the A-SE ion layer is to a sufficient

approximation completely neutralized by hydroxyl
and sulfate ions, then

IA-SE+ = Toh- + 2rS,- (5)

The term Toh- may be eliminated from equations
4 and 5 obtaining

r 3Q,- _ K\Csot

(Fa- se* — 2rso,-)2 Foh- 2
If there is no hydrolysis in the bulk solution, which
seems likely, the concentration of hydroxyl ion is a
constant and then equation 6 can be written

Tso<-/Fa-se*
(1 — 2FS04-ITA-SE+)2
The experimental value of Ta-se *read from Fig. 4
can be substituted in equation 7 in order to obtain
TsOi- /T a-se*. The values of K2which fit, the
experimental data the best can then be determined
by trial and error.

The calculated curves obtained using the values
of K2= 1012 1013and 104 (moles/liter) ~1 (moles/
cm.d-1 are shown in Fig. 6, along with the experi-
mental curve. The experimental curve shows an
inflection which occurs at a concentration consider-

(16) 1. Langmuir and V. J. Schaefer. 3. Am. Chem. Soc., 59, 2400

(1937).
(17) 1. Langmuir, ibid., 40, 1361 (1918).

= K;Cso,- Fa_.se* )
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ably higher than the inflection found in the calcu-
lated curves. In fact the inflection in the calcu-
lated curves occurs at such a low concentration as
to be hardly noticeable in Fig. 6. However, the
qualitative agreement between the calculated and
observed curves supports the postulated competi-
tion between sulfate and hydroxyl gegenions at the
surface.

Fig. 6.— Observed and calculated values of ratio between
sulfate ion adsorption and A-SE ion adsorption for solutions
of A-SE sulfate. Calculated values for K2 = 1012 to 10"
compared to observed values from Fig. 4. Critical con-
centration, 6.5 X 10-5 M.

It is realized that the value obtained from surface
tension for the A-SE ion adsorption below the criti-
cal concentration may be subject to considerable
experimental error. However, within broad limits,
a change in the value used for the adsorption below
the critical concentration will not affect the qualita-
tive picture of gegenion competition which has been
developed.

The equilibrium constant Ki for the competition
between hydroxyl and sulfate gegenions may be es-
timated from the value 10B3taken for if2from Fig. 6
and the value 3 X 10 9M for Coh- which is the
measured value in water and in the A-SE solutions.
The value obtained fork\ is 10 mole/liter (moles/
cm.9-1.

Qualitative mass action considerations would in-
dicate that at sufficiently low concentrations of A-
SE sulfate, some of the adsorbed sulfate ions would
be replaced by adsorbed hydroxyl ions. It is pos-
sible to regard this qualitatively as a Donnan mem-
brane effect, although application of the Donnan
equations to this particular system necessarily in-
volves arbitrary parameters. The quantitative
treatment based on Langmuir type kinetic equa-
tions shows not only that some hydroxyl is ad-
sorbed, but that adsorption of hydroxyl ions is fav-
ored over adsorption of sulfate ions. The explana-
tion of why the adsorption of hydroxyl ions is fav-
ored seems to be that undissociated A-SE hydrox-
ide is more strongly attracted from the polar bulk-
solution to the less polar surface because undisso-
ciated A-SE hydroxide molecules are less polar than
dissociated A-SE sulfate molecules.

Sulfate Adsorption from Solutions of Anionic
and Non-ionic Agents.—The adsorption of small
ions of the same charge as the long chain ion has
been studied by measurement of sulfate adsorption
in solutions of A-OTN and A-OT. Data are
shown in Figs. 7 and 8 for the adsorption of sulfate
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LOG SODIUM SULFATE CONCENTRATION (MOLS/LITER)

Fig. 7.— Adsorption of sulfate from solutions of A-OTN

containing sodium sulfate; measured at constant A-OTN

concentration: O, 100 X 10-5 M; =, 10 X 10~hM; X,

1 X 1 0 il/l. Critical concentration, 6.5 X 10“5 M.
Adsorption in monolayer, 2.4 X 10“10 mole/cm.2

LOG SODIUM SULFATE CONCENTRATION (MOLS/LITER

Fig. 8.— Adsorption of sulfate from solutions of A-OT
containing sodium sulfate; measured at constant A-OT
concentration: #, 10~2 M; O, 10~-3 M; X, 10“4 M.
Critical concentration varies from 47 X 10~b to 230 X
10-5 M as shown in Fig. 9. Adsorption in monolayer,
2.4 X 10~10mole/cm.2

from solutions containing sodium sulfate and
A-OT or A-OTN as a function of varying sulfate
concentration. As in the case of A-SE sulfate ad-
sorption, the log-log plot appears to be linear with a
slope of approximately unity. Although the data
obtained with 10“4M A-OT solutions are not en-

Radiotracer Study op Sulfate lox Adsorption
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tirely consistent with the remaining data, it ap-
pears that the amount of sulfate adsorbed at any
given concentration of agent is proportional to the
concentration of sulfate.

The effect of varying the concentration of agent
can best be seen from Fig. 9 in which adsorption is
plotted against A-OT concentration. The sulfate
adsorption increases with A-OT concentration up to
a concentration about equal to the critical concen-
tration at the sulfate concentration in question, and
then remains approximately constant at higher con-
centrations of agent. The same effect can be seen
in Fig. 8 where the sulfate adsorption is essentially
equal for 10-2 and 10~5M A-OT and in Fig. 9 where
the increase in sulfate adsorption is much less be-
tween 10~3and 10-4M than between 10 4and 10~6
M A-OTN. The critical concentration of A-OTN
being0.7 X 1 0 M, the adsorption in 10~3M solu-
tion probably represents the maximum adsorption,
although this has not been proven because no meas-
urements were made at higher concentrations.

Fig. 9.— Adsorption of sulfate from solutions of A-OT
containing sodium sulfate; measured at constant sodium
sulfate concentration: 0,0.13/; #,0.013/; X, 0.001 M.
Critical concentration varies from 47 X 10-6 to 230 X 10-6
M as shown. Adsorption in monolayer, 2.4 X 10
mole/cm.2

From measurements of surface tension with and
without added sodium sulfate, it appears that in
solutions of these agents at concentrations below
the critical concentration the adsorption of the
agent is approximately a monolayer. (It may be 2
monolayers as indicated from the surface adsorption
measurements with A-OTN2but it cannot be much
more than this.) The fact that addition of sodium
sulfate does not appreciably affect the amount of
agent adsorbed has been verified by measurements
of the amount of tagged sulfosuccinate adsorbed in
2 X 10-5M A-OTN with 0.1 M sodium sulfate
added. The amount of sulfosuccinate adsorbed
was essentially the same (within 15%) as in the ab-
sence of sodium sulfate.

In spite of the fact that the amount of long chain
ion adsorbed from solutions below the critical con-
centration is only of the order of one monolayer,
the amount of sulfate adsorbed when large amounts
of sulfate are added may be very much greater.
For example, with A-OT at 0.1 iff NaXB04 at the
critical concentration the amount of sulfate ad-



922

sorbed is about 500 X 10~ mole/cm.2 This
represents about 200 monolayers assuming that
the adsorption in a monolayer of A-OT is about
equal to the value 2.4 X 10~0mole/cm.2measured
for the straight chain analog A-OTN.

These data indicate that in the region adjacent
to a charged monolayer there is adsorption, not
only of the gegenions of the surface active agent,
but of ions of both charges. That is, any electro-
lyte present in the solution is apparently adsorbed
in proportion to the concentration of the electro-
lyte. The mechanism of this adsorption is not at
this time evident. However, from the fact that
the amount of adsorption increases with concentra-
tion of agent up to the critical concentration and
then becomes constant, it appears that the adsorp-
tion of electrolyte from solutions of anionic agents
is due to the formation of a surface of single long
chain ions and is not significantly affected by the
accumulation of micelles at the surface which has
been postulated to occur at higher concentrations.

Similar data for the adsorption of sulfate have
been obtained in solutions of the non-ionic agent A-
NL-10 as shown in Fig. 10. The same linear rela-
tionship in the log-log plot against sulfate concen-
tration is shown. The critical concentration of
this agent is about 10 4M and is, in contrast with
the situation for charged agents, independent of the
salt concentration. The line for 10-5M A-NL-10
in Fig. 10 represents adsorption due to a mono-
layer of non-ionic agent. The explanation of this
adsorption of electrolyte due to a non-ionic mono-
layer probably depends on the possibility of form-
ing a charged surface layer due to attachment of
charged ions to the surface layer as a result
of hydrogen bonding or dipole interaction. The
surface thereby becomes charged and then acts
in the same manner as a surface layer of cationic or

LOG SODIUM SULFATE CONCENTRATION (MOLS/LITER).

Fig. 10.— Adsorption of sulfate from solutions of A-NL-10
containing sodium sulfate: measured at constant A-NL-10
concentration: O, 10-2 M; #, 10-3 M; X, 10~4M; 0O,
10~5 M. Critical concentration, 1.5 X 10~4 M, independ-
ent of salt concentration. Adsorption in monolayer, 4.4 X
10-10 mole/cm.2

C. M. Judson, A. A. Lerew, J. K. Dixon and D. J. Salley
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anionic agent, attracting ions of both signs to the re-
gion adjacent to the surface layer.

It should be noted that the adsorption of sulfate
in solutions of the non-ionic agent A-NL-10 does
not become constant at the critical concentration
as it did with the anionic agents, but continues to
increase with concentration of agent as far as the
measurements were carried. This suggests that
this non-ionic agent differs from the anionic agents
studied in that the adsorption of micelles in the re-
gion of the surface contributes to the adsorption of
electrolyte in the same region. Further investiga-
tion to establish whether this is a general difference
between ionic and non-ionic agents would be of in-
terest.

It is also worthy of note that the amount of sul-
fate adsorbed under comparable conditions is
roughly the same for cationic, anionic and non-ionic
agents. For example the adsorption of four dif-
ferent agents with equimolar amounts of sulfate is
shown in Table | at 0.01 and 0.001 M concentra-
tion. Although it is not clear why the non-ionic

Table |

Sulfate Adsorption from Solutions Containing E qui-
molar Amounts of Sulfate and Surface-active Agent

Sulfate adsorbed
(moles/cm.2 X 10>°)

Solution containing At 0.01 M At 0.001 M
A-OT + Naz2so04 35 3.5
A-OTN + Na2so0, 45 2.8
A-NL-10 ~b Na2s04 70 4.0
A-SE sulfate 40 5.0

agent A-NL-10 gives the highest sulfate adsorption
in the 0.01 M solution, the qualitative agreement
between the four different agents seems more sig-
nificant than the differences between them. This
qualitative agreement in the small ion adsorption by
agents of different charge types suggests that small
ions are adsorbed in the presence of a surface layer
of long chain ions in a way which depends more on
the concentrations than on the exact nature of the
surface layer. Since there must be adsorbed so-
dium ions or adsorbed long chain cations equivalent
to the amount of adsorbed sulfate ions in these solu-
tions, it appears that the amount of cation adsorbed
in the multilayer must also be approximately the
same for the different agents, and does not depend
very much on whether the cations are small ions
such as sodium ions or long chain ions which are
adsorbed (in the form of micelles) in A-SE sulfate
solutions.

The possibility should be considered that the sul-
fate adsorption observed with anionic and non-ionic
agents was due to impurities of cationic agents. It
does not appear that this is the case. The A-OT
and A-NL-10 used may have contained traces of
cationic impurities. However, the A-OTN used
was a very pure sample as indicated by surface ten-
sion and other physical measurements and it seems
unlikely that significant amounts of cationic impur-
ity were present in this agent. At any rate the
amount of cationic impurity which might have
been present in any of these agents, while it might
account for some sulfate adsorption, would hardly
account for adsorption of sulfate of the same order
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of magnitude as the sulfate adsorption with a pure
sample of cationic sulfate. Therefore, it must be
concluded that the sulfate adsorption is not due to
cationic impurities but is due to inherent adsorption
of electrolyte in the presence of a polar surface layer.

Surface Chemistry of Fluorocarbons and Derivatives
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Data are given for the free surface energy of a number of fluorocarbons.

lower surface energies than all other compounds.
are given for a series of completely fluorinated acids.
tension of water than has ever been found before.

These data show that fluorocarbons as a class have

Curves for the lowering of surface tension as a function of concentration
These surface active compounds cause a greater lowering of the surface
Fluorocarbon surface active compounds are shown to lower the surface

tension of organic substances very materially. Some measurements of interfacial tensions between fluorocarbons and water
and between fluorocarbons and organic solvents are presented. An attempt is made to show some correlation between the
above effects in the formation of emulsions and in the wetting of fluorocarbon surfaces.

The fluorocarbons have unique surface proper-
ties. As a class they have the lowest free surface
energy of any known compounds. This is illus-
trated by the data in Table I.

Table |
J, K, 7. K,
20° Ref. 500 20° Ref. 20°
t-C*Fit 9.87 4 2.0 C.F, 13.6 5 2.0
iso-CiFu 10.48 4 2.1 (C&F,),N 13.6 5 2.3
cyclo-CsFia 11.09 4 2.2 c!f,(CjF92N 14.0 5 2.1
n-CyFu 1206 4 1.9 (C.F)N 150 5 21
(C4F.)sO 122 5 2.4 (C.F,)N 168 5 22

The values measured in our laboratory are not
precision measurements and it is believed that they
are a little too high. Simons and Pearlson,2
Fowler3aand Haszeldine and SmithEbhave measured
the free surface energies of a number of fluorocar-
bons. Their values tend to be somewhat higher
than the more precise measurements of Rohrback
and Cady.4

Although the free surface energies of these com-
pounds are generally the lowest known, they are
not unique from the standpoint of the Eotvos
equation

7(MIp)*l. = K(TC-T - 6)

which predicts their surface tension fairly well from
molecular weight, density and critical temperature.
The values for K are given in Table | and it will be
observed that they do not vary greatly from the
accepted value for K, 2.2.

The low values observed for these fluorocarbons
make it very interesting to examine the effect of sur-
face active fluorocarbon derivatives. One would
expect that these derivatives would show pro-
nounced surface active properties. This was found
to be true for aqueous and non-aqueous solutions.

(1) Presented at the 116th Meeting of the American Chemical
Society, Atlantic City, September, 1949.

(2) J. H. Simons and W. H. Pearlson, presented before the Division
of Industrial and Engineering Chemistry of the American Chemical
Society, 112th Meeting, New York, September, 1947.

(3) (@) R. D. Fowler, Jnd. Eng. Chem., 39, 375 (1947);
Haszeldine and F. Smith, J. Chem. Soc., 603 (1951).

(4) G. H. Rohrback and G. H. Cady, J. Am. Chem. Soc., 71, 1938
(1949).

(5) Values measured in our laboratory.

(b) R. N.

Curves for the surface tension of solutions of vari-
ous derivatives are given in Figs. 1, 2 and 3 which
show the surface tension as a function of concentra-
tion. For these determinations the experimental
values were within + 1 dyne of the average curve
values in the concentration below micelle formation.

AT

Fig. 1.— Surface tensions of aqueous solutions at 25°;
A, perfluorosuccinic acid; B, perfluoroacetic acid;
perfluoropropionic acid; D, perfluoroadipic acid; E, per-
fluorobutyric acid; F, perfluorocaproic acid.

N2

Fig. 2.— Surface tensions of aqueous solutions at 25°: A,
perfluorocaprylic acid; B, perfluorocaproic acid.
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log N7.
Fig. 3.— Surface pressure-log mole fraction curves:

CsFNnCOOH in benzene; 2, C3s3F7COOH in benzene; 3,
CFTCH2H in butanol.

L

In the dilute region Gibbs’' law may be applied
and FA/KT may be calculated by the method of
Schofield and Rideal6where F is the surface pres-
sure of the adsorbed film, A the area per molecule,
k the gas constant per molecule, and T the absolute
temperature. This has been done for trifluoroace-
tic acid, and the result plotted against F. Since
trifluoroacetic acid is one of the strongest acids
known and since no activity data are available,
concentrations instead of activities were used in the
calculation. The results are shown in Fig. 4.
Since the surface tension curves of all of the normal
acids are substantially parallel, the curve calculated
for trifluoroacetic acid fits all the others. This
may be interpreted as meaning that the fluorocar-
bon radicals have very little attraction for each
other. That is, the surface films, despite the slight
lonering of surface tensions, are gaseous. This
means that completely fluorinated surface active
compounds will not be so suitable for those pur-
poses where a rigid solid type film is required such
as in an emulsion. Fluorocarbon wetting agents
give low interfacial surface energies between fluoro-
carbons and water. Emulsions of these materials
break very quickly, presumably because the film
will not resume deformation. Table Il shows the
results of the measurements made on the interfacial
tensions of vaiious systems of fluorocarbons and
other materials. It should be noticed that the
interfacial tensions of a fluorocarbon with benzene
and with heptane are in the same order as their
solubilities. From this, one would expect that

Ay, dynes/cm.
Fig. 4.— Curve of AyA/kT vs. Ay for CF3COOH.

(6) R. K. Schofield and E. K. Rideal, Proc. Roy. Soc. {London),
A 109, 58 (1925).
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ordinary emulsifying resins would not be effective

for dispersing fluorocarbons inwater. This is found

to be so and, therefore, it is not surprising to see the

results shown for “Octab” and “Aresklene 400.”
Table 1l

Intebfacial Tension op Fluorocarbons

7
dynes/ Temp.,
cm. °C.

Interface

(C4F9D-Water 51.9 22
(C4F9)D-Benzene 5.7 22
(CHF9D-R-Heptane 3.6 22
(CHF9YAN-Water 25.6 23
(C4F93AN-Benzene 6.4 25
(C4shN-n-Heptane 1.6 25
(CH 9 -Satd. water soin, of CFi9«COOH 23.4 28
(CA 93N -Satd. benzene soin, of

CY19COOH 5.2 28
(C4F 9N -0.5% water soin, of “Octab”“ 5.3 28
(CHF YN -0.5% water soin, of “Aresklene

400”4 5.2 28

“Octadecyldimethylammonium chloride. &Dibutylphenol sodium
disulfonate.

Very dilute solutions of the fluorocarbon acids
in toluene, about 0.1%, cause the angle of contact
with glass to be finite. This is not a new phenome-
non since long chain amines will do the same thing.
This observation has been made on all the acids
with the exception of CF3COOH. Evidently a
very small adsorption is enough to lower the air and
toluene interfaces of the glass to nearly the identical
low value. This could mean that when a well
oriented, close-packed fluorocarbon interface can
be made, it will be found to be repellent to almost
all substances. Although angles of contact to
Teflon are not reliable because of the roughness of
the Teflon surface and the presence of impurities,
qualitatively the evidence seems to support these
ideas. Aromatic compounds show a rather large
angle of contact, as do water and carbon tetrachlo-
ride, while aliphatic compounds, such as heptane,
show almost zero angles.

Experimental

All of the surface tension and interfacial tension data re-
ported here were measured by means of the maximum bubble
pressure method. Interfacial tensions can be measured by
a slight modification of the usual apparatus. In making a
measurement the cell containing the liquid to be measured
is raised slowly until the end of the capillary just contacts
the liquid surface. Pressure is applied to the capillary tube
and attached manometer by means of slowly displacing air
in a flask by dropping water in from a buret. A surface
active solution is useful in the buret, since it allows the for-
mation of smaller droplets. By carefully adjusting the rate
of air displacement, an equilibrium will be reached, at which
a bubble is formed every few seconds. At the moment the
bubble forms a marked drop in pressure will be noted. The
maximum pressure is attained just prior to bubble forma-
tion, and this value is recorded.

This method can be used to measure absolute values of
surface tension or the apparatus can be calibrated against a
number of standard liquids. Water is the calibration liquid
used for aqueous solutions. The relationship is

Am
and for aqueous solutions at the same temperature
7t —Am X A

For other systems, the solvent may be used for calibration.
A new k value must be determined periodically, since it is
affected by the room temperature and atmospheric pres-



Dec., 1953

sure. This method provides quick and reasonably precise
surface tension values. It was used in these investigations
because the method is independent of the angle of contact
and density of the liquid being measured. This is particu-
larly important when measuring interfacial tensions be-
tween two liquids.

KINETICS OF THE REACTIONS BETWEEN

Kinetics of Reactions of Fe(ll) and Hydkopekoxides Based on Cumene

925

Because spreading is a function not only of the air-liquid
interfacial energy but also of the solid-air and solid-liquid
interfaces, it is too early to generalize as to the wetting and
penetrating effects of fluorochemicals. However, it is safe
to say that fluorochemicals will contribute to the pure and
applied science of surface chemistry.

IRON(Il) AND SOME

HYDROPEROXIDES BASED UPON CUMENE AND CYCLOHEXANE

By R. J. Orr and H. Leverne Williams

Research and Development Divison, Polymer Corporation Limited, Sarnia, Ontario, Canada
Received April 9, 1963

An investigation of the rates of reduction of phenylcyclohexane, p-menthane and p-nitrocumene hydroperoxides by iron(ll)

has been made.
k = 6.3 X
for phenylcyclohexane hydroperoxide.

The Arrhenius equation was:

10ie~1I'mIRT 1 mole-1 sec.-1 for p-menthane hydroperoxide;
From the change of frequency factor and activation energy with structure of the

k = 8 X 101.-13'100Hr L mole-1 sec._1 for p-nitrocumene hydroperoxide;

and k - 2.4 X 10%-,0'600iir L mole-1 sec.-1

hydroperoxide for these and other reactions investigated earlier, it was concluded that complex formation must take place

between the iron(ll) and hydroperoxide, with subsequent decomposition to the final products.
The mechanism of the electron transfer is explained in terms of
The behavior of the different hydroperoxides in emulsion polymerization is

between the frequency factor and energy of activation.
liollefson’s concept of frequency factors.

There is a relationship

described and an attempt is made to correlate this behavior with the characteristics of the reactions studied.

Introduction

General purpose chemical rubbers are made in an
aqueous emulsion of butadiene and styrene or
acrylonitrile. For many years these copolymers
have been prepared at30to50°. It was found that
better copolymers could be prepared at lower poly-
merization temperatures. A large number of pub-
lications have described methods of preparing poly-
mers at low temperatures, particularly 5°, and the
properties of the copolymers so prepared.

Of great importance in the development of proc-
esses for use at such temperatures was the discov-
ery of cumene hydroperoxidel as catalyst. This
hydroperoxide has been used with various reducing
substances, in particular iron(ll),1 ethylene dini-
trilotetraacetic acid salts2 and polyethylene poly-
amines.3-6 Lists6-8 of alternative hydroperoxides
have now been described, some of which are consid-
ered superior to cumene hydroperoxide. It is of
importance to show in what ways they are superior
and to understand the reason for the improved
performance.

Davidson in this Laboratory compared hydro-
peroxides as catalysts in a low temperature recipe
similar to that described earlier.2 The order of
decreasing effectiveness, measured by yield of poly-
mer and rate of polymer formation, was found to be
¢-butylcumene hydroperoxide, isopropylcumene hy-
droperoxide, p-menthane hydroperoxide, p-cymene

(1) E. J. Vandenberg and G. E. Hnlse, Ind. Eng. Chern., 40, 932

(1948)

(2) J. M. Mitchell, R. Spolsky and H. L. Williams, ibid., 41, 1592
(1949)

(3) W. H. Embree, R. Spolsky and H. L. Williams, ibid., 43, 2553
(1951).

(4) R. Spolsky and H. L. Williams, ibid., 42, 1847 (1950).

(5) G. S. Whitby, N. Wellman, V. W. Floutz and H. L. Stephens,
ibid., 42, 445 (1950).

(6) G. S. Fisher, L. A. Goldblatt, I. Kniel and A. D. Snyder, ibid.,
43, 671 (1951).

(7) C. F. Fryling and A. E. Follet, J. Polymer Sci., 6, 59 (1951).

(8) J. E. Wicklatz, T. J. Kennedy and W. B. Reynolds, ibid., 6, 45
(1951).

hydroperoxide and cumene hydroperoxide. The
data showed that less reducer was required and the
reaction mixture could tolerate inhibitors introduced
with the monomers, the emulsifier, or other recipe
ingredients. Smaller amounts of catalyst with
other recipe ingredients constant, resulted in little
change in the initial rate of polymerization but sub-
sequent cessation of the polymerization reaction at
lower conversion of monomers to polymer. This
fault could be overcome by bringing the amount of
reducer more nearly into molar balance with the
catalyst.

Embree in this Laboratory has studied peroxides
as catalysts in the butadiene-acrylonitrile recipe.3
Similar results were obtained except that an opti-
mal concentration of hydroperoxide for maximal
yield of polymer was observed which varied with
the amount of other recipe ingredients present.
From the conversion of monomers to polymer
achieved in three hours, the relative effectiveness of
the hydroperoxides in promoting polymerization
was, in decreasing order of effectiveness, ;-butylcu-
mene hydroperoxide, oxidized dipentene hydroper-
oxide, nitrocumene hydroperoxide, p-cymene hy-
droperoxide, cumene hydroperoxide and s-butyl-
benzene hydroperoxide. Ineffective were ;-butyl
hydroperoxide, benzoyl peroxide, dicumyl peroxide
and tetralin hydroperoxide. The rate of conver-
sion was found to be more dependent upon the
concentration of hydroperoxide than for the buta-
diene-styrene system.

The relative effectiveness of peroxides as initia-
tors of polymerization has been studied by others.
The most recent and comprehensive works are
those of Cooperd0 and Swain, et al.,u who studied
substituted benzoyl peroxides and concluded that
the substituent groups affected the rate of polymer-

(9) W. Cooper, Nature, 1&, 897, 927 (1948).

(10) W. Cooper, J. Chem. Soc., 3106 (1951).

(11) C. G. Swain, W. H. Stockmayer and J. J. Clarke, J. Am. Chem.
Soc., 12, 5426 (1950).
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ization through steric and resonance factors asso-
ciated with the individual structures. It was sus-
pected that resonance and conjugation would also
be factors in the effectiveness of hydroperoxides as
initiators of cold rubber polymerization through af-
fecting the rate of decomposition of the hydroper-
oxide. In addition, the rate of initiation of poly-
merization might be affected by the reactivity of
the free radical formed, a property which might be
expressed in a manner described by Herbst.12 It
was also suggested7that there was an optimal water
solubility of the hydroperoxide but this did not hold
rigidly for all hydroperoxides.13 Earlier papersl4-13
and the following results are part of aseries intended
to elucidate the various factors. The work of
Kolthoff is also relevant.©

A study of the kinetics of reduction of these
hydroperoxides by iron(1l1) must be made before it
is possible to find the reason for the varying ef-
fectiveness of these hydroperoxides in emulsion
polymerization recipes. Such a study should
also indicate the mechanism of electron transfer
taking place in reactions of this nature.

Results

The reaction of a hydroperoxide with iron(ll)
consists of several steps. The primary radical-
producing step is followed by several radical-in-
duced reactions. Some of these cause oxidation of
iron(ll) so that in the study of this reaction by
measuring the rate of iron(ll) disappearance, it is
necessary to eliminate the side reactions. This is
done by conducting the reaction in a solution of
some water-soluble monomer such as acrylonitrile.
When this is done, iron(ll) disappears according to
a second order reaction for which the integrated
equation can be shown to be

—n( - [Fe(In],./[Fe(I]) = [Fe(IN]M + C

where [Fe(ll)]» is the residual iron(ll) concen-
tration, and [Fe(ll)] is the iron(ll) concentration
attimet This equation is such as to eliminate any
effect from residual traces of oxygen which reacts
rapidly during the initial part of the experiment.

p-Menthane Hydroperoxide-lron(ll) Reaction.
— Preliminary experiments were done using samples
of hydroperoxide which had been concentrated and
purified in the form of the sodium salt. The
results were quite irreproducible and differed when
various samples of hydroperoxide were used. This
was ascribed to the sodium salt being unstable and
decomposing into less active peroxides or hydroper-
oxides. Since some of these impurities were be-
lieved to be isomers, physical and chemical meth-
ods of separation did not show promise. Atten-
tion was directed to methods of studying the kinet-
ics of the oxidation-reduction reaction in the pres-

(12) R. L. Herbst, Jr., 3. Polymer Sci., 7, 587 (1951),

(13) Hercules Powder Company, private communication.

(14) J. W. L. Fordham and H. L. Williams, 3. Am. Chem. Soc., 72,
4465 (1950).

(15) J. W. L. Foidham and H. L. Williams, ibid., 73, 1634 (1951).

(16) J. W. L. Fordham and H. L. Williams, Can. J. Research, 27B,
943 (1949).

(17) J. W. L. Fordham and H. L. Williams, ibid., 28B, 551 (1950).

(18) R. J. Orr and H. L. Williams, Can. J. Chem., 30, 985 (1952).

(19) 1. M. Kolthoff and A. I. Medalia, 3. Am. Chem. Soc., 71, 3789
(1949).
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ence of impurities which also reacted with iron(l1).
The over-all reactions would correspond to two
simultaneous primary reactions

Fe(ll) + PMHP — Products (1)

Fe(ll) + Impurities — » Products (2)

The initial assumption that — |d[Fe(I1D)]/dfji > >
— |d[Fe(ID}/di] 2 was made. The errors intro-
duced into a measurement of ki by assuming — |d
[Fe(I)Jdf| 2 = 0, are due to the erroneous
[Fe(H)],, value. It is necessary to have a meas-
ure of the Fe(ll) consumed by reaction 1 going to
completion from which could be obtained an
[Fe(ll) }» value valid for reaction 1

After the elapse of a certain time interval, the
[Fe(ll) ] time plot became nearly linear, as would be
expected if the previous assumption as to the rate of
— |d[Fe(1)]/df] 2were true. Thus extrapolation
of this linear portion of the [Fe(ll)]-time curve to
zero time at least partially compensates for the
Fe(ll) consumed in reaction 2 and yields a true
value of the [Fe(ll) ]» for reaction 1. This method
would then be applicable to partially decomposed
samples from the sodium salt as well as to unpurified
hydroperoxides. For each experiment a value of
[Fe(11)]« for reaction 1 was calculated. This was
the value substituted in the rate equation for the
calculation of the rate constant. Hydroperoxide
samples for which purification had been attempted
but which gave different results from sample to
sample, as well as hydroperoxide samples for which
no purification had been attempted, were studied.
Some typical plots are in Fig. 1 and the rate con-
stants determined for this hydroperoxide are in
Table I.

Tabite |

Corrected Rate Constants for p-Menthane Hydro-

peroxide-Fe(ll) Reaction

T, IFe(ll) Jo X Kk 1 feav,,

°C. 10° mole-1 sec.-I 1 mole-1 sec.-1

0 3.45 12.0 11.3+£0.2
3.50* 11.8
3.50“ 10.5
4.76 10.5
5.05* 10.0
6.10* 11.1
6.24 12.4

9 2.36 23.1 24.1 + 1.9

4.74 22.1
4.90 26.9
5.85 22.6
6.00 25.5

16 1.34 38.3 33.5 £+ 3.8
3.15 34.3
3.50 40.0
4.30 27.5
5.02 32.0
6.10 30.1
7.10 32.6

“ Determined on unpurified p-menthane hydroperoxide
samples.

The changes in the observed rate constants
brought about by substitution of an [Fe(ll)]»
value determined by extrapolation for a value
which was observed directly differed from sample
to sample according to the purity of the sample.
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menthane hydroperoxide at 0
6.24 X 10-s M;
10- SM.

Final [Fe(ll)]Jco: curve 1,
curve 2, 476 X 10-6 M; curve 3, 3.45 X

The above data are only as reliable as the initial
assumption that — |d(Fe(ID)/di] 2<< — |d(Fe-
(I1)/ d]l. There are four reasons why this as-
sumption may be valid.

(1) Variations in the rate constant were random,
showing no trend with [Fe(Il)]co values. If the
revised value of [Fe(ll)]» for reaction 1 were con-
sistently either too low or too high, then the rate
constants would either increase or decrease with an
increasing [Fe(11)]» value.

(2) The values obtained on peroxide samples
possessing different purification histories agree
(such as at 0°). If the values of [Fe(ll)]« for
reaction 1 were erroneous, then they should de-
pend on the amount of impurity in the system,
which would necessarily vary with varying purifi-
cation history.

(3) The plot of rate equation versus time is linear
over the initial stages of the reaction when the re-
vised value of [Fe(ll)]co is used for reaction 1, as
long as the impurities are less reactive than the
compound under study, as there is reason to believe
they are. If, for instance [Fe(ll)]<» were too low,
then, as time progressed, the curve would become
progressively further below linearity.

(4) The plot of log k vs. I/T was linear. The
Arrhenius plots fit these data quite well. If the
method used in the calculation of k were invalid,
this good fit would only be the case if the activation
energies of the different reactions proceeding si-
multaneously were equal. It should be stressed
that not as much weight may be assigned to this
reason as the others, since the temperature range
over which studies may be made is relatively nar-
row.

The Arrhenius equation was calculated and it
was found that t = 6.3 X 109 e~n-000RT, with
a standard deviation of 0.557 for logio A and 458
cal./mole for E.

Phenylcyclohexane Hydroperoxide-lron(ll) Re-
action.— Since this was used without further puri-
fication, the first requisite of the investigation was
to ascertain if any other compound capable of
reacting with the ferrous iron was present in suf-
ficient quantity to necessitate consideration when
calculating rate constants. If such be the case, it
would be indicated by the presence of the four con-
ditions: (1) non-linearity of rate equation plots;
(2) trends of the apparent rate constant with
[Fe(ID]«; (@3) [Fe(ll)]-time curves showing a
slow linear decrease of [Fe(ll) ] with time after pro-
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longed periods of time had elapsed; and (4) non-
linearity of the Arrhenius plot of the rate constants.
Rate constants were determined at three tempera-
tures. Typical plots of dataare in Fig. 2 and the rate

Fig.
phenylcyclohexane hydroperoxide at 0°.
curve 1, 4.84 X 10“6M;
6.75 X 10“6M.

2.— Disappearance of iron(ll) by reaction with
Final [Fe(ll)]<»:
curve 2, 587 X 10“6M; curve 3,

constants are listed in Table Il. Conditions (1)
and (2) for the absence of impurity have been satis-
fied. Rate equation plots were linear in that dis-
tribution of points about the best straight line
was random and there was no trend in the value of

TASLE 11

Rate Constants for Phenylcyclohexane

Hydroperoxide-F e(ll) Reaction

T, [Fe(1)] X k, 1 &avtl
°C. 10» mole -1 sec.-1 mole _1 sec.-1
0 4.84 7.95 7.66 + 0.39
5.87 8.00
6.75 7.15
18.0 4.56 21.0 22.7 + 1.2
4.64 22.2
5.05 24.2
7.00 23.5
25.5 2.95 40.2 41.3 + 1.7
4.05 39.0
4.28 42.8
5.44 40.4
5.45 43.9

rate constant with [Fe(ll)],» (see Fig. 2). The
Fe(ll) versus time curves indicated that no appre-
ciable amount of impurity was present in the sam-
ple thus satisfying the third condition. The fourth
condition was also fulfilled; the Arrhenius plot was
linear. From this the Arrhenius equation for the
phenylcyclohexane hydroperoxide reaction was cal-
culated to be

k = 2.4 X KPe-1I680*7 1 mole~I sec.“1

with a standard deviation of 0.307 for logio A and
403 cal./mole for E.

p-Nitrocumene Hydroperoxide-lron(ll) Reac-
tion—The disappearance of the iron(ll) is ac-
celerated by radical-induced oxidation. To sup-
press this and render the iron(ll) disappearance
bimolecular, excess acrylonitrile is added to the
reaction mixture. In all previous investigationsi8
a standard concentration of 3.0 X 1 0 M had been
adopted as satisfactory in all cases but one, since at
this monomer concentration, rate constants were
reproducible and showed no dependence on [Fe-
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(11 ]» as they would have had not the steady state
free radical concentration been zero. The one ex-
ception, isopropylcumene hydroperoxide reduction
at 0°, was found to show considerable resistance
to the suppression of these secondary processes.
With the nitro analog, the difficulty was evident at
all temperatures under investigation. It was fin-
ally traced to the age of the acrylonitrile solution.
At lower temperatures it was necessary to use
freshly prepared acrylonitrile solution, although as
the temperature at which the reaction occurred was
raised, the age of the monomer solution became less
critical. The reason for the loss in activity of the
monomer solution with age was not elucidated but
may be connected with oxygen sensitized poly-
merization of the acrylonitrile to a low molecular
weight product,, That age rather than the mono-
mer concentration was the agent responsible for
the inability to suppress radical-induced oxidation
was shown when rate constants at 0° were deter-
mined with fresh acrylonitrile solution of varying
concentration (see Table I11). These proved to be
independent of monomer concentration.

In previous studiesB8it was not found possible to
store stock solutions of hydroperoxides for extended
periods of time, since they decomposed giving erro-
neous rate constants. This decomposition may be
thermal but is probably catalyzed by the acetic
acid present in the stock solution. This acetic
acid had been added to regenerate the hydroperox-
ide from its sodium salt. This procedure was not
necessary in this case since the sodium salt was
quite soluble in water. It was felt advisable to
check the stability of the compound. In Table 111
the results were obtained with hydroperoxide solu-
tions of various ages. The replacement of an aged
solution by a fresh solution caused no significant
difference in the observed rate constants, nor did
the constants show any irreproducibility due to the
age of the monomer stock solution. It was there-
fore concluded that no thermal decomposition had
occurred in the hydroperoxide solution on storage.
Standard deviations shown by the results in Table
111 are not considered unreasonable for this type of
measurement. Some typical plots of data are in
Fig. 3. The Arrhenius plot was made and the Ar-
rhenius equation was found to be

k = 8 X 10re-13'0ljir L mole-1 see.-1

tig. 3. -'Disappearance of iroii(ll) bv reaction with
nitrocumeue hydroperoxide. Final [Fe(l1)J”: curve |,
4.29 10 5M at 10“; curve 2, 1.87 X 10“° 17 at 25.5“.

R. J. Orr and H. Leverne Williams

Vol. 57

witli a standard deviation of 0.280 for loglDA and
365 cal./mole for E.
Table |11

Rate Constants for p-Nitrocumene

Hydroperoxide-lron(ll) Reaction

T. [Fedi)!«, k, 1. mole-1 fcav,, 1. mole _1
°C. X 105 [AcM]« sec.-1 sec.-1
0 4.@Q0 1.2 3.7 3.8 £0.2
2.50 1.2 3.9
4.90 m 1.2 3.6
5.70 1.2 3.4
7.55 1.2 3.8
4.10 0.3 4.1
16 7.90 3 12.9 12.9 £0.9
2.14 .3 12.2
4.85 3 12.6
4.79 3 12.2
7.90 .3 14.6
25.5 1.87 3 31.5 32.9+1.3
2.95 3 31.7
3.20 .3 35.3
5.20 o) 32.2
3.75 3 32.0
2.36 .3 33.7
Discussion

There is a correlation between the ease of reduc-
tion of the hydroperoxide and its effectiveness in
emulsion polymerization. It seems doubtful if
the increased rate of decomposition of the hydroper-
oxide is totally responsible for the improved per-
formance in initiation of polymerization, since it
should be possible to bring about identical
rates of conversion of monomer by adjusting the
concentration of hydroperoxide and hence of free
radicals formed. This is not the case, especially at
low temperatures. The rate of attack of the free
radical on the monomer must be considered. The
water solubility or solubilization of these com-
pounds cannot be neglected since this may deter-
mine the availability of initiating free radical to
the monomer-molecule. The behavior of peroxides
in initiating emulsion polymerization is governed
by the factors outlined with a probability that a
structural change in the peroxide to change one of
the factors brings about changes in the others which
mutually enhance the result.

Mechanism of Electron Transfer.— A comparison
of frequency factors, activation energies and
entropies of activation calculated at 300°K.2 for
the hydroperoxide-iron(ll) reactions is in Table
[AVA

Table IV

Comparison of Hydroperoxide-l ron(ll) Reaction

Std. E, Std.
dev. AS, keal./ dev.,
Hydroperoxide A logio A e.u. mole E

Nitrocumene 8 X 10 0.28 -10.77 131 0.365
Cumene 1 X 100 .27 -14.93 1208 .352
p-Menthane 6.3 X 109 .56 -15.91 11.0 .458
p-Isopropylcumene 4.0 X 109 .46 -16.49 10.88B .600
Phenylcyclohexane 2.4 X 109 .31 -17.81 10.6 1403
p-t-butyleumene 1.8 X 109 .40 -18.31 9.918 516

In the cumene hydroperoxide series, the variation
if activation energy observed between nitrocumeue

(2)> IS Glasstuiie, K. J. Laidlt-r aud H. Eyring, "Theory of Kate
Processe.™,”" M* Gra>v Hill booh Co., Inc., ly4l, p. 11
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hydroperoxide and cumene hydroperoxide is quite
normal. When an electropositive group was
added to the p-position on the benzene nucleus,
the activation energy of the reaction decreased.
It is not surprising that addition of an electronega-
tive group caused it to increase. The magnitude of
the changes is interesting since it may be a quanti-
tative measure of electrostatic potential. Compari-
son of the activation energies with the Hammett
value of o2 for the substituent groups proved fruit-
ful. The greater the activation energy the more
positive is the value of the corresponding a as may
be seen in one comparison of and activation energy
below.

Group on cumene E.
hydroperoxide T keal./mole
p-no?2 0.778 13.1
1 0 12.0
v-i-CAh - 151 10.8
p-t-CaH9 - 197 9.9

An empirical relation was found between tr and E
such that log (cr + K) is proportional to E, where k
is approximately 0.22. This should prove useful
for making an estimate of the reactivity of any hy-
droperoxide in the cumene series possessing sub-
stituentswith aknown <. For example, the reaction
of p-chlorocumene hydroperoxide with Fe(ll)
should have an approximate Arrhenius equation of
k = 2.6 X 100e~UA/RT 1 mole-1 sec.-1 since the
p-Cl group has a c-value of +0.227. However, this
is only an estimate and it might be dangerous to
attempt to predict when groups with v-values lying
outside the range investigated, such as p-NH2with
a cr-value of +0.660, are present, or when more than
one group is present.

The explanation in the variation in the frequency
factor is not clear. If A depended only on steric
considerations, then for the nitrocumene hydroper-
oxide this factor should have decreased from that
shown by cumene hydroperoxide in a manner simi-
lar to the p-alkvl cumene hydroperoxides. This it
did not do. The frequency factor is dependent on
the same things that cause change in the activa-
tion energy, i.e., electrostatic influences.

There is some justification for this view. Moel-
wyn-Hughes2 discusses behavior of this nature.
Normal values of A(2.77 X 10u) result from a reac-
tion between an ion and a molecule, while reaction
between either two polar molecules or two ions gives
rise to an abnormally high or low frequency factor.
It would appear that the presence of an electro-
static field has a great effect on frequency factors.
This may be due to existence of repulsive forces,
deactivation by solvent molecules, or variation in
orientation restrictions necessary for reaction.

In a recent paper, RollefsonZconsiders that a fre-
quency factor of about 1012 1013 (I./mole/sec.) cor-
responds to reaction every time the molecules come
within a molecular diameter of each other and 10s
109 corresponds to the necessity of formation of an
activated complex in which the molecules are

(21) L. P. Hammett, '“Physical Organic Chemistry,” McGraw-Hill
Book Co., Inc.,, New York, N. Y., 1940, p. 188.

(22) E. A. Moelwyn-Hughea, ‘'Kinetics of Reactions in Solutions,”

Il Edition, Oxford Press, 1947, pp. 68-81.
(23) G. K. Rollefson, T his Journal, 66, 976 (1952).
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bonded to each other. All of the frequency factors
found in the present study are very close to this
latter range. To account for the changes in activa-
tion energy with structure in a previous paper on
this topic,18it was necessary to postulate that the
iron(ll) coordinated with the hydroperoxide and
the resultant complex decomposed thermally. The
fact that the reduction of nitrocumene hydroperox-
ide had a higher energy of activation than did the
reduction of cumene hydroperoxide reinforced this
argument considerably. This order in the reactivity
of the hydroperoxides with iron(ll) is dependent
on the availability of a coordination space on the
iron(ll). If conditions were such that this coordi-
nation space "were not available to one hydroperox-
ide, then there would be either no reaction, or the
order of reactivity of the peroxides would be reversed
from that recorded here.

There exists a statistically significant correla-
tion between E and A. This is not a new observa-
tion but has been recorded by other workers. Evans
and PolanyiZthave shown that with regard to heats
and entropies of solution, the relation T AS =
AH + Bholds. Laidler and Eyringbreasoned that
this should also apply to energies and entropies of
activation. Fairclough and Hinshelwood® believe
that log A is linear with the reciprocal of the square
root of the energy of activation. While the spread
of the Arrhenius constants for the system described
here is much too small, in view/ of the standard de-
viation which these constants possessed, to differ-
entiate between these two latter relations, the ex-
cellent fit of the data to the linear relation of Laid-
ler and Eyring (Fig. 4) suggested (but by no means
proved) that this was a satisfactory manner in
which to treat the data. It is possible to describe
the data shown in Fig. 4 by the equation

logbDA = I.1IE - 3.6

and to describe the hydroperoxide-Fe(ll) reaction
in terms of a generalized Arrhenius equation

k = 2.5 X 10-4e®(2-65/ir-1>IRT)

The values of A and E obtained for the hydrogen
peroxide-iron(ll) reaction by Barb, Baxendale,

Fig. 4.—Log A versus E: the reactions of iron(ll) with
hydrogen peroxide and organic hydroperoxides.

(24) M. G. Evans and M. Polanyi, Trans. Faraday Soc., 32, 1333
(1930).

(25) K. J. Laidler and H. Eyring, Ann. N. Y. Acad. Sci., 39, 303
(1940).

(20) R. A. Fain-lough and C. N. Hinshelwood, J, Chew. Sue., 538
(1937).
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George and Hargrave? (fc = 4.45 X 108C~Q400RT
1 mole-1 sec.-1) fit this relation admirably (see
Fig. 4). A slightly different method of treating
the above is to consider the relation between AS of
activation and E. This too is linear showing the
relationship

E = 0.455AS + 173

This is an arithmetical conversion of the previous
relation between logm A and E. For all hydroper-
oxide-iron(lIl) reactions investigated the rates may
be described in terms of one adjustable parameter
(the activation energy) and two constants a and 8
by a generalized Arrhenius equation. ,

Some deductions may be made from the paper by
Rollefson regarding the probability of formation of
the activated complex by coordination of the
iron(ll) and hydroperoxide. As the complex be-
comes more stable (i.e., the hydroperoxide reduc-
tion shows a higher energy of activation), the en-
tropy of activation increases from about —18 to
about —10. RollefsonZBconsiders that the entropy
of activation is ameasure of the entropy change on
formation of the activated complex, and represents
the loss in translational entropy on formation of the
activated complex. If the formation of this complex
is analogous to an addition reaction in which the
bonds formed are of normal strength, a AS of —30
results, corresponding to the loss by one of the reac-
tants of three degrees of translational freedom. If
there is only a simple collision process with no bond
formation, then AS is —10, i.e., the loss of only one
degree of translational freedom. There is a range
between —10 and —30 corresponding to pseudo
bonds of varying strength. This could be com-
pared to the ‘‘rigidity” of the complex. A consid-
eration of two of the peroxides which have been
studied will illustrate the point.

NN CH3
NO2—<f C— OOH + Fe(ll) =
CHS
Electron Shift—
CH3
NO; C—0 O H
XX
CH3 Fe
p-Nitrocumene hydroperoxide
(CH3)3C— V-C-OOH + Fe(ll) — >

CH3
— Electron Shift — >

*_ A CH3
(Cl113c— X >—C—0OH

CH3 Fe
p-i-Butylcumene hydroperoxide

The factors contributing to a low activation en-
ergy, i.e., the repulsion of an electron excess into
the 0-0 bond should also increase the availability
of the coordinating electrons to which the iron
bonds. This in turn yields a stronger bond, a more
rigid complex, and hence a lower value of AS.

Conversely, in the case of p-nitrocumene hydro-
peroxide, the withdrawal of electrons from the 0-0
bond not only increases the energy of activation of
the reduction but also weakens the O-Fe(11) bond

(27) W. G. Barb, J. H. Baxendale, P. George and K. R. Hargrave,
Trans. Faraday Soc., 47, 462 (1951).
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by decreasing the availability of the coordinating
electrons and bringing about a higher value of + AS.
The frequency factor and activation energy should
show a significant correlation. The similarity be-
tween these conclusions and those of Moelwyn-
Hughes2 is striking. Since these different effects
arise from a common cause, the changes always
brought about are directly proportional to each
other, giving rise to a linear E versus S relation.

The question arises whether an oxidation-reduc-
tion reaction between two ions, conforming to the
general chemical picture may also be described by
the linear relationship. Such a reaction is the re-
ducing of the persulfate ion by iron(l1)

Fe(ll) + SD8— s Fe(lll) + S04* + S04=

This has been investigatedB® and it has been
shown that for this reaction

k, = 1.0 X 1011e-1230Q7r 1. mole“1sec."1

Plots of these data on Fig. 4 yield a point which is
an abnormal distance from the best straight line for
the other data. It may be assumed that this reac-
tion is governed by factors other than those enter-
ing into reaction between an un-ionized hydroper-
oxide and iron(ll). Possibly the added electrical
attraction due to the negative charged persulfate ion
increases the frequency factor with respect to the
energy of activation.

An attempt was made to find reported in the lit-
erature a series of reactions which might also show a
linear log A versus E relation. A review on the
thermal decomposition of paraffins®was used as a
source of data. Logio A versus E was plotted and a
linear relationship was found which embraced all
studied paraffins except the two members of the
series, methane and ethane. Methane and ethane
probably fall off the line due to scission at a C-H
rather than a C-C bond. It might be further
noted that the values for E and A of n-butane are
taken from data of four different experimenters and
differ by 25%, but all values nevertheless fit the
curve. No attempt is being made to compare this
series of reactions with those reported here but only
that the linear relationship suggested by Laidler
and Eyring between log A and E is quite probably
the proper one for such reactions involving forma-
tion of free radicals. The generalized Arrhenius
equation was calculated for this series as k = 0.72
eE(fi.5RT-\)\RT mole-1 sec.-1 This does not
mean that all reactions follow the same pattern but
the similarity between two such unrelated families
is interesting.

Experimental

The hydroperoxides of the following purity were supplied
by Hercules Powder Company, Experiment Station, and
used in the polymerization experiments cited; cumene hy-
droperoxide 68%, p-cymene hydroperoxide 29%, p-men-
thane hydroperoxide 50%, i-butylcumene hydroperoxide
23.6%, tetralin hydroperoxide 81.9%, oxidized dipentene
18.5%, nitrocumene hydroperoxide 29.6%, dicumene per-
oxide 46.5%, isopropylcumene hydroperoxide 62% and
s-butylbenzene hydroperoxide 23.6%. (-Butyl hydroper-
oxide 62% (Shell), benzoyl peroxide 100% (B.D.H.), and

(28) J. W. L. Fordham and H. L. Williams, 3. Am. Chem. Soc., 73,
4855 (1951).

(29) J. H. Merz and W. A. Waters, Faraday Soc. Disc., 2, 179
(1947).

(30) E. W. R. Steacie, Chem. Revs., 22, 311 (1938).
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i-butylcumene hydroperoxide 54.2%
Co.) were also used.

Those used in the present study were purified. Concen-
tration and purification of the nitrocumene hydroperoxide
was accomplished by formation of the sodium salt. The
crude material was poured directly into 25% sodium hy-
droxide at 0°. Three layers were formed. A nearly color-
less top layer which was benzene soluble separated from a
middle brown layer. This middle layer appeared initially
as a rather viscous layer which was water soluble and ben-
zene insoluble. This layer overlay a bottom portion which
was colored and was obviously the residual sodium hydroxide
solution.

The middle layer liberated iodine from an acidic potas-
sium iodide solution, which the top layer did not do and the
bottom layer did to only a slight degree. This middle layer
contained the sodium salt. Separation from the alkali and
oil layers was done in a separatory funnel, and the sodium
salt was then washed twice with benzene. Prolonged dry-
ing under high vacuum converted the brown viscous liquid
layer to a solid, through removal of water in the initially
prepared salt. This salt was soluble in water and stock
solutions for experimental work were prepared by dissolv-
ing the sodium salt directly.

Phenylcyclohexane hydroperoxide was added to a satu-
rated sodium hydroxide solution at0° in an attempt to purify
the hydroperoxide. A voluminous white precipitate was
formed which did not contain the sodium salt but was sodium
hydroxide.

p-Menthane hydroperoxide sodium salt was prepared but
the salt proved unstable and it was impossible to get con-
sistent results over a period of time. Difficulties with the
stability of the sodium salts of hydroperoxides have not
been confined to this Laboratory. Cooper3 reports de-
terioration of the sodium salt of cumene hydroperoxide
due to absorption of carbon dioxide.

p-Nitroeumene hydroperoxide was supplied as all paral3
with no meta present. The ortho form could not exist due
to the steric hindrance exerted by the CH3groups. p-Men-
thane hydroperoxide was supplied as consisting almost to-
tally of the 1-hydroperoxy isomer.13 Small amounts of the
4 and 8 isomers may be present. Phenylcyclohexane hydro-
peroxide was supplied as having no measurable quantity of
any isomers present.13

Other reagents were: acetic acid, C.P.; sodium acetate,
C.P.; iron(11) sulfate, C.P.; acrylonitrile, middle fraction
from distillation of technical grade; water, once distilled,
redistilled from a sodium hydroxide-potassium permanga-
nate solution; nitrogen, technical grade, scrubbed three times
with alkaline pyrogallol and then passed over hot copper
filings at 400°; and a,a'-bipyridyl, C.p.

Oxygen-free nitrogen was bubbled through the reaction
mixture containing all reagents except the iron(ll) sulfate
for 45 minutes. The iron(ll) sulfate was in water which
had had the oxygen removed by bubbling nitrogen through
for 15 minutes. The time of addition of iron(ll) sulfate
solution was the starting time of reaction. The solution
was buffered at a pH of 4.2 by a sodium acetate-acetic acid
buffer solution. Methanol was added to the hydroperoxide
solution to solubilize the hydroperoxide so that the final
solution in which reaction occurred contained 0.90% meth-
anol. Aliquots were withdrawn from the reaction cell at
specified times and analyzed for iron(ll) by a colori-
metric procedure with a.a'-bipyridyl.2 The sample was

(Phillips Petroleum

(31) W. Cooper, Dunlop Research Centre, Birmingham, England.
Private communication.
(32) S. H. Jackson, Ind. Eng. Chem., Anal. Ed., 10, 302 (1938).
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centrifuged before analysis to remove polyacrylonitrile.

The analysis for Fe(ll) was done with a,a’-bipyridyl com-
plex since the reaction between Fe(ll) and hydroperoxide
was stopped by the addition of a,a’-bipyridyl, and the color
of the Fe(lll)-bipyridyl complex could be eliminated.

At low pH the Fe(lll1) might remain in solution and con-
tribute to the reaction. Since Fe(l11) would remove hydro-
peroxide, this would slow the removal of iron(ll) and give
an erronously low value for the rate constant. Since the
[Fe(11)]/[hydroperoxide] ratio was always large and the in-
itial hydroperoxide concentration was quite small, the
rate of removal of hydroperoxide by Fe(lll) would be very
small relative to the rate of peroxide removal by Fe(ll).
Fe(lll) in high concentration may be expected only in the
later stages of the reaction and may approach the hydro-
peroxide concentration. As [Fe(lll)] increases, the [Fe-
(I1)])/[hydroperoxide] ratio also increased. Any contri-
bution of the Fe(l1l) would show as a trend in the rate con-
stant values so that these would appear to increase with in-
creasing [Fe(ll)], values. This was not the case. This
difficulty would have been avoided by carrying out the re-
action at a higher pH (7) so that as Fe(lll) was formed, it
precipitated as Fe(OH)3. At these pH values a possibility
existed that there would be hydroxyl ion catalysis of the
primary reaction. Since it is desirable to identify the
measured rate constant with the ko of the reaction, regardless
of what mechanism is ascribed to the pH catalysis, it is
necessary to conduct the experiment at low pH values,
where it was assumed that the OH ion catalysis would be
negligible.

Any effect of inhomogeneity in the reaction mixture would
appear only at the initial portion of the reaction. The
method of calculation involved only analyses obtained after
the reaction was in progress. The readings at zero time
from analyses in the iron(ll) stock solution had to be ig-
nored, the [Fe(ll)] value being too high. This would be
explained by a local excess of iron(ll) developing at the
point of addition and radical induced oxidations of iron(ll)
taking place. Part of this discrepancy would arise from the
presence of trace amounts of oxygen in the solution. Since
the amount of this discrepancy was irreproducible, it was
not all due to oxygen, for the removal of oxygen was care-
fully standardized and the initial oxygen content should
have been constant. This method of oxygen removal has
been shown33 to reduce the oxygen level below 0.005%.

Acrylonitrile stock solution was made daily by saturating
water with acrylonitrile at room temperatures. The con-
centration of acrylonitrile in the reaction cell was 3.0 X
10_1 M at zero time, unless otherwise specified.

In previous studies18 the stock solution of hydroperoxide
deteriorated by decomposition of the hydroperoxide. Meas-
urement of rate constants using these solutions gave errone-
ous values. To anticipate this difficulty the aqueous stock
solution was prepared daily from the p-menthane and phen-
ylcyclohexane hydroperoxides. For nitrocumene hydro-
peroxide, this was not necessary since the sodium salt was
used.

Acknowledgments.— The authors appreciate the
permission to publish this paper extended by
Polymer Corporation, Limited. Mr. S. Butler as-
sisted with this study. A discussion of these data
was presented before the International Congress of
Pure and Applied Chemistry, Stockholm, 1953.

(33) H. A. Laitinen, T. Higuchi and M. Czuha, 3. Am. Chem. Soc
70, 561 (1948).
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DETERMINATION OF PARTICLE SIZES IN COLLOIDAL SILICA
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A series of alkali stabilized solutions of colloidal silica consisting of relatively uniform discrete non-porous particles ranging
in diameter from about 16 to 60 millimicrons has been prepared and characterized in regard to (a) particle weight by light
scattering, (b) particle size as determined from electron micrographs, and (c) specific surface area of the dried silica, measured
by nitrogen adsorption. The particles appear to consist of c.ense amorphous silica, since the “weight average” particle
diameter, estimated from electron micrographs, agreed reasonably well with the “weight average” particle diameter calculated
from the particle weight determined by light scattering, assuming a density of 2.2 for the silica; the ratio of the two figures
ranged from 0.83 to 1.26. The particle diameter calculated from the specific surface area of the dried silica, in five out of
six sols also was fairly close to the “surface average” particle size estimated from electron micrographs; the ratio of the two
values ranged from 0.75 to 0.89. The uniformity of particle size in the sols is indicated by the fact that the “weight average”
particle size, determined from electron micrographs, averaged only 26% greater than the “number average” size; this cor-

responds to a “weight average” particle weight about twice the “number average.”

Introduction

The process developed by Bechtold and Snyderl
has made it possible to prepare silica sols of rela-
tively uniform particle size within the range from
about 15 to 130 millimicrons in particle diameter.
Colloidal solutions of silica of this type offer an
opportunity to compare various techniques for
measuring particle diameter or weight, including
direct observation of diameter from electron micro-
graphs and calculation from specific surface area
and, alternatively, from the particle weight deter-
mined by light scattering.

For such comparison, a series of six sols, ranging
in particle diameter from about 16 to 60 milli-
microns, has been prepared, the particle size dis-
tribution observed from the electron micrographs,
the specific surface area found by the nitrogen
adsorption method, and the particle weight deter-
mined by light scattering.

Experimental

Preparation of Sols— As a starting material for the prepa-
ration of silica particles of desired size, a commercially avail-
able silica sol, “ Ludox” Colloidal Silica2was employed.

A steel, submerged tube evaporator was charged with 12.5
gallons of the starting sol which contained 30% Si02 con-
sisting of particles averaging about 15 millimicrons in diame-
ter, and stabilized with sufficient alkali to give a molecular
ratio of Si02:Na2 of 85:1. The particles were then grown
by the process of Bechtold and Snyder,lusing a freshly made
silica sol prepared by ion-exchange in accordance with ex-
ample 3 of their patent. In this step a solution of sodium
silicate having a weight ratio of Si02:Na2 of 3.25:1.00 was
diluted to give a solution containing 2.4% Si02 which was
then passed through a column of the hydrogen form of an
ion exchange resin (“Nalcite” HCR). The effluent solu-
tion of polysilicic acid was alkalized by the addition of a
sufficient amount of the dilute solution of sodium silicate to
give a mole ratio of Si022Nad of 85:1. The dilute solu-
tion was added to the evaporator at the rate of 21 gallons
per hour. Evaporation was controlled so as to maintain
12.5 gallons of sol in the evaporator, while at the same time
continuously withdrawing product at the rate of 1.4 gallons
per hour from the evaporator. With minor variations, this
rate of withdrawal served to maintain the concentration of
Si02in the evaporator very close to 30% by weight, which
was followed by noting the specific gravity of the sol.

The product sol was collected in fifty-five consecutive one-
gallon fractions. The turbidity of the product increased
gradually and continuously from the first fraction, which
was almost clear, to the last, which was extremely white and
opaque, though in a thin layer, or when diluted, was trans-
parent but red in transmitted light. Fractions 1, 9, 18, 27,
35 and 50 were selected for characterization.

(1) M. F. Bechtold and O. E. Snyder, U, S. Patent 2,574,902.
(2) M. Sveda, Soap and Sanit. Chemicals (1949),

The growth of silica particles during the process has been
calculated, based on the theory that all of the active, low
molecular weight silicic acid fed into the evaporator is de-
posited on the colloidal particles which are present.

Consider 1 unit volume of sol initially in the evaporator,
e.g., 1 liter of sol containing G grams of Si02. Let this con-
tain N particles at time, t, and No particlesatt = 0. Letthe
particle weight of the particles be M and M 0and diameter
of the particles be D and Do millimicrons at time tand t = 0,
respectively.

Let there be X volume of product containing G grams of
Si02per liter withdrawn at time, t; X is proportional to the
weight of active Si02which has been added to the evaporator
in time, t. Then

N = 6 X 108 (G/M) (1)

The rate of addition of active silica to the system in grams
per liter per unit time is (dX/di)C?.

The rate of increase in weight (W grams) of a single silica
particle in grams is

dw dX G

dt dt X N @
Since
W = M/6 X 103
dw = 1 dm
di 6 X 103 X di S
Then
1 dM = dX G
6 X 1023 X dt di X 6 X 1023
whence
dM/dt = M(dX/dt) (4)
In (M/Mo) — X (5)
Since M = 692D 3(assuming the particle has a density of
2.2)

In (DDA = X
3(2.30) logio = X
uo

logic~ = 0.145X (6)
The slope of log particle size versus X according to the
above equation is shown in Fig. 1, in comparison with the
general slopes of the curves based on particle size data.
Characterization of Sols. Particle Weight by Light Scat-
tel’ing.—The method of Stein and Doty3 was employed
using the light scattering photometer such as that described
by Debyes&bsupplied by the Phoenix Precision Instrument
Co., and originally described by Speiser and Brice.6
According to the theory of Stein and Doty, the weight
average particle weight, Afw is a function of the turbidity,

(3) R. Stein and P. Doty, J. Am. Chem. S oc 68, 159 (1946).
(4) P. Debye, J. Applied Phya., 17, 392 (1946).
(5) Speiser and Brice, J. Opt. Soc. Am., 36, 346 (1946).
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Table |
Particle Size Distribution from Electron Micrographs

Frac- Total
tion Percentage of particles within +2.5 millimicrons of given size particles
no. 10* 15 20 25 30 35 40 45 50 65 70 75 80 85 90 counted

1 27.1 28.6 30.5 13.8 269

9 16.8 30.3 248 175 10.2 0.4 274
18 8.7 22.2 26.9 23.2 17.4 1.5 0 0.4 275
27 0.7 6.0 15.2 23.6 24.0 194 9.5 1.4 283
35 8.8 1.0 3.3 8.8 12.7 19.6 20.3 11.4 7.9 6.2 306
50 0.7 2.4 2.4 2.7 23.2 19.8 12.3 9.6 14.3 6.8 4.8 0.3 0.7 293

“ Includes all visible particles smaller than 12.5 millimicrons in diameter.

t, and the concentration, C, of a polymeric dispersion or
solution, according to the equation

HC/t = 1/Mw + 2BC/RT (1)

where

C = concn. of solute in g. solute per cc. of soln.

M,, is wt. average particle wt. of the solute in g. per mole

B is a constant, characteristic of the system, which may be
determined by osmotic pressure measurement, in
ergs X cc./g.2of solute.

R = gas constant in ergs/mole of solute per degree of temp.

T — absolute temperature in degrees

r = turbidity (extinction coefficient for scattering at right
angles in reciprocal centimeters)

., 32x»n2(dn/dC)*

H = (3)

n0 = refractive index of the solvent

dn/dC is equal to the index of refraction gradient between
solvent and solution in terms of cc. per g.

the wave length in air of light used in centimeters.

y =
= 6.02 X 1023 particles per mole (Avogadro’s number).

Ao

The calibration of the photometer was based on opal glass
standard. Then turbidity measurements were made on
polymer solutions at several concentrations. The particle
weight was determined by plotting HC/t vs. C for the read-
ings taken, and extrapolating to zero concentration; the
values used for noand dn/dC were 1.3338 (at 27° and a wave
length of 547 millimicrons) and 0.076, respectively. The
particle weight was determined by the reciprocal of the
intercept (see equation 1).

Particle Size from Electron Micrographs.— Samples of
sols were diluted to 0.1% SiO2or less before application to
the supporting screen; negatives were obtained at 5000 X
magnification, and these projected on a screen at an over-all
magnification of about 100,000 for measurement. All par-
ticles in randomly selected areas were classified as being
10, 15, 20, etc., millimicrons in diameter and the distribu-
tion of particle sizes (based, in each case, on measurement
of about 300 particles) is shown in Table I.

As described by Cohan and Watson,6the number average
(Z)n), surface average (D,) and the weight average (Z>,) di-
ameters were calculated, Da representing the arithmetic
average diameter, and Da representing the diameter of a
particle having a specific surface area equal to that calcu-
lated from the distribution of diameters observed in the

Tabte Il
Nitrogen Light
adsorp. scattering
Frac- Voi. of Particle Spec. Calcd. Particle Calcd.
tion prod- diameter surf., diam, wt., diam.,
no. uct, X Da Dh Dw m.2g. Daa  millions» Dm
1 0.08 16.5 195 21.2 185 14.7 3.8 17.5
9 0.73 18.8 22.6 25.3 144 18.9 8.3 23
18 145 .21.1 246 276 125 21.8 195 30
27 2.17 28.4 318 34 97 28.1 54.0 43
35 2.80 35.2 416 45 84 32.5 100.0 53
50 4.0 59.2 63.3 67 68 40.0 210.0 66

“ Assuming density of amorphous silica is 2.2, the specific
surface area of a silica sphere Damillimicrons in diameter is
calculated to be (2700Da-1) square meters per gram. 6 As-
suming density of amorphous silica is 2.2, the particle weight
of a particle Dmmillimicrons in diameter is (6902)3).

(6) L. H, Cohan and J. H. L. Watson, Rubber Age. 68, 687 (1951).

electron micrographs, and Dwbeing the diameter of a par-
ticle having a weight equal to that calculated from the
average particle weight estimated for each particle meas-
ured in the micrographs.

Specific Surface Area.— Samples of the sols were converted
to powders by adding concentrated HC1 to lower the pH
to 8.0, then adding an equal volume of ;-butyl alcohol,
which brought about incipient gelling. The mass was then
dried in air at 110° and the specific surface area determined?7
by nitrogen adsorption by the method described by Emmett.

2, D, (electron micro-
4, Du (electron micro-
6, theoretical slope

Fig. 1.— 1, Dm (light scattering);
graph); 3, Da(electron micrograph);
graph); 5, Da (nitrogen adsorption);
according to equation 6.

Conclusions

1 As shown in Fig. 1, the diameter Dm cal-
culated from the particle weight determined by
light scattering was generally somewhat greater
than D,,, the “weight-average” particle diameter
estimated from electron micrographs, except in the
case of sols containing an appreciable proportion
of particles smaller than 19 millimicrons, which
were difficult to measure in the micrographs.

2. The particle diameter Ds, in five out of six
sols, calculated from the specific surface area of the
silica obtained by drying the sol, averaged 17%
smaller than Da the “surface-average” particle
size estimated from electron micrographs. The sol
of largest average particle size, which contained an
appreciable fraction of small particles, along with a

7
Siz(e)Determination," p. 95, published by the American Society for
Testing Materials, Mar. 4, 1941.

P. H. Emmett, “Symposium on New Methods for Particle
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majority of larger ones, was not included because
it was difficult to measure all the smaller particles.
The specific surface area of the silica agreed more
closely with Dn, the “number average” particle
size estimated from electron micrographs.

3. The “weight average”
Dw, measured on micrographs, averaged 26%
greater than Dn, the “number average” diameter;
this corresponds to a “weight average” particle

THE MAXWELL-WAGNER DISPERSION
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weight about twice the “number average” particle
weight.

The authors wish to acknowledge the work of
L. A. Dimberger in conducting the engineering
studies and making mathematical calculations,

particle diameter, W. M. Heston, Jr., in preparing samples for char-

acterization, R. E. Lawrence in carrying out the
analyses, and Dr. C. E. Willoughby of the Chemical
Department in preparing the electron micrographs.

IN A SUSPENSION OF

ELLIPSOIDS1

By Hugo Fricke

Walter B. James Laboratory of Biophysics, Biological Laboratory, Cold Spring Harbor, N. Y.
Received April 14, 1903

The dispersion equations are first derived for the conductivity and permittivity of a suspension of ellipsoids of vanishing
volume concentration, in which the components are characterized by both conductivity and permittivity, by extending to
complex admittances an earlier treatment2of this system for the case of pure conductors. The expressions contain a “form
factor” which is expressed in terms of elliptic integrals. Its numerical values are tabulated. For random orientation of the
ellipsoidal axis, the suspension is shown to be electrically equivalent to a simple resistance-capacity network and to be char-
acterized by three dispersion regions inside each of which, it behaves quantitatively like a Debye dipole system. This
treatment is subsequently extended to more concentrated suspensions on basis of the semitheoretical general conductivity

equation given in ref. 2.

A heterogeneous system of conducting dielectrics,
in which the ratio of permittivity to conductivity is
different in the different phases, exhibits Maxwell-
Wagner (M -W )34dispersion in the frequency zone
where the field shifts over from its low to high fre-
quency course. Below the dispersion region, where
the field is determined by the conductivities of the
constituent phases, the conductivity of the system
has its minimal value, referred to in the usual kind
of mixture formula, while the permittivity is greater
than the (minimal) value obtained when the field is
determined by the permittivities. The opposite
condition, minimal permittivity, increased conduct-
ivity, is found at frequencies above the dispersion
region.

Although the M -W effect is of considerable prac-
tical interest, its theoretical treatment does not
appear to have been extended beyond the two
simple systems considered by Wagner,4viz., a strat-
ified body and a dilute suspension of spheres. The
behavior of fibrous systems has been discussed
qualitatively by different authors,6-7 by using sup-
posedly equivalent electric circuits. A more gen-
eral treatment of suspensions which takes into ac-
count both the effect of particle form and higher
volume concentrations, has recently become of in-
terest in studies of biological materials in the ultra
high frequency zone.810

(1) Supported by the U. S. Office of Naval Research.

(2) H. Fricke, Phys. Rev., 24, 575 (1924).

(3) J. C. Maxwell, “A Treatise on Electricity and Magnetism," 2nd
Ed., Clarendon Press, Oxford, 1881, p. 398.

(4) K. W. Wagner, Arch. Elektrotech. 2, 371 (1914).

(5) S. Setch and Y. Toriyama, Inst. Phys. Chem. Research, Tokyo
Sci. Papers, 3, 283 (1926).

(6) D. DuBois, A. I. E. E., 41, 689 (1922).

(7) E. J. Murphy, T his Journal, 33, 200 (1929).

(8) B. Rajewsky and H. Schwan, Naturwissenschaften,
(1948).

(9) H. F. Cook, Nature, 168, 247 (1951).

(10) H. F. Cook, Brit. J. Appl. Phys., 2, 295 (1951).

35, 315

The problem can be dealt with in a simple manner
by making use of the theoretical information al-
ready available on the electric behavior of heteroge-
neous systems composed of pure conductors. By
introducing complex variables, the conductivity
equation for such a system is transformed to the
complex conductivity equation for the same geome-
trical system of conducting dielectrics, from which
equation the dispersion equations for conductivity
and permittivity are thereafter obtained by sepa-
rating real and imaginary terms. By using this
method, Wagner’'s treatment of a suspension of
spheres could have been simplified since the con-
ductivity equation for this system was already given
by Maxwell.

The object of the present paper is to extend this
treatment to a suspension of ellipsoids. The con-
ductivity equation for this system was dealt with
by Fricke,2where references to the earlier literature
will be found. The equation can be derived rigor-
ously only when the volume concentration is low, but
reference 2 describes also the derivation of a general
conductivity equation, which has been found to
agree well with the experimental evidence. In
dealing with the dispersion problem, we shall there-
fore first consider the case of low volume concen-
trations and thereafter extend this treatment to
higher concentrations by using the general conduct-
ivity equation of this earlier work.

Theory.—We shall consider a suspension of
homogeneous ellipsoids (axis 2a ~ 26 ™ 2c) distrib-
uted at random in a homogeneous medium. When
the components are pure conductors, the conduc-
tivities of suspension, suspending and suspended
phases are called k h and /& respectively, expressed
in (9 X 10u)-1 ohm-1 cm.-1. In the complex sys-
tem, the corresponding quantities are written g +
jein, etc., where a and e represent conductivity
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and permittivity, respectively, and n is the fre-
guency in c.p.s.

(1) Low Concentration Suspensions.—The sus-
pended ellipsoids are assumed to be so far apart
that the local field can be taken to be equal to the
external field. Consider first a suspension in which
the ellipsoids are arranged with axis 2afa = a, bor
c) parallel with the field. When higher powers of
p are neglected, the conductivity equation can then
be written2

1 T Xa

k=h+ Xa + k2K &)

p(fci — i'i)
where pis the fractional volume of the suspended
ellipsoids and

M 2 — abcLa )
a abcLa @

dx
Py a2+ Xy v(az+ X022+ X)(c2+ X
For random orientation of the ellipsoidal axis

3)

1+ Xa

Xa -(- kiZki 4)
a=abc

k = ki + - p(k2

The K's are now replaced by their complex corre-
spondents and real and imaginary terms are sepa-
rated. For random orientation of the ellipsoidal
axis, we obtain

(<r2 — o\)(o2 +

1 +Xa)

XacTl) +

i
<= Or+ g-P

(O +

@

(<r2 — <riy(cr2 +

e:iITIZPZ (1 + Xa)

w

Xatri) +

By removing the summation sign and replacing
p/3 by p, we obtain the dispersion equations (5a
and 6a) for a suspension of ellipsoids having axis
2a parallel with the external field. For spheres x
= 2 and the expressions are then the same as those
given by Wagner.

The values of La were calculated before2 only
for ellipsoids of rotation. The general solution is ob-
tained by substituting A = (a2 — c3/z2— a2and
A= (6Z2— /(1 —z2 inLaand Lc, respectively,
whereby these integrals are reduced to elliptic in-
tegrals of first and second kind

abcLa = --------77"7 ====== (fYarc cos -« K\ —
(a2- b2)va2- c2V V a )
E ~arc cos KN~ (7))
abcLb = 2 — abcLa — dbcLa (8)
2a2 2dbc
abcL,, B
a2 — c2 (b2 - c2)va2- A E (2'0
E ~arc sin ~ 9
Modulus k =
The values of xa for different axial ratios are

recorded in Table I and Fig. 1. For cylinders ar-
ranged with their axis at right angle to the electric
field, x = 1.

M axwell-W agner Dispersion in Suspensions of Ellipsoids

(e2 — il) («2 +

23-

(T2 4" XalTi)2 +
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Tabie |
Form Factors x for Different Ellipsoidal Axial
Ratios
a/b b/c *& Xb Xo a/b b/c  xa Xb Xo
1 1 2 2 2 3 1 8.2 124 1.24
1 1.5 261 261 1.23 3 1.5 111 1.77 0.80
1 2 3.23 3.23 0.90 3 2 13.7 2.29 0.59
1 3 4.49 449 057 3 3 19.5 3.35 0.389
1 4 5.8 5.8 0.417 3 4 25.1 4.45 0.285
1 6 8.30 8.30 0.274 3 6 36.6 6.5 0.190
1.5 1 3.29 161 1.61 4 1 121 1.16 1.16
1.5 1.5 433 2.17 1.01 4 1.5 165 1.69 0.74
1.5 2 5.3 2.74 0.73 4 2 20.8 2.19 0.56
1.5 3 7.5 3.88 0.478 4 3 29.6 3.22 0.366
1.5 4 9.6 5.1 0.348 4 4 38.4 4.29 0.273
1.5 6 13.9 7.3 0.230 4 6 56 6.4 0.181
2 1 4.79 142 1.42 6 1 21.6 1.09 1.09
2 1.5 6.3 1.96 0.90 6 1.5 30.1 161 0.71
2 2 7.9 2.50 0.66 6 2 38.8 2.10 0.53
2 3 11.0 3.63 0.432 6 3 55 3.10 0.355
2 4 14.2 4.76 0.314 6 4 70 4.22 0.259
2 6 20.7 6.9 0.209 6 6 103 6.2 0.174

The equations obtained for a and e show that a
suspension of ellipsoids having one of the principal
axes parallel with the field, is characterized by a
single Debye type dispersion zone. When the axes
are oriented at random, there are three such dis-
persion zones, the electric behavior of the suspen-
sion being the same as that of an even mixture of
the three principal orientations of the ellipsoids.

It will readily be verified also, that a suspension
XaWw

Xaei) + — (1 + (\; - -e?/ o

(C + xael)2

(«2 — «l) (¢> + xati) + (1 + £a)or2 A

(6)
(e2 + Xaei)2

Fig. 1.—Form factors XA for ellipsoids of rotation, half
axisaS bS c

xa = Xb, graph 11, right scale.
j O, graph 1V, left scale.
ja graph Il1, right scale.

Db = Xq graph 1, left scale.

a JR—
b =
of randomly oriented ellipsoids is electrically equiv-

alent to the diagram in Fig. 2 where

Rrl = <r0) (10)
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Rb

Fig. 2.—Electrics! diagram of suspension of ellipsoids.

3 e( co)
Ci (11)

c. - n ,a + ,.)m i” , r (r + (13)

The quantities €(0), «(0) and o-(<»), e(°0) are the
values of aand eat frequencies below and above all
dispersion regions, respectively.

The spectral position of the dispersion region,
which is associated with ellipsoids having axis 2a
parallel with the field, can be defined by frequency

Ud — 2

--------------- (14)
which is the frequency at which a and e are the
arithmetical means of their respective values above
and below the region. When 02/01 > €Zei, the
value of na decreases when X,, increases. The op-
posite is the case when €2gi < eZei.

Since Xy % S xc, the dispersion regions are
therefore placed in the spectrum as follows. When

02/01 > ei/ti-n* g nbg n, (15)
02/0, < «2/0:«a £ nb g », (16)

If the electrical characteristics of the phases are
the same in a suspension of parallel ellipsoids of ro-
tation and in a suspension of spheres, it will also be
seen that, when a2or > «olei, the dispersion region
in the former system always lies below that in the
latter, when the field is parallel with a major axis
and above it when the field is parallel with a minor
axis, while the opposite is the case when €2 <
«2/ Cl.

If n 1and nh are frequencies below and above a dis-
persion region, respectively, the apparent dielectric
loss factor, associated with this region and measured
at the frequency n, may be defined by

tan s = fr(n) — ofill)
T (n/2)e(n) an

It will be verified easily, then, that
tan 5 = e(«l) - f(tth) (18)

s(ai) + <K>b) (n/na)2 X rl1'a

which is the relation characteristic of a Debye sys-
tem.ll Inside a dispersion region, an ellipsoidal
suspension behaves therefore dielectrically as a
Debye system with the relaxation time

1 f(tth) + 2
2imae(ni) + 2

(19

(11) P. Debye, "Pcuar Molecules,” Chemical Catalog Company,
New York, N. Y., 1929, pp. 92-94,
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A suspension of randomly oriented ellipsoids be-
haves as an even mixture of three different Debye
diDole SDecies.
Below and above all dispersion regions, the con-

ductivities and permittivities of a suspension are

m «n + 3 p(<* -nv. (20)
e(0) -0 + 3 p(o3 n)o ~ fr + Xairt +
J d + xay
3 pe2T “ A 2-J (a, + XaeiY  (21)
(9
¥
of o) = ot + I pE2— eijoi » ' — +

@
1 e (1 + Zza)2
3 p (<rze1 — (Tiéi) fi 3 2 + xafl)2 (22)
1+

L) X a

ok ; A
(«

From equation 21, we obtain the permittivity of
the suspension when the frequency is so low that
the field is determined by the conductivities of the
phases. From equation 22 we obtain the conduct-
ivity when the frequency is so high that the field is
determined by the permittivities.

The dispersion in conductivity «<(®) — o(O and
permittivity e(0) — e(co) over the whole dispersion
region is given by and 5Z4irCa of equations

4"-)' —aq 3 p(* - (23)

12 and 13. Both &l)Jantities argglways positive and
exhibit, when plotted against 02 «2 a minimum at
4de2 = cil«i, as could be predicted since the lines
of electric force through a heterogeneous system
composed of pure conductors or pure dielectrics
are distributed in such a manner that the energy
consumed or stored is minimum. When the dif-
ference between oZe2and §i/ i s only moderate,
the dispersion in conductivity and permittivity of a
suspension is therefore relatively small.

The dispersion equations give us the means of
calculating the electric characteristics of the sus-
pended phase, when the other quantities have been
measured. When the ellipsoids are parallel (in-
cluding sphere and cylinder) solution of equations
5a and 6a with respect to a2and €2leads to equations
29 and 30 of the following section. When the axes
are distributed at random, the calculation is gener-
ally best carried out by trial and error, except
when the frequency is so high or so low that equa-
tions 22 and 23 or 20 and 21, respectively, are
valid. When the frequency is very high, for ex-
ample, the value of €2can be obtained, from equa-
tion 23, by solving a cubic (quadratic in the case
of ellipsoids of rotation) algebraic equation and <2
can thereafter be obtained from equation 22.

Higher Volume Concentrations—The following
treatment deals with suspensions in which the
suspended particles are all alike and distributed at
random in space. Under these conditions, the
conductivity equation for the suspension was
derived in ref. 2 on the assumption that the ef-
fective internal field acting upon a suspended par-
ticle is equal to the average field in the suspending
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fluid. This conductivity equation has been found
in good agreement with the experimental evi-
dence, which covers a broad variety of condi-
tions.12-16 It appears of interest therefore, to
derive the corresponding disper-
sion equations. The cases are

M axwell-W agner Dispersion in Suspensions of Ellipsoids

C(<r<7i)D(<7<r,)) +

937

that the dispersion is relatively small, when the dif-
ference between 42<ri and €2ei is not very large.

Solution of equations 25 and 26 with respect to
42and 2gives

C{tti)D(et,) + (Xa + 1)2per K R
o-i

) <)1/

treated separately when the ellip- (29)
soidal axes are (a) parallel with [DMI1* + ~ [NH(H]*
the external field and (b) oriented
at random. C(<T<TID<T<7l) + — C(.ttl)D (tti) + (la — 1)2pffl2 &
(@ Parallel Ellipsoids.—When 4 e ald (30)

axis 2a is parallel with the ex-

ternal field, the conductivity
equation is2
, fa + Xafa + Xap{fa — fa) , A(fafa) rn<~”
1 fa + Xafa - p{fa ~ fa) ~ 1B (fafa) -1
The introduction of complex variables gives
Afai<ri)B{<T'idl) — A (ftei)B(ftft) + (xa + 1)2pei
[E(<ft<n)]2 IBM I2

M
A< r2<ri)B(<T‘2<ri) + 2

N(€2ei).B(€2€i) -f {xa + |)2por2
e = €i 2

[B(<riffl)]2 + J [E(<7i)I2

A closer examination of these equations will
show that they represent the electric behavior of
the same two model systems—an electrical circuit
of the form shown in Fig. 2 “with one CaRabranch)
and a Debye dipole system—which were found to
represent the behavior of a low concentration sus-

pension. The dispersion in conductivity and per-
mittivity can be written in the forms
CI’(CO) —O-(O) p(l — p)(1 + Xa)2(cr2ei — ftoi)2 @7
B(<T2<Ti)[B(e2tl) .2
e(O) _ e(oo) — P(1 — p)(1 + — ft<T2 (28)

[iB(72<7i)]2B (ftil)

As in the case of the low concentration suspen-
sion, the expressions contain the difference between
odoi and ei in its squared form, showing again

(12) H. Fricke and S. Morse, Phys, Rev., 25. 361 (1925).

(13) H. Fricke, Physics, 1, 106 (1931).

(14) E. Ponder, J. Physiol.,, 85, 439 (1935).

(15) E. F. Burton and L. G. Turnbull, Proc. Roy. Soc. (London),
A 158, 182 (1937).

(16) S. Velick and M. Gorin, J. Gen. Physiol., 23, 753 (1940).

[A(™)I2+ j [IX«i)P

C(kfa) = xu(k — fa) -{- p(fc -j- xaki)

D (kki) -~

(b) Random Orientation of Ellipsoidal Axis.—
The conductivity equation can be written2

—a(/c — ki) T p(k + Xafa)

ft\
«1/

(fa - faX! - p)

fa - fa

. Kk —RT
\<ri (25)

fa + Xafa

@

(31)

Since the complete disper-
sion equations are rather com-
plicated, we shall set down

only the expressions for ¢ and e at frequencies
above all dispersion regions. Analogous expres-
sions are obtained at frequencies below the dis-
persion regions.

i — (F —
02 + (o-i (ftX1 p) h
i+ y *
Ao ft T Xagl
(«©

(I — pXiftft — criftxft — ft) E

Aq(O) =

Xa + 1

(ft 4" xae,)2

(32)

- o —p)
\ — ft
/I Jft A Xaft

o @) - ft+ (33)

The calculation of 12and €2from these equations
can be carried out in a manner similar to that in the
low concentration case.
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THE REFRACTIVE INDEX OF GERMANE1

By Mino Green2and Paul H. Robinson23

Lincoln Laboratory, Massachusetts Institute of Technology, Cambridge, Mass., and Department of Chemistry of the Polytechnic
Institute of Brooklyn, Brooklyn, N. Y.

Received April 15, 1953

The refractive index of germane has been determined. The values obtained are 1.0009095 at 5484 A. and 1.0008940 in

the 5893 A. region.

The difference in refractive index between hydro-
gen and germane has been used as the basis of a
method for assaying GeH4H 2ratios. The calibra-
tion of the apparatus entailed the preparation of a
quantity of pure GeH4 for making up known
GeH4H 2mixtures. In the course of this work it
became a relatively simple matter to determine the
refractive index of GeH4 no measured value for
which has been reported in the literature.

The GeH4obtained®was purified by trap-to-trap distilla-
tion under high vacuum until it gave vapor pressures agree-
ing with Paneth’s values6 at two different temperatures.
Measurements of refractive index were made using a Ray-
leigh-Zeiss interferometer the detailed construction and use
of which is described elsewhere.67 The body of the instru-
ment was carefully insulated in order to avoid any effect due
to rapid room temperature changes. A double cell 500 mm.
in length was used; one chamber of the double cell was evacu-
ated and the other chamber was filled with GeH4at a known
temperature and pressure. A mercury filled U-tube abso-
lute manometer, with 20 mm. diameter limbs, was used for
measuring pressure. The meniscuses were illuminated ac-
cording to the method of Beattie and co-workers8in order to

(1) The research in this document was supported jointly by the
Army, Navy and Air Force under contract with the Massachusetts
Institute of Technology.

(2) Staff member, Lincoln Laboratory, Massachusetts
of Technology.

(3) This work has been done as part of a thesis submitted in partial
fulfillment for the requirements for the degree of Master of Science.

(4) Metal Hydrides, Beverly, Massachusetts.

(5) F. A. Paneth and E. Rabinowitsch, Ber.} 58B, 1138 (1924)

(6) C. Candler, “Modern Interferometers,” Hilger and Watts, Lon-
don, 1951.

(7) L. H. Adams, J. wash. Acad. Sci., 5, 265 (1915).

(8) J. A. Beattie, etal., Proc. Am. Acad. Arts and Sci., 74, 327 (1941).

Institute

The atomic refraction of germanium is given as 8.95 cm.3

avoid errors due to parallax. The distance between the
mercury levels was measured using a precision cathetometer.
Light of two different wave lengths was employed._ One
source was a sodium arc lamp with most of the light inten-
sity in the 5893 A. region (lines d4and d2), and the other
was a mercury arc used in conjunction with a multilayer
narrow band filter which isolated the 5484 A. line.

The refractive index of GeH4 at two different
wave lengths, was measured over the pressure range
2 to 10 cm. of mercury and no perceptible devia-
tion from linearity between pressure and refractive
index was observed. The data in Table I are in
each case the average of ten determinations, cor-
rected to 0° C. and 1 atm., the deviation quoted
being the standard deviation.

Table |
Refractive Index of GeH4at 0° C. and 1 Atm.
Wave length, A Refractive index

5484
5893

2.3 X 10%«

1.0009095 +
+ 1.6 X 10

1.0008940

The mole refraction of GeH4for the D-line is 13.35
+ 0.04 cm.3 Taking 1100 as the atomic re-
fraction of H, the atomic refraction of Ge is found to
be 8.95 + 0.04 cm.3 Calculations from refractive
index data9 for tetraethylgermanium gives 8.97
cm.8 and for germanium tetrachloride 7.60 cm.310

(9) D. L. Tabern, W. R. Orndorff and L. M. Dennis, J. Am. Chem.
Soc., 47, 2039 (1925).

(10) A. W. Laubengayer and D. L. Tabern, T his Journal, 30, 1047
(1926).



Dec., 1953

Spectra of Tin and Germanium Halogen M etalorganic Compounds

939

THE VIBRATIONAL SPECTRA OF SOME TIN AND GERMANIUM
HALOGEN METALORGANIC COMPOUNDS

By Ellis R. Lippincott

Department of Chemistry, Kansas State College, Manhattan, Kansas

Philip Mercier and Marvin C. Tobin

Department of Chemistry, University of Connecticut, Storrs, Connecticut
Received April 15, 1953

The Raman spectra of tin trimethyl iodide, tin dimethyl diiodide, germanium ethyl trichloride and germanium diethyl
dichloride are reported along with the infrared spectra of tin trimethyl iodide and tin dimethyl diiodide in the region from

3 to 15 microns.

Tentative assignments of frequencies to normal modes of vibration are given for tin trimethyl iodide and

tin dimethyl diiodide, along with assignments of the low frequencies for germanium ethyl trichloride and germanium diethyl

dichloride.

Introduction

The halogen metalorganic compounds represent
“hybrids” of purely inorganic compounds and metal-
organic compounds. In favorable cases, such as the
compounds of the group 1V elements, it is possible
to make the transition stepwise. One is thus able
to follow the change in properties of a series of
compounds as one substitutes halogen atoms for
organic radicals on the nucleus.

The type of series thus formed is of particular in-
terest from the point of view of vibrational spec-
troscopy. The set M X4-*m MY 4contains five dis-
tinct compounds of three different symmetries.
Since it is to be expected (an expectation borne out
by experience) that the vibrational force constants
will not vary much from one compound to another,
normal coordinate analyses using quite general po-
tential functions may be made for the series.

The interpretation of vibrational spectra for these
compounds is, of course, simplest for methyl com-
pounds. There is an enormous increase in the
complexity of the observed spectra in passing from
the methyl to the ethyl compounds. Crawford and
Wilsonl have shown that, under the assumption of
zero torsional force constants, molecules consisting
of spinning tops on a rigid frame can be treated as
having the symmetry of the frame, in making inter-
pretations and normal coordinate analyses. Thus,
interpretation of the observed spectra of, say, ethyl
germanium trichloride might give some indication
of the nature and extent of interaction between the
-GeCl3frame and the ethyl group.

The halogen metalorganics of group IV have
come in for little study by physical methods. Skin-
ner and Sutton,?2 using electron diffraction tech-
niques, have reported bond distances and angles for
all of the methyl tin chlorides, bromides and iodides.
Shimanouchi and others3 have reported Raman
spectra for the methyl silicon chloride series. Mur-
ata and co-workers4dhave reported Raman spectra
for the ethyl silicon chloride and methyl silicon
bromide series.

To date, no spectroscopic studies of germanium,
tin, or lead halogen-metalorganics have been re-
ported.

(1) B. Crawford and E. B. Wilson, J. chem. Phys., 9, 323 (1941).

(2) H. A. Skinner and L. E. Sutton, Trans, Faraday Soc., 40, 164
(1944).

(3) T. Shimanouchi, I. Tsnchiya and Y. Mikawa, J. chem. Phys.,

18,1306 (1950); 17,245 (1949); 17,848 (1949).
(4) H. Murata, R. Okawasa and T. Watase, ibid., 18, 1308 (1950).

Compounds.— Samples of ethyl germanium trichloride
and diethyl germanium dichloride were kindly provided by
Professor Eugene Rochow of Harvard University. Stannic
iodide was prepared by reaction of the elements in the pres-
ence of a small amount of carbon disulfide. The product
was recrystallized three times from benzene freshly distilled
from a clean, all glass still.

Tin trimethyl iodide and tin dimethyl diiodide were pre-
pared by slowly adding three moles of methylmagnesium
iodide to one mole of stannic iodide in an ether slurry. The
mixture was refluxed for two hours, then all volatile products
were rapidly distilled off and collected. The residue in the
flask was hydrolyzed with a minimum of water and repeatedly
extracted with ether. The distillate and extractate were
fractionally distilled, the ether coming off at atmospheric
pressure, and the products coming off under vacuum. The
Me3Snl came over first as a liquid; then the Me2Snl2crys-
tallized in the still. It was removed by gently warming the
various parts of the still with a Bunsen burner, so as to
liquefy it. The Me25Snl2 was purified by recrystallization
from n-hexane. A red-colored impurity which came over
with the Me3nl, in one run, was discharged by shaking with
mercury, followed by distillation. The Me3nl was a color-
less liquid with a pungent odor, b.p. 170° at 735 mm., n5
1.5728. The Me2>Snl2 formed colorless crystals having a
faint odor of chestnuts, m.p. 41.5-42.5°. No SnMe4 or
MeSnlj was found in an appreciable quantity.

The sample of MeSnlI3 was obtained from the Delta
Chemical Company, New York. It was purified by recrys-
tallization from absolute ethanol.

Raman Spectra.— The spectra were obtained with a
Hilger E 612 glass spectrograph.66 The spectra of EtGeCh,
Et2GeCl2 Me3XSnl and Me2Snl2were taken on Kodak 103-J
plates, using the Hg 4358 A. line for excitation, and a Na-
N 02 filter. The spectra of Snl4and MeSnl, were taken on
Kodak 103-E plates using a NdCI3filter, and the Hg 5461 A.
line for excitation.

The techniques used in obtaining the spectra of Me2Snl2,
Snl4and MeSnl3require some comment. Me25nl2which is
a solid at room temperature, was kept liquid by circulating
water at 60° through the water jacket holding the Raman
tube. It was found impossible to get optically blank melts,
since the material slowly decomposed even at 60°. How-
ever, one plate which showed six skeletal lines, and one ex-
tra-skeletal line, was obtained.

The spectra of Snl4 and MeSnlI3 were taken in solution.
The sample of Snl4was recrystallized from benzene, and the
sample of MeSnI3from absolute ethanol, and solutions pre-
pared by the technique recently described.6

While optically blank solutions of Snl4in benzene or car-
bon disulfide were easily obtained, the SnR decomposed so
rapidly upon exposure to the exciting light, that no spectra
could be obtained. Using a K2Cr04filter to cut out light of
shorter wave length than 5300 A. was of no avail. That
photochemical decomposition was involved was shown by
exposing a sample of Snl4 to ultraviolet light, part of the
sample being shielded. After 12 hours, the color of the un-
shielded portion had changed visibly.

(5) E. R. Lippincottand M. C. Tobin, “The Thermodynamic Func-
tions of Tin Tetramethyl and Germanium Tetramethyi,” ONR Report
No. 2, University of Connecticut, 1951.

(6) E. R. Lippincottand M. C. Tobin, 3. chem. Phys., 21,1559 (1953).
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Likewise, with solutions of MeSnL in alcohol, no success
was attained. No evidence of photosensitivity was visible,
but background on the plate was so heavy as to completely
obscure any Raman lines. It is believed that this background
was due either to fluorescence of the compound, or to some
fluorescent impurity.

Infrared Spectra.— infrared spectra of Me3nl and
Me2nl2were taken in the region 670-3700 cm .-1 on a Beck-
man IR-2 recording infrared spectrometer.

Spectra of Me3S:il were obtained in a 0.23-mm. cell.
Strong bands were observed on a capillary film sandwiched
between two rock salt plates.

Spectra of Me2Snl2 were taken of a sample melted on a
rock salt plate and allowed to solidify. Spectra in the re-
gion 670-750 cm .“1were taken of a Nujol mull, due to the
intensity of the band found in this region.

Me3Bnl and MeZSnl2—The experimental results
for these compounds are shown in Tables | and I1I.
While only the skeletal frequencies show up clearly
in the Raman spectrum for MeZSnl2 some extra-
skeletal frequencies can be obtained from the infra-
red spectrum. As may be seen from Table III,
making a complete assignment of frequencies is a
matter of some cifficulty, due to the large number
of fundamentals in any one species. However, the
skeletal frequencies of these compounds may be
assigned quite readily, by analogy with the chloro-
methanes, etc.

Tabte |

Observed Raman Frequencies of Me3nl and MeZXSnl2

IN CM.“1

MeasSnl Me2Snl2
117(10) 1195(8) 65(3)
149(10) 1328(1) 145(3)
177(10) 1402(1) 182(10)
511(9) 2917(8) 197(5)
538(4) 2992(8) 513(10)
704(1) 544(8)
795(1) 1191(7)

Table Il

Observed Infrared Frequencies of .\le,Snl and MeXSul2

INCM.*1
, very strong; s, strong; m, me<hum; w, weak; sh,
shoulder.
Me3nl MeaSnlj
704 m 1310 sh w 1980 w 700 m 1051 w
714 m 1335 shw 2770 w 715 s 1187 s
770 vs 1380 vs 2905 s 770 vs 1385 s
778 vs 1445 sh m 3000 s 775 vs 1691 s
785 vs 1600 vw 1)00 m 787 vs 1738 s
1012 w 1700 s 4350 s 800 vs 2745 in
1075 vw 1740 s 1015 w 2900 s
1190 vs 1775 s 1042 w 3000 m
Tabte 111

Selection Rules for Mc,Snl[ and MeXSnL

Fundamentals Fundamentals

Total Skeletal Total Skeletal
Me,Snl MeZSnl2
A, 8 3 A, 9 4
AT 4 0 A: 5 2
E 12 3 B, 7 1
B2 6 2

The skeletal modes of Me3nl, on the basis of a
C3/ symmetry, should have three vibrations of
species Ai, and three of species E. The A, fre-
quencies should correspond to Sn-C stretching,

E. R. Lippincott, P. M ercier and M. C. T obin
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Sn-1 stretching and C-Sn-C bending. The E
modes should correspond to Sn-C stretching, C—
Sn-C bending and C-Sn-1 bending. By analogy
with SnMe4and assuming both C-Sn-C vibrations
to be piled up at 149 cm.-1, we can assign 538
cm.“1toE, 511 cm.“ 1to Ai and 149 cm.” 1to Axand
E. This leaves 177 cm.“ 1to be assigned to the Ai

Sn-1 stretching, and 117 cm.-1 to the e C-Sn-I

bending.

The interpretation of the skeletal frequencies of
MeZBnl2is somewhat more difficult, as only six of
the nine expected lines are observed. While a
line could easily have been missed, the spectrum
will be interpreted on the assumption that it is com-
plete, and that the small number of lines is due to
piling up of frequencies. This assumption could
be checked either by a normal coordinate analysis,
using force constants obtained from Me4Sn and
Me3Bnl, or by a comparison with the spectra of
MeZBnBr2 when such becomes available.

By analogy with dichloromethane, there should
be two Sn-C stretchings, one of species Ai, and one
of species B1, and two Sn-I stretchings, of species
A) and B2 These are easily assigned as shown in
Table 1V.

Table IV

Assignment of Frequencies for MeZSnl2

Frequency, Type of
cm.-1 Assignment vibration
1 3000 Al X (CH?J)
2 2900 Ai = v (CH),)
3 1385 Ai 5(CH,))
4 1187 Ai 5(CH,)
5 715 Ai CH3rocking
6 513 A, X (SnC)
7 182 Ai » (Snl)
8 145 A) 5(Sn-C2)
9 65 Ai 3(Sn-12)
10 3000 A2 X(CH,)
11 1385 A2 3(CH))
12 800 a2 CH3rocking
13 65 a2 Twist
14 a2 CH3torsion
15 3000 B, X (CH,)
16 2900 B, x(CH))
17 1385 B, 3(CH))
18 1187 Bi 3(CH))
19 800 B, CH3rocking
20 544 B, X (Sn-C)
21 145 B, Rocking
22 2900 B2 X (CHYJ)
23 1187 b2 3(CH,)
24 715 b2 CH, rocking
25 197 b2 (Sn-1)
26 145 b2 Rocking
27 b2 mCH3 torsion

This leaves five vibrational modes to be assigned
to two observed frequencies, at 65 and 145 cm.“1
The Ai I-Sn-1 bending may be assigned to 65
cm.-1, and the AXC-Sn-C bending to 145 cm.“1
This leaves three 1-Sn-C bending modes, of species
B:, B2and A2to be assigned. While the assign-
ment of these is somewhat uncertain, the A2 fre-
gquency, corresponding to torsion of the C-Sn-C and
1-Sn-1 planes with respect to each other, may be
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assigned to 65 cm.“1l and the two rocking fre-
quencies of species Bi and B2 to 145cm .'1

The assumption of this distribution of piling up is
supported by the spectra of CCIBr2and SiCIBr27
In these compounds, the two lowest frequencies
are quite close together, while the next three high-
est, while far from the two lowest, are quite close
to each other. The separation of the two groups,
however, is not quite so sharp in SiCl»12

The assignment of the extra-skeletal frequencies
is more ambiguous than that of the skeletal fre-
quencies, but is needed for such purposes as the cal-
culation of thermodynamic functions. For such
calculations we have given a tentative assignment
of frequencies for both tin trimethyl iodide and tin
dimethyl diiodide in Tables 1V and V, respectively.8

Table V
Assignment of Frequencies for MejSnl
Fr%an]u.a_r?Lcy, Assignrent, ngl%eii%
1 2992 Ai f (CHa)
2 2917 Ai v (CHJ)
3 1328 a4 5 (CHa)
4 1195 Aj d (CHa)
5 704 Ai C[13rocking
6 511 Ai v (Sn-C)
7 177 Aj v (Sn-l)
8 149 Al 5 (SnCa)
9 (2992) A2 v (CHa)
10 (1402) a2 5 (CHa)
1 (795) a2 CHa rocking
12 a2 CH 3torsion
13 2992 E v (CHa)
14 2992 E v (CHa)
15 2917 E v (CHa)
16 1402 E 5 (CHa)
17 1328 E 5 (CHa)
18 1195 E « (CHa)
19 795 E CH3rocking
20 704 E CHa rocking
21 538 E v (Sn-C)
22 149 E 5 (SnCa)
23 117 E Rocking
24 E CH 3torsion

EtZ5eCl2and EtGeCl3— As was stated above, the
spectra of the ethyl germanium chlorides will be
complicated by several phenomena. As a first-
order approximation, these compounds may be
considered as freely rotating ethyl tops9attached to
a rigid frame.l To this approximation, EtGeCh
may be considered as having c av, and EtZ5eCl2may
be considered as having c2a symmetry. The
degenerate modes of vibration characteristic of
ethane will, of course, be split even in this approxi-
mation, although the splitting may not always be
experimentally observable.

A further complication arises from the fact that
some of the low-lying extra-skeletal modes will lie
in the region in which the skeletal modes lie, and
must be sorted from these.

(7) M. Delwaulle, T his Journal, 56, 355 (1952).

(8) M. C. Tobin, 3. Am. Chem. Soc., 75, 1788 (1953).

(9) The situation is further complicated, of course, by the fact that

in the ethyl residue, the end methyl group can be considered as a top
rotating with respect to the remainder of the molecule.
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The observed Raman spectra of EtGeOU are
given in Table AT. For comparison the observed
skeletal frequencies of GeMe4and GeCh are given
inTable VII*

Tabte VI

Observed Raman Spectra of EtGeCi3and Et"CeCk
EtGeCU EtjGeCb

112 (0) 986 (1) 155 (5) 985 (1)
136 \ (2) 1022 (1) 165 (1) shoulder 1024 (3)
150 . (3) 1160 \ (4) 275 1 (3) 1114 (0)
174 (4) 1168 J (4) 288 J (3) 1148 (0)
295 (6) 1228 (5) 320 (2) 1229 (10)
333 (2) 1400 (1) 370--406 (8) 1385 (0)
397 (10) 1458 (3) Max. at 376 1459 (6)
425 (5) br 2925 1(5) 561 (6) 2924 (8)
596 (8) 2935 J (5) 605 (4) 2942 (4)
970 (1) 2968 (4) 965 (1) 2972 (7)

Tabte VII

Assignment of Skeletal Frequencies of GeCl, and

GeMe,
GeCl, GeMe.
E 132 175
F2 171 195
Ai 397 558
F2 451 595

The line at 596 cm. “ 7may reasonably be assigned
to the At C-Ge stretching corresponding to the 595
cm.-1 line in Me4Ge.

By analogy with GeCl4we may assign 425 cm.-1
to the E Ge-ClI stretching, and 397 cm.-1 to the At
Ge-Cl stretching. We may likewise assign 174
cm.-1 to the At CI-Ge-Cl bending, 136 cm.-1 to
the E CI-Ge-Cl bending, and 150 cm.“ ], since it is
intermediate between CIl-Ge-Cl bending and C-
Ge-C bending to the E C-Ge-ClI bending.

This completes the assignment of the expected
skeletal frequencies, but fails to account for the ob-
served frequencies at 112, 295 and 333 cm.“1 The
assignment of these frequencies can be at best an
enlightened guess.

It seems reasonable to assign 333 cm.“1to C-C-
Ge bending, by analogy with the 375 cm.-1 fre-
quency in propane. 295 cm.“1 may well be as-
signed to the H-C-C-H torsion, estimated to lie
at 275 cm.-1 in ethane, while 112 cm.“1 may be
aC-C-Ge-Cl torsion.

The observed spectra of Et25eCl2 are given in
Table VI. The lines at 605 and 561 cm.“1 are
readily assigned to the Bxand AxC-Ge stretching
frequencies, respectively. The broad line from
370-406 cm.“ lis definitely asymmetric, with maxi-
mum density at 376 cm.“1 We may therefore as-
sign the Ai Ge-ClI stretching to 376 cm.“ 1, and the
B2Ge-Cl stretching to 395 cm.-1. The broad band
at 155 cm._1 has a weak shoulder on the long wave
length side at 165 cm. “h  To these two bands must
be assigned the Ai CI-Ge-Cl and C-Ge-C bendings,
and the A2 B4 and B2 C-Ge-Cl bendings. Al-
though the assignment must of necessity be un-
certain, we may tentatively assign the Cl-Ge-ClI
bending and the A2torsion to 155 cm.“ 1, and the O-
Ge-C bending and the B4and B2 rockings to 165
cm.1l This radical piling up is not unexpected, in
view of the fact that, by analogy with Me4se, Ge<T4
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and EtGeCl3 the expected range for the skeletal
bendings of all types is 150-175 cm.-1. Again, a
Raman line could be too weak to show up.

The line at 320 cm.-1 may, as was 333 cm.-1 in
EtGeCh, be ascribed to C-C-Ge bending. How-
ever, instead of having a single line at 295 cm.-1,
as in EtGeCl3 we now have two lines, at 275
and 288 cm.-1. These may tentatively be as-
cribed to symmetric and asymmetric torsions of
the H-C-C-H angles in the two ethyl groups. The
non-appearance of the 112 cm.-1 line in EtZeCI2
may be ascribed to the hindrance of this mode by
steric effects, if it indeed corresponds to the C-C-
GeCl torsion.

The extra-skeletal frequencies for both com-
pounds are closely similar. They fall roughly into
three classes: C-C stretching and H-C-C bending,
900-1100 cm.-1, H-C-H bending, 1100-1500
cm.-1 and C-H stretching, 2900-3000 cm.-1.
These assignments are tabulated in Table VII1I.

It seems worth while to make some comments
on the interaction of the ethyl groups with the
frame of the molecules. As is apparent from the
discussion above, the ethyl groups have little ef-
fect on the frame vibrations, and the skeletal spec-
tra are readily interpreted in terms of the CGeCI3
and CZeCl2frames. The symmetry of the ethyl
groups, however, is reduced from the D 3 symmetry
of free ethane, to Ca In consequence, the Aiuspe-
cies is activated, and the degenerate modes are
split. This accounts for the appearance of the line
at 295 cm.-1 in EtGeCI3

If the assignments proposed for the lines at 112
and 295 cm.-1 in EtGeCl3are correct, we may as-
sume that there is a small interaction between the
ethyl group and the frame, on one hand and, in
EtZ5eCl2 between the two ethyl groups on the
other hand.

F. Wm. Cagle, Jr.,, and Henry Eyring
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Table VIII

Assignment OF Low Frequencies FOR Et2GeCl2 AND

EtGeCU
Frequency, Type of
cm._1 Assignment vibration
EtGeCU
112 r (C-C-Ge-Cl)
Vb 136 E s (CI-Ge-Cl)
Vb 150 E 5 (C—Ge—<Cl)
Vi 174 A, 5(Cl-GeCl)
295 t (H-C-C-H)
333 s (C-C-Ge)
v2 397 A, v (Ge-Cl)
N 425 E v (Ge-Cl)
Vi 596 Ai Vv (Ge-C)
EtiGeCh
Vb 155 a?2 Twist
Vi 155 Ai 5(Cl-GeCl)
Vi 165 Bi Rocking
vz 165 Ai s (C-Ge-C)
Vo 165 b2 Rocking
275 r (H-C-C-H)
288 r (H-C-C-H)
320 5(C-C-Ge)
v2 376 Ai v (Ge-Cl)
V& 395 b2 v (Ge-Cl)
Vi 561 Ai y (C-Ge)
Vb 605 B, v (C-Ge)

If this is the case, the skeletal lines in EtGeCI3
corresponding to the E vibrations are in reality un-
resolved doublets. The breadth of the line at 425
cm.-1 suggests that this might be the case. Any
definite conclusion, however, must await further
study with high dispersion spectrographs.

The authors wish to acknowledge financial sup-
port from the office of Naval Research Contract
M 8 onr-72700.
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A theory for phase transitions in solids, based on the absolute reaction rate theory, has been developed.

plied quantitatively to the transition of white to gray tin.

It has been ap-

This theory leads to the interpretation that only where growth
lines for white tin cross those for grey tin can the transition occur.
tionally rare and account for most of the slowness of the transition.

As might be expected, such crossing points are excep-
The transformation of monoclinic to orthorhombic sulfur

has also been discussed in terms of the theory. The effect of external constraints, especially pressure, has been considered
both upon the thermodynamics and upon the kinetics of such transformations.

Introduction
Quite aside from the enormous practical interest
attached to phase changes in solids, one readily ob-
serves that at least in the case of pure solids, these
changes permit a study of a one-component reaction
wadiich occurs at an interface between phases. It is,
of course, of primary importance to examine care-

1) This paper was presented on July 14 at the 1952 Gordon Con-

ference on Physics and Chemistry of Metals, New Hampton, New
Hampshire.

fully such systems, which on account of their rela-
tive simplicity, are able to provide information
concerning the nature of the activated complex.

We consider first the ft- to a-tin transition. This
system undergoes transition at a convenient tem-
perature and therefore has been the subject of num-
erous investigations. While most of these investi-
gations were undertaken to elucidate the thermo-
dynamic relationship of the system, some are con-
cerned with the kinetics of the reaction.
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The enantiotropic transformation of tin occurs
slightly under room temperature. White tin is the
/3form and crystallizes in the tetragonal system
(@0 = 5.822 A,, @ = 3.165 A.).2 The a- or grey
form is stable at lower temperatures and has the
diamond structure (&, = 6.46 A.).34 The exact
temperature of transformation is uncertian but is
given as 18° by Cohen and Van Eijk5or 13.2° by
Cohen and van Lieshout.6

The great disparity between the densities of a-
tin (5.75 g./cc.) and /3tin (7.30 g./cc.) indicates
that the transformation would cause the failure of
any item made of tin. In fact, the name of the
transformation /3-tin —a-tin (tin disease) is derived
from the pustules of grey tin -which spread over the
surface of the metal undergoing this phase change.
Since tin alloys are much used as solder and are ob-
served to undergo phase change in very cold cli-
mates, a study of this phenomenon is of practical
value.

Theoretical

Experimental studies of the kinetics of the trans-
formation

hi* (1)
Sn(w) Sn(g)

w

have been made by Cohen and Van Eijk,6 Cohen
and van Lieshout,6 Janecke7 and Tammann and
Dreyer.8 An eguation for the rate of transforma-
tion of grey and white tin was proposed by Step-
anoff.9 While the equation developed gives calcu-
lated rates in good agreement wish experimental
values, it does not seem possible to interpret it in
terms of the molecular processes which occur. It
was, therefore, decided to investigate this trans-
formation with a view toward the application of the
theory of absolute reaction rates. This treatment
has the advantage of being interpretable in terms of
molecular processes.

Tammann and Dreyer8 investigated the growth
of pustules of grey tin on a white tin matrix at
various temperatures. These studies were made on
a tin surface in contact with the atmosphere and on
a surface immersed in a solution of ammonium chlo-
rostannate. They observed that the rate of in-
crease of the radius of the pustule was constant at
a fixed temperature, and that when inoculated at
a point with a small crystal of grey tin, the growth
occurred from the point of inoculation. In view
of this and equation 1, we may wrbe the rate of in-
crease of radius as

ii=-w -k @

(2) A. J. Bijl and N. H. Kolkmeyer, chem. Weekblad, 18,1077, 1264
(1918).

(3) W. C. Phebus and F. C. Blake, Phys. R e 25, 107 (1925).

(4) P. P. Ewald and C. Hermann. Strukturbericht.,, 1, 54 (1913-
1928).

(5) E. Cohen and C. Van Eijk, z. physik. Chem., 30, 601 (1899).

(6) E. Cohen and A. K. W. A. van Lieshout, z. physik. Chem., [A]
173, 23 (1935).

(7) E. Janecke, ibid., 90, 257, 313 (1915).

(S) G. Tammann and K. L. Dreyer, z. an.org. aligem. Chem., 199, 97
(1931).

9 N.
(1924).

I. Stepanoff, Ann. Inst. Phys. Chem. (Leningrad), 2, 500
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In this expression, X is the average distance, from
one white tin atom to its neighbor and X represents
the mole fraction of white tin atoms at an interface
which are so located that they may react. The
rate constants may now be written in terms of the
absolute reaction rate theory
k' = ~ S exp (-E°/RT) 3)

The absolute rate constant is given by k-, while 3c
is the -transmission coefficient; k, Boltzmann's
constant; T, the absolute temperature; h, Planck’s
constant; /*, the partition function for the acti-
vated state; f, the partition function for the initial
state; E°, the energy to go from the ground state
to the activated state at the absolute zero; and R,
the gas constant. There is one less degree of free-
dom in/==than in/; since that degree has gone into
the translation in the direction of the reaction co-
ordinate and is included in KkT/h. Rigorously,
the tin sample should be treated as a single giant
molecule when writing/”?//i for the transition proc-
ess. However, degrees of freedom, remote from
the reaction site, are the same in the initial and
activated state and so their partition functions
cancel. The practical question of how many de-
grees of freedom need be retained, remains.

For a crystalline solid, the degrees of freedom of
each atom are given in the partition function as the
product of the vibrational contributions, so that we
may -write these in the form

flvib = [1 -

Where 6is the Einstein temperature for the mate-
rial in question, all of the quoted characteristic
temperatures in this paper are for Einstein partition
functions. The Einstein temperatures are appro-
priate for temperatures not too far removed from
the melting point. In the range with which we are
interested, the use of Einstein temperatures should
not give rise to serious error. This has been dis-
cussed by Guggenheim.D
It is possible to write equation 2 as

exp (-0/T)]-1 (4)

—EJ/RT) -

exp (—EqQ/RT)Y  (5)

or
dr = - XKT I1v"~1
dt h o3« P (—EJ/RT) (1 - K~I\
(6)
where
EJ/RT) (7)

K-1= J3-texp (EJ -
JG

In the case at hand, the activated complex consists
of n atoms and of these p, in the initial state, were
white tin. The Debye temperatures (from which
Einstein temperatures can be determined since Oe =
3A (1) have been calculated for white and grey tin
by Bronstedll from specific heat data. For white
tin, one obtains 9 = 148, and for grey tin, the value
of 9is 190. Since the reaction proceeds at the

(10) E. A. Guggenheim, “Thermodynamics,” Interscience Publish-

ers, Inc.,, New York, N. Y., 1949, p. 118, et seg.
(11) J. N. Bronsted, z. physik. Chem., 88,479 (1914).
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surface, it might be supposed that the Einstein
temperatures should be for a surface atom and that
this is the true initial state. However, the trans-
formation of a surface atom must make another sur-
face atom of one which was in the bulk of the metal.
Thus, the initial state consists of normal atoms and
the usual Einstein temperature should be used.
From heat capacity data and an observed value of
the heat of transformation of tin, Bronsted gave
the value of Eva— Ed¢ (the energy of transforma-
tion at the absolute zero) as 371 cal./g. mole. The
possible error in this datum cannot be easily stated
since it depends upon a measured heat of trans-
formation whose value is only approximately
known.

Figure 1 represents diagrammatically the situa-
tion prevailing for opposing reactions. The rate of
both is, of course, nil at the absolute zero, and the
difference between the two rates reaches a maximum
at temperature 7V The difference in rates becomes
zero at the transition temperature where the two
rate vs. temperature curves Cross.

Fig. 1.— Reaction rate vs. Kelvin temperature for the reac-
tion At;B.

From the transition temperature and equation 6,
one may calculate a value of EW — Ed, the neces-
sary characteristic temperatures being known. At
this temperature dr/df = 0. The values obtained
are 312 cal./g. mole for a transition temperature of
13.2° and 323 for a transition temperature of 18°.
The latter value has been used in the numerical
calculations for this work.

A comparison of the experimental values for the
rate of formation of grey tin by Cohen and Van
Eijk6and those of Tammann and Dreyer8indicates
considerable dependence upon the actual sample of
tin used. For example, the temperature at which
the conversion proceeds at a maximum rate is
given as —50° by Cohen and as —30° by Tam-
mann.

In Fig. 2, the calculations for one atom (curve 1)
and three atom (curve 2) activated complexes are

F. Wm. Cagle, Jr., and Henry Eyeing
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Fig. 2. —Comparison of the experimental data of Tam-
mann with the theoretical curve calculated from equation 6.
Curve 1 is for a one atom activated complex and curve 2 is
for a three atom complex.

compared with the experimental data of Tammann
and Dreyer.8 The value of the characteristic
temperature for the tin atoms in the activated
state was taken to be 100. This is in accord with
the expected lower vibrational frequency than for
either white or grey tin. In any event, this param-
eter can be varied considerably without great
effect on the calculated value of dr/db For
curve 1, the value_of EwW is 2,000 cal./g.
mole and the value of X is3.98 X 10_I°. For curve
2, the value of EwW is 2,000 cal./g. mole and X is
416 X 10*1L

Figure 3 shows a comparison of some five atom
complexes with the experimental data. Curve 1
represents the complex of four white tin atoms and
one grey tin atom going to two grey tin atoms and
three white tin atoms. The value of EwW is 2,000
cal./g. moleand X = 6.87 X 10~12 The curve for
the three-two complex is not distinguishable from

Fig. 2.— Comparison of the experimental data of Tam-
mann with the theoretical curve calculated from equation (i.
Curve 1 is for a five atom activated complex. Curve 2 was
calculated with two very weak vibrational frequencies for
the atom which transitions (fl - 251
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1 when plotted on this scale. In the case of curve 2
of this figure, the atom making the transition was
presumed to have two weak vibrations and these
were taken to correspond to 8 = 25 It will be
noted that this depressed the low temperature end
of the curve only slightly.

The three curves of Fig. 4 result from assuming
an eight-atom activated complex (five white tin
and three grey tin atoms changing over to four
white tin and four grey tin atoms). The value of
Ew is 2,000 cal./g. mole and the values of X are
155 X 10-13, 1.24 X 10-13 and 0.93 X 10~13for
curves 1, 2 and 3, respectively.

In estimating the degree of agreement between
theory and experiment, it should be observed that
the graphs are very sensitive tests since the rates
are plotted rather than the logarithms of the rate
constants as is often done.

It is interesting to consider the probable physical
significance of these small values for the mole frac-
tion of tin atoms which are in a position to undergo
this transition. It is not to be expected that the
average atom in the center of a completed face can
undergo transition across the interface to the other
phase. The hole left by its departure would be un-
stable and would immediately be refilled by a return
of the wandering atom. Only the last atom added
to a line advancing across the face of a growing
crystal is a likely candidate for migration. Such
an atom migrates along this line to a point where it
is opposite an analogous line on the face of the other
phase. At this point the atom crosses the interface
and identifies itself with the new phase. Such
crossing points where the advancing lines on each of
the two phases pass by each other will at best pro-
vide only a very few transition points per square
centimeter. It will equal the product of the num-
ber of lines per centimeter in each phase at the in-
terface which make contact. Thus, a value of X
of 1.24 X 10-13 when multiplied by 1015 the ap-
proximate number of atoms per square centimeter
yields 124 such crossing points per square centi-
meter and suggests that on the average the growth
lines, making successful contacts, average about a
millimeter apart on each phase.

One may now equally well write equation 6 in
the form

A= XAK\(1- X "1 (6a)

at
From the previous calculations, one may evaluate
All* for the rate at which white tin goes to grey
tin and one obtains 2,600 cal./g. mole. Fensham
has measured the Arrhenius activation energy for
self-diffusion in tin crystals.12 He found, for self-
diffusion along the a-axis, a value of E = 5,900 cal./
g. mole. This would correspond to a AH* of
5,000 cal./g. mole. One would expect, since the
processes are similar, that the AH* values ~-would not
be very different and in the observed direction.
Fensham also comments that generally the diffu-
sion at grain boundaries is more rapid than bulk
diffusion, though no numerical data are given by
him on this point.13

(12) P. J. Fensnam, Australian J. Sci, Research, A3, 91 (1950).
(13) P. J. Fensham, ibid., A3, 105 (1950).
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Curves 1, 2 and 3 are for an eight atom activated complex.
For curves 1, 2_and 3 X is equal to 1.55 X 10-13, 1.24 X
10-13 and 0.93 10~13 respectively.

Frye, Stansbury and McElroy4 have given a
very interesting treatment of the rate of growth of
pearlite in high purity Fe-C alloys which parallels,
in part, the above treatment.

The transition of rhombic (a) to monoclinic (3)
sulfur occurs at 368.6°K. It has been frequently
studied and several measurements of the rate are
reported.16-18

From the specific heat data of Eastman and
and McGavock,19 one may calculate the Einstein
temperature of 298 for the orthorhombic modifica-
tion and 294 for the monoclinic modification of sul-
fur. These data, together with the transition
temperature permit the evaluation of the term (1 —
X -1) in equation 6. The actual rate of transition,
however, is quite dependent upon previous treat-
ment of the sample.

Elias, Hartshorne and JamesiB have reported a
value of Eep for the transition of /3- to a-sulfur
with observations at 293, 303 and 313°K. This
gives a value for AH * of 14,400 cal./g. mole. In
view of the dependence of rate on previous thermal
history, it does not seem that sufficient data are
available to evaluate the constants of equation 6.
It should be noted, however, that the effect of tem-
perature on rate is known qualitatively to be of the
form expected from this relation. This dependence
of observed rate on thermal history suggests that
previously formed nuclei probably persist and much
affect the observed rate.

The work of Hartshorne, Walters and Williams2D

(14) The article, "Absolute Rate Theory Applied to Rate of Growth
of Pearlite,” by J. J. Frye, Jr., E. E. Stansbury and D. L. McElroy
will be published in Trans. A.l.M.E., 197 (1953), and hes been pre-
printed in J. of Metals (February, 1953, p. 219).

(15) D. Gernez, Compt. rend., 100, 1343, 1382 (1885).

(16) D. Lehmann, "Molecularphysik,” Vol. 1, 1888, p. 179.

(17) W. Fraenkel and W. Goez, Z. anorg. Chem., 144, 45 (1925).

(18) P. G. Elias, N. H. Hartshorne and J. E. D. James, J. Chem.
Soc., 588 (1940).

(19) E. D. Eastman and W. C. McGavock, 3. Am. Chem. Soc., 59,
145 (1937).

(20) N. H. Hartshorne, G. S. Walters and W. O. M. Williams, /.
Chem. Soc., 1860 (1935).
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on the transformation of a- into /3-o-nitroaniline
provides a study of a monotropic system. They
studied this conversion in the temperature range
273 to 313°K. They observed an experimental
energy (Arrhenius) of activation which is 17,300
cal./g. mole, and corresponds to AH * = 16,700
cal./g. mole. As they point out, this is very close
to the measured heat of sublimation (19,000 cal./g.
mole for the d-form) and the transformation pro-
ceeds essentially through the vapor phase. Their
work also includes an instructive theoretical con-
sideration of this process.

It is instructive to examine equation 6a for the
case of applied stresses. The case we shall consider
is that of a pV term. This equation should then
be written

= XXk'texp [-(p - 1)AV*/RT]

11 - K~lexp [(p - 1)AV/RT]1 (8)

The term AF* is the change in volume in going to
the activated state and the term AF is the change
in volume per mole of the products less the react-
ants. It should be noted that these terms may op-

M. K. B. Day and V. J. Hill
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pose each other. An example is the graphite -»= dia-
mond transition. In this case the equilibrium is
displaced in favor of diamond by high pressures
but the term AF* is large and positive so that the
rate of the transition is reduced by increasing
pressure.21-23

Another case similar to the above may be formu-
lated about the well-known recrystallization often
observed in metals. In this case, the larger grains
of the metal grow at the expense of smaller ones.
The driving energy is the high surface energy of the
grains and the reaction goes in such a way as to
yield large grains, thus minimizing the number of
surface atoms and so the surface energy of the
grains.
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It has been concluded that the monohydrate bohmite, encountered in the dehydration of both gibbsite and bayerite, is
produced by secondary reactions between the original dehydration products, which are virtually anhydrous aluminas, and

the water which is released during the dehydration.
the S, 8-, «-forms of anhydrous alumina.
through K-Al203to the stable «-form.

Bayerite and bohmite yield on calcination 7-A123which gives rise to
Gibbsite dehydrates primarily to X-M203 which on further calcination passes
In practice, however, the occurrence of a secondary reaction between X-Al23and

water leads to the formation of some bohmite so that on subsequent calcination mixtures of the two series of anhydrous

aluminas are obtained.

Although considerable attention has been de-
voted in recent years to the study of the different
forms of alumina and its hydrates, the literature is
still confused, particularly in the interpretations
made of the relationships existing between the hy-
drated and anhydrous forms.

In a previous notel we concluded that the initial
product of the dehydration of either trihydrate is
an anhydrous oxide, x in the case of gibbsite and 7
in that of bayerite, both oxides being capable of
undergoing rehydration. Our conclusions were
embodied in the diagram reproduced below show-
ing an idealized alumina-water system. It will be
seen from the diagram that the apparent complica-
tions associated with the calcination of gibbsite re-
sult from the formation of bohmite, by a secondary
reaction, which gives rise to a separate and dis-
tinct series of anhydrous products.

Brown, Clark and Elliott2 have since come to a
somewhat similar conclusion relating to the origin
of the two series of anhydrous products. They
postulate, however, that gibbsite decomposes

(1) M. K. B. Day and V. J. Hill, Nature, 170, 539 (1952).
(2) J.F. Brown, D. Clark and W. W. Elliott, J. Chem. Soc., 84 (1953).

through two routes, either via bohmite or x-alu-
mina, without there being a full understanding of
the factors controlling such a decomposition.

The purpose of this paper is to amplify the in-
formation given in our previous publication, and to
demonstrate that the dehydration processes are, in
themselves, fundamentally simple, confusion only
arising through the occurrence of secondary reac-
tions. It is, incidentally, shown that the hypothe-
sis of two routes for the initial decomposition of
gibbsite or of bohmite is unnecessary.

A convenient and informative approach to the
study of the interrelationships existing between
true hydrates and their corresponding oxides is
to investigate the pressure-temperature relationship
during the dehydration of the hydrates. Thus
Milligan3obtained a dehydration isobar for a gibb-
site, prepared by the Bayer process, which indicated
marked instability of the trihydrate phase at about
145° at ordinary atmospheric pressure and humid-
ity. Dehydration proceeded smoothly until the
system approached the composition of a hemihy-

(3) L. H. Milligan, This Journat, 26, 247 (1929).
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drate. Weiser and Milligan4 reported a
similar curve for a synthetic gibbsite, the

Thermal Transformations in Alumina

Gibbsite
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Reh i .
ehydration Baye-ite

- R below 140’ 1
dehydrgt_lon continuing smoothly to a Dehydration Dehydration
composition of AbCb-O.So-HoO. In neither ,pove 150° ) above 145°
case did an inflection reveal the presence I Daf;’\’,irj;'oo? 4
of a monohydrate. The product gave, x-Al203 Rehydration o .

however, an X-ray diffraction pattern char-
acteristic of the monohydrate bohmite
which persisted until the dehydration had
been carried to 400°. The isomer, bayer- >
ite, gave a similar dehydration isobar, the

above 140° Rehydration

Calcination

temperature at which decomposition oc- Kared
curred being somewhat lower than that
for gibbsite. The present authors have
carried out dehydrations of these hydrates CX-AI203

in a vacuum and have confirmed the ob-
servations of Weiser and Milligan.

The presence of bohmite in the dehydration prod-
uct, and the absence of an inflection in the dehydra-
tion isobar at the bohmite composition may be ex-
plained in a number of ways.

Weiser and Milligan attributed the absence of an
inflection in the isobar to the formation of an inter-
mediate colloidal phase of bohmite which is able to
lose water below the true decomposition tempera-
ture of the mass of the hydrate. A second explana-
tion of the absence of the inflection at the monohy-
drate stage and the incompleteness of dehydration,
is that the trihydrate dehydrates directly to an an-
hydrous alumina, which adsorbs water and subse-
quently partially rehydrates to bohmite. Some
support for this argument is available from the
work of Bentley and Feachem6who demonstrated
that an anhydrous alumina was capable of rehydra-
tion in steam to bohmite. If this is the mechanism
of the dehydration, then the proportion of bohmite
in the product would be influenced by the condi-
tions of the dehydration, i.e., those favoring adsorp-
tion would lead to a higher concentration of bohm-
ite in the dehydration product. Certainly the de-
hydration of gibbsite in a closed system leads to a
greater yield of bohmite than is obtained under
vacuum conditions. The results of X-ray crystal-
lographic examination of the products of the dehy-
drations and subsequent calcinations allow a dis-
crimination between the two dehydration mecha-
nisms just discussed.

Recent investigations of the phase transforma-
tions occurring during the thermal decomposition
of alumina hydrates have shown that a series of
distinct changes in crystal structure are associated
with the crystal growth which takes place prior
to the formation of the stable a-Al2 3or corundum.
Rooksby6 identified several anhydrous forms and
reported that the initial products of the dehydra-
tion of either gibbsite or bayerite, i.e., bohmite and
Y-Al203, were converted entirely to 7-Al203 on sub-
sequent calcination, and this then passed through
crystal forms designated 5-A]2 3and 0-Al203 before
ultimately yielding a-Al20s. Stumpf, Russell, et

(4) H. B. Weiser and W. O. Milligan, ibid., 36, 3010 (1932); ibid.,

38, 1175 (1934).
(5) F. J. L. Bentley and C. G. P. Feachem, J. Soc. Chem. Ind., 64,

148 (1945).
(6) H. D. Rooksby, “X-Ray ldentification and Crystal Structures of

Clay Minetals,” Mineralogical Society, 1951, p. 244.

Fig. 1.— ldealized alumina-water system.

ah,7 although employing a different nomenclature,
confirmed that these transformations occurred in
the calcinations of bayerite and of bohmite, whether
the latter was prepared by precipitation or as a
product of the low temperature dehydration of
bayerite. They reported, however, that gibbsite
on dehydration yielded a form of bohmite which on
subsequent calcination gave rise to a new anhydrous
form which they called x-A1>03, x-AkCh was char-
acterized by the presence of extra lines on the pat-
tern previously attributed to 7-Al203. On further
heating x-A12 3yielded another polymorph, desig-
nated K-AI23 before final conversion to a-Al2)j.
Rooksby also confirmed that some samples of gibb-
site have yielded x- and kA1»030n calcination, but
has drawn attention to the fact that the American
«form is really a mixture of the true /c-form with
-AlD 3

The confusing feature of this work lies in the fact
that bohmite can apparently give rise to two series
of transformations in the anhydrous alumina region,
depending on its origin.

Experimental

Gibbsite used in these investigations was a commercial
Bayer product having a loss of 34.6% on ignition and con-
taining 0.28% Na2X . Bayerite was produced by the method
of Fricke and Severins8 in which the rapid decomposition
of a sodium aluminate solution was initiated by carbon di-
oxide. The product was filtered and washed until as free
as possible from soda; it showed, after drying at 110°, a loss
of 34.6% on ignition. The bohmite used as a starting
material was produced by the autoclaving of commercial
gibbsite with dilute caustic soda at a temperature of 190°,
and showed a high loss on ignition, i.e., 16.7% against
15.0% theoretical.

Small quantities of materials were used for calcination.
Powder was spread thinly on a silica dish and calcined in a
muffle furnace controlled potentiometrically. Réhydrations
were carried out in sealed glass tubes which were heated in a
thermostatically controlled air oven.

X-Ray diffraction photographs were taken in either a
9.0 or 19.0 cm. diameter Debye-Scherrer powder camera of
the Bradley type using Copper Ka filtered radiation.

Results

The various heat treatments employed and the
products obtained are shown in Table I. The cor-
responding X-ray diffraction patterns are repro-
duced in Fig. 2 and the X-ray diffraction data for
the anhydrous forms are given in Table I1.

(7) H. C. Stumpf, A. S. Russell, 3. W. Newsome and C. M. Tucker,
Ind. Eng. Chem., 42, 1398 (1950).

(8) R. Fricke and H. Severins, Z. anorg. Chem., 175,249 (1928); ibid.,
179, 287 (1929)4
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Tabite |

Series of Anhydrous Aluminas Obtained from Calcination of Aluminium Hydrates

Heat treatment Bohmite Gibbsite Bayerite

1 5 hr. at 300° Bohmite Bohmite -1- major X lines Bohmite + 7
2 3 hr. at 500° 7 with 400 line split 7 + Xa 7

3 Treatment 2 plus 1 hr. at 600° 7 with 400 line split 7 + Xa 7

4 Treatment 3 plus 1 hr. at 700° 7 with 400 line split 7 + Xa 7 with 400 line split
5 Treatment 4 plus 1 hr. at 800° 7 5 7 + Xxa 7 — > 8

6 Treatment 5 plus 1 hr. at 900° 8 J + Xa 8

7 Treatments plus 12 hr. at 1,000° 8 (8 - >m0) + (X--- > K)

8 Treatments plus 1 hr. at 1,000° s — e * + 0

9 Treatments plus 1 hr. at 1,100° a + little O K+ 0+ a 0 -f trace a
10 Treatment 9 plus 1 hr. at 1,200° a a 0 + little a
11 Treatment 10 plus 1 hr. at 1,300° a + trace O
12 Treatment 11 plus 2 hr. at 1,300° a

° 400 line is split, and the 440 line is beginning to split and give an extra line at higher d-value—in other words the 7
present in the mixture is gradually being transformed into 8

Tabte Il

X-Ray Diffraction Data for Anhydrous Aluminas

7 8 0 7 + X K + O0b a
d | hkl d 1 hkl d I d 1 d 1 d 1 hkl
4.54 3 111 4.49 3 111 5.44 2 4.50 1 6.11 3 3.47 8 102
2.79 2 220 2.85 3 4,51 3 2.82 2 542 1 2.55 9 104
2.388 7 311 272 5 3.46 1 2.394 6 4.47 4 2.371 8 110
2.277 5 222 261 1 2.83 7 2.271 6 4.19 1 2.14 1 006
1.982 9 400 2.43 7 311 2718 10 2.11 4 317 1 2.078 10 113
1518 2 511 2275 6 222 262 2 1.983 7 3.04 6 1.95 1 202
1.394 10 440 1.985 8 400 2.436 9 1.965« 3 284 2 1.735 8 204
1.22 1 533 1.946 5 004 2305 8 1.88 1 2.79 7 1596 10 116
1.139 3 444 179 1 240 2.250 7 1.52 2 273 6 1.540 2 121
1.02 1 731  1.521 3 333 2.016 8 1.44 1 257 9 1.508 4 108
0.989 2 800 1.398 3 440 1948 2 1.393 10 2.42 6 1.400 7 214
910 7 1.388 10 404 1.902 6 1.136 1 231 6 1.369 10 300
.884 1 840 1.138 2 444 1794 4 0.992 2 2.26 2 1.335 2 125
832 7 0.993 2 800 1.756 2 .883 1 2.16 1 1.273 3 208
.807 4 844 1.728 3 .806 4 212 8 1.237 5 10(10)
1.614 1 2.06 3 1.235 4 119
1.561 2 2.00 5 1.186 4 220
1536 5 1.94 2 1.16 1 306
1.509 1 1.90 1 1.144 3 223
1.482 4 1.868 5 1.123 3 312
1450 5 1.825 2 1.096 4 20(10)
1.425 2 1.790 1 1.08 1 00(12)
1399 5 1.747 2 1.075 4 314
1.382 10 1.70 1 1.040 6 226
1.293 1 1.632 6 1.014 3 402
1279 2 1.60 1 0.995 5  21(10)
1.254 2 1.574 1
1.234 1 1537 3
1.190 2 1.483 3
1.155 1 1.447 4
1.107 1 1.430 7
1.064 1 1.400 1
1.041 1 1.386 10
1.028 1 1.337 3
1.007 3 1.306 3
0.997 3 1.284 1
1.262 3
= 7-Component beginning to transforminto S 1.241 1
1d-Values of principal Olines are underlined. 1.217 2

Since confusion can arise when reference is made owing to the fact that Workers in this country and
to the published work on alumina and its hydrates America have adopted different systems of nomen-
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Bohmite

Bayerite

Gibbsite

Bohmite
+X-A1203

7-AI203
+X-A 1203

7-A1203

Fig. 2.

clature, and, in our opinion, some of the anhydrous
aluminas identified by Stumpf and Russell are in
fact mixtures of two different forms, the relation-
ships between the two nomenclatures are shown in
Table I11.

Tabite Il

Systems of Nomenclature

Alumina hydrates Anhydrous aluminas

Mineral American British American British
system system system system
Bohmite a-Monohydrate 7-Monohydrate v 7
Diaspore /S-Monohydrate a-Monohydrate T 5
Gibbsite a-Trihydrate 7-Trihy irate ° 0+ e
Bayerite  /9-Trihydrate «Trihyd/ate e e
M X+ 7

K K + d

The results of the rehydration experiments are
recorded in Tables IV and V.

Discussion

It will be seen that bayerite and bohmite gave
rise to the same series of aluminas as described by
Rooksby and Stumpf, Russell, et cl., i.e., 7-AlI2D3
was first observed and this passed through the 5
and Oforms to a-A\/)a The calcination of gibb-

site at 300°, however, gave a product whose X-
rav diffraction pattern showed, in addition to the
characteristic lines of bohmite, extra haloes at e
vahies of 2.11 and 1.39. As illustrated in Fig. 2,
the former is in the same position as the main
characteristic x line, whereas the latter coincides
with one of the two most intense lines of the 7-
A1D 3 pattern. The fact that the other principal
7-A1203line was absent led us to conclude that the
two haloes observed were the principal ones of true
X-Al2D3 At 500° all traces of bohmite had disap-
peared and a pattern, previously designated x-A12 3
by Stumpf and Russell, was obtained. It will be
seen that this pattern corresponds to the accepted
7-Al23pattern with extra lines at d-values of 2.11,
188 and 1.44. This suggested to us that the pre-
viously reported x-A120s was in fact a mixture of
two oxides, i.e., true x-A1d 3and 7-A1203 the former
having its own characteristic X-ray pattern at least
one line of which coincides with one of the principal
lines of the 7-Al123 pattern. We interpreted the
diffraction patterns of the products of subsequent
calcinations in the light of this conclusion. On fur-
ther calcination the 7-component of the (7 + X)
mixture began to be transformed into S-AhOa; sub-
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Table IV

Products of Calcination and Rehydration Treatments

‘'v-Alumina (with 400 line split)
Product of Product of
calcination of

Rehydration calcination of

Bohmite + x-alumina
Products of
calcination of

(t + x) Aluminas
Products of
calcination of

treatment bayerite at 500° bohmite at 500° gibbsite at 500° gibbsite at 300° Bohmite
5 hr.at 120° y + bohmite + bay- Unchanged Bohmite + 7 + X Unchanged Unchanged
erite
70 hr. at 120° As above, but rather y -(- little bohmite + Bohmite + bayerite Bohmite + little bay- Unchanged
less y little bayerite + some (7 + x) erite + trace X
24 hr. at 140° Bohmite + littley + y + little bohmite Bohmite + little (7 Bohmite Unchanged
trace bayerite + X) + trace bay-
erite
5hr.at 170° Bohmite + little y 7 -f- little bohmite Bohmite + trace Bohmite Unchanged
(y+ X
Table V
Further Rehydration Experiments
Result of rehydration
Material Previous treatment 24 hr. at 130°

Pure 7-alumina
of aluminum s-butoxide

Product of calcination of aluminum sulfate at 1,000°

7-Alumina derived
from bayerite

Product of calcination at 700° of hydrate obtained by hydrolysis

Product of calcination of bayerite at 500°
Product of calcination of bayerite at 500° rehydrated for 5 hr. at

Bohmite + trace y

Bohmite + vy

Bohmite + bayerite + little y
Bohmite + vy

170°, and subsequently calcined at 500°

7-Alumina derived
from bohmite

Product of calcination of bohmite at 500°
Product of calcination of bohmite at 500° rehydrated for 96 hr.

y + little bohmite + little bayerite
y + little bohmite

at 170°, and subsequently calcined at 500°

sequently a product was obtained which was a
mixture of true KA1D 3 (derived from X-Al23
and 0-Al23 (derived from $and 7), both k and O
Al 3ultimately yielding a-Al2D 3

It will be seen from Table 1V that the bohmite/
X-AlZ203 mixture derived from the calcination of
gibbsite at 3000yielded some bayerite on rehydra-
tion at 120°. On the other hand, above 140°
bohmite only was produced. Since bohmite is un-
affected by the treatments, it would seem that x-
Al203is capable of rehydration to bayerite at tem-
peratures below 140° and to bohmite at higher
temperatures.

The 7-Al2D3obtained by the calcination of either
aluminum sulfate or the product of hydrolysis in
boiling water of aluminum s-butoxide yielded only
bohmite on rehydration at 130°. This is in accord
with the scheme outlined in Fig. 1. However, the
7-Al23derived from bayerite or commercial bohm-
ite gave on rehydration bohmite mixed with a little
bayerite. It seems likely that this apparent anom-
aly arises because, from the nature of their prepara-
tion, the starting materials in the last two cases
could well be contaminated with a trace of gibbsite;
this would yield x-Al2 3on calcination and bayerite
on subsequent rehydration. Some support of this
explanation is available from the results given in
Table V. When 7-Al23derived from bayerite or
bohmite was rehydrated for a long time at 170° (to
convert any x-Al2 3present to bohmite), recalcined
at 500° and subsequently rehydrated at 130° no
bayerite could be detected.

We therefore conclude that: (a) Bayerite and
bohmite on calcination yield 7-Al23 which is
highly adsorbent and which on further calcination
passes through the 5- and O-forms before finally
yielding a-AlD3 (b) 7-AlD 8 is capable only of

rehydration to bohmite. (c) Gibbsite, ideally,
yields x-Al2D 3on dehydration which is also highly
adsorbent, (d) X-Al23 which has its own char-
acteristic X-ray pattern at least one line of which
coincides with one of the principal 7-Al203lines, on
further calcination yields K-Al2D3before conversion
to a-AhCh. (e) x-AhOj is capable of rehydra-
tion below 140° to bayerite, and above 140° to
bohmite. (f) In practice, calcination of gibb-
site yields a product which is a mixture of x~
Al2D3and bohmite derived from the secondary re-
action of the highly active X-Al23with its adsorbed

water. Subsequent calcination therefore gives
rise to mixtures of the two series of anhydrous
forms, i.e., 1 — »6-, 6— »a-AbCL and Xx— »k— ma-
Al2D3

These conclusions are embodied in Fig. 1, from
which it is apparent that the products obtained
from the calcination of gibbsite are determined
mainly by the conditions of dehydration. Thus,
in a closed system where the water vapor is retained
in contact with the x-Al2D 3 complete conversion to
bohmite occurs, and at higher temperatures bohm-
ite subsequently gives rise to the 1 — »5 —m6— »
a-AbCh series of transformations. Under the con-
ditions of the present experimental work, where the
bulk of the water vapor was removed rapidly from
the system although some adsorbed water must
have remained for an appreciable time in close con-
tact with the active alumina, only partial rehydra-
tion occurred and mixtures of the anhydrous alu-
minas characteristic of the two series were obtained.
Similarly, partial rehydration of the 7-Al203derived
from bayerite occurs with the formation of bohmite.

We are indebted to Mr. H. P. Rooksby of the Re-
search Laboratories of The General Electric Com-
pany for his interest and helpful discussion.
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COAGULATION EFFECTS OF ALUMINUM NITRATE AND ALUMINUM
SULFATE ON AQUEOUS SOLS OF SILVER HALIDES IN STATU

NASCENDI.

DETECTION OF POLYNUCLEAR COMPLEX ALUMINUM

IONS BY MEANS OF COAGULATION MEASUREMENTS1

By E. M atijevic and B. Tezak

Contribution from, the Laboratory of Physical Chemistry of the University of Zagreb, Croatia, Yugoslavia
Received April 20, 1953

The effects of electrolytic coagulation of hydrophobic sols of silver halides in statu nascendi by aqueous solutions of alumi-

num nitrate and aluminum sulfate were investigated.
ions depends to a great extent on the age of the solution.
a considerably lower critical coagulation concentration.

It was found that the critical coagulation concentration of aluminum
Solutions of aluminum salts “artificially aged” by warming show
pH of these solutions decreases also during this “aging.”

Experi-

mental records indicate the formation of polynuclear tetravalent Al complexes in pure aqueous solutions of aluminum salts.
A possible constitutional formula of these complexes is described.

The electrolytic coagulation of hydrophobic sols
is decisively influenced by the surface of the solid
phase (sol particles) on the one side, and by the
structure of the electrolytic solution on the other
side. If the conditions for the formation of the
solid phase (temperature, sol concentration, chemi-
cal composition, the manner of mixing, the struc-
ture of particles, etc.) are defined to a sufficient ex-
tent, and remain constant, the rate of coagulation
will depend on the nature of the electrolytic solu-
tion.

According to the Schulze-Hardy rule the charge
of the ion which is of opposite sign to the charge of
the sol (counter ion) plays the main role in the elec-
trolytic coagulation of hydrophobic sols. The
greater the charge the lower is the critical concen-
tration of coagulation.2 Thus if die sol is well de-
fined it is possible to draw conclusions from the
critical concentration of coagulation as to the charge
of the counter ion. The concentration of coagula-
tion is influenced also by the size of the counter
ion3but this effect is considerably smaller.

The effects mentioned above offer the possibility
for investigating the structure of electrolytic solu-
tions especially the charge and the size of the coun-
ter ion by means of coagulation measurements on
hydrophobic sols. The lack of real criteria for the
determination of the “true” concentration of coagu-
lation and of well defined sols are the chief reasons
that this method has not so far been applied for
such investigations.

We have shown on the example of coagulation
of negative sols of silver halides by thorium ions4
that the coagulation method is suitable for the de-
termination of complex ions in the solution. Now
we shall discuss the results of our investigations on
the same sols with the solutions of Al salts where
certain complexes are formed either by ordinary
aging or by warming these solutions.

(1) Presented at the Meeting of Yugoslav Chemists and the First
Croatian Congress of Pure and Applied Chemistry, October, 1952,
Zagreb.

(2) B. Teiak, E. Matijevit and K. Schulz, Tins Joubnal, 65, 1567
(1951); E. Matijevic and B. Teiak, Kolloid-Z., 125, 1 (1952); B.
Teiak, E. Matijevio, K. Schulz, M. Mirnik, J. Herak, V. B. Vouk,
M. Slunjski, S. Babic, J. Kratohvil and T. Palmar, T his Joubnal, 57,
301 (1953).

(3) B. Tefak and E. Matijevid, Arkiv hem., 19, 29 (1947).

(4) B. Teiak, E. Matijevidé and K. Schulz, 3. Am. Chem. Soc., 73,
1605 (1951).

Experimental

The rate of coagulation was followed by tyndallometric
measurements as described previously.b

The forced “aging” of aluminum salt solutions was per-
formed by warming always in the same manner. Fifty ml.
of fresh diluted solutions of A1(N03)3or AIASO0> (analytical
reagent) of a fixed normality (0.02 N, 0.002 N or 0.0002 N)
were kept in “Jena” glass stoppered bottles (erlenmeyer
flasks) of 300 ml. in a thermostat at 90° (+1°) for a desired
time. Subsequently the solutions were quickly cooled to
20° and then diluted to obtain the concentration gradient
necessary for the coagulation of sols.

Figure 1 shows that for the coagulation of negatively
charged sols of silver halides in statu nascendi in fresh acidi-
fied solutions of aluminum nitrate we obtained coagulation
values which corresponded to those of trivalent ions.
Fresh aluminum sulfate solutions gave the same effect.

Fig. 1.— Concentration tyndallograms: coagulation ef-
fect of the concentration of freshly diluted aluminum nitrate
solutions on silver chloride, silver bromide and silver iodide
sols in statu nascendi, 10 minutes after mixing the reacting
components.

If the coagulation was performed with solutions of alumi-
num salts without the addition of acid, the coagulation
values were lower and uncertain. It was found that these
values were for AgCl sol ~ 5.5 X 10-*N and for AgBr and

(5) B. Tezak, E. Matijevic and K. Schulz, T his Joubnal, SS, 1558
(1951).
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Agi sol about 1.5 X 10 N. When avery smallamount of
free acid (H N 03) was added to these systems, the coagula-
tion limits shifted to their “normal” values. Figure 2
represents this effect on AgBr sol if coagulated with AI(N03)a
and AlsCSO«)», respectively, without acid and with added
nitric acid in total concentration of 5 X 10~6N and 5 X 10-6
N. Further addition of free acid did not influence the co-
agulation value. Therefore, we performed our experiments
with acidified media using acids with lattice forming anions
of the solid phase (HC1 or HBr). Only when coagulating
Agi sols we took mixtures of potassium iodide and nitric
acid of the same normality. The concentration of added
acids was always 2 X 10“3 N to avoid other possible in-
fluences.

Fig. 2.— Concentration tyndallograms: the effect of the
added nitric acid on the coagulation of silver bromide sol
in statu nascendi in solutions of A1(N03)3 and AIXS0<3 10
minutes after mixing the reacting components.

Aluminum salt solutions when kept for a longer time under
usual room conditions gave entirely different coagulation
values which were not reproducible. Therefore, we tried
to induce the “aging” in an artificial way by keeping fresh
solutions of Al salts at higher than room temperatures (but
under 100°). When the rate of coagulation was measured
with such solutions it was found the coagulation limits
shifted to the lower concentrations of aluminum ion. Fig-
ures 3 and 4 show these shifts for sols of silver chloride and
silver iodide in aluminum nitrate solutions. In these ex-
periments the concentration of the original A1(NO03)3 solu-
tion (kept at 90°) was 0.002 N. It is worthwhile noting
that after the Al salt solutions are kept at 90° for a certain
time, the coagulation values reach a limit which is changed
no more by longer heat treatment. The extreme limits ob-
tained are shown in Fig. 5. It is evident that the shifts are
considerably larger with the silver chloride sol than with the
silver iodide sol. The silver bromide sol occupies a middle
position. The sequence of sols is the reverse to that in
Fig. 1. Maximal shifting amounts to more than one power
of ten expressed in normality of Al salt solutions. Analo-
gous effects were obtained with AI2SOt)3solutions (Fig. 6).

When A1(NO03)3 solutions of lower initial concentration
(0.0002 N) are kept at 90° for a short time (up to 30 min-
utes) the coagulation values of silver halide sols decrease.
By longer heat treatment the coagulation value increases
again and returns to higher concentrations as shown in Figs.
7 and 8.

At the same time measurements of hydrogen ion concen-
tration in aluminum salt solutions were performed. Figure
9 is a graphical presentation of the functional relationship
which exists between pH and the concentration of these
solutions, while Fig. 10 shows that pH is considerably de-
creased by heat treatment. The Macbeth apparatus with
glass electrode was used for pH measurements. Since no
special measures of precaution with regard to the dissolved

E. Matijevic and B. Tezak
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Fig. 3.— Concentration tyndallograms: the effect of
“aging” of aluminum nitrate solution on coagulation curves
of silver chloride sol in statu nascendi, 10 minutes after mix-
ing the reacting components. Initial solution of aluminum
nitrate (0.0020 N) kept at 90 ° for various times as marked on
diagram.
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Fig. 4.— Same effects as in Fig. 3 on silver iodide sol.

gases were taken, the results cannot be regarded as entirely
satisfactory, but the effects and the direction of the changes
are without doubt significant.

Qualitative electrophoretic measurements proved that
with the “aged” solutions of aluminum salts in larger con-
centration there is a reversal of charge of the negative silver
halide sols thus showing similar effects as the solutions of
thorium nitrate.

Discussion

It is well known that many metal ions are hydro-
lyzed in water solution forming polynuclear com-
plexes. However it is neither easy to determine
these complexes nor to explain their structure.

On the basis of the effects obtained by coagula-
tion of silver halide sols in aluminum salt solutions
it is possible to follow the changes of these solutions
in avery obvious way.
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Fig. 5.— Concentration tyndallograms: coagulation

effects of the concentration of aluminum nitrate solution
kept 2800 minutes at 90° on silver chloride, silver bromide
and silver iodide sols in statu nascendi, 10 minutes_after
mixing the reacting components.

Aluminum salts are very easily hydrolyzed.
Recently, the reaction of Al ion with water was in-
vestigated by Brosset using potentiometric method
but always in the presence of various concentra-
tions of hydroxyl ions.6 We intended to follow

AgNoj : 0000d N
HO, HBr or KI (H\D,):0.0020 N

*
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0
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TIME OF KEEPING Ab(SO,), SOLNS. AT 90’

Fig. 6.— The effect of the time of keeping of aluminum
sulfate solutions at 90° on the coagulation values of silver
chloride, silver bromide and silver iodide sols in statu
nascendi.

(6) C. Brosset, Acta Ghent Scand., 6, 910 (1952).
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Fig. 7.— Effects as in Fig. 3 on silver chloride sol, when
“aged” initial solution of A1(NU3)3 was 0.0002 N.
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Fig. 8.- -Same effects as in Fig. 7 on silver bromide sol.

the changes of Al ions in pure solutions of Al salts
induced to “aging” by heat treatment. It was
shown in the experimental part that the “aging”
causes a decrease of the coagulating concentrations
and simultaneously an increase of the hydrogen ion
concentration. Jtis obvious that in aluminum salt
solutions changes occur for which only aluminum
ion forming aquo-complexes may be responsible.

If the size of the aluminum ion (in fresh solutions)
is calculated from the coagulation data, one ob-
tains a value which exceeds the radius of Al+++ as
determined by X-ray analysis of crystals. Prob-
ably Al ions in solution are bound to a certain num-
ber of -water molecules so that their general formula
may be assumed as AI((HD ) M ++.7 It is very dif-
ficult to say something on the number of water
molecules bound (n) and whether this number is

(@) J. N. Bronsted and K. Volqvartz, Z. phys. Chem., 134, 97 (1928);

B. Tgfak and E. Matijevi6, Arhiv kem., 19, 29 (1947),



Fig. 9—The dependence of pH on the concentration of
A1(NO33and AlZS0.)3 solutions. The increase of pH by
“aging” of A1(NO33solutions under normal room conditions
is shown by circles between thick and thin line.
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Fig. 10—The change of pH in solutions of A1(NO33when
kept at 90°.

constant. By warming of Al salt solutions hydro-
gen ions are set free and polynuclear Al complexes
are formed. From critical concentration of coagu-
lation it clearly appears that these complexes are
tetravalent (in comparison, e.g., with coagulation
data for Th++++).8 The proof for the tetravalent

(8) B. Teiak, E. Matijevié and K. Schulz, J. Am. Chem. Soc., 73,

1602 (1951).
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complexes follows also from the fact that these solu-
tions reverse the charge of the sols, and that is the
characteristic property of inorganic tetravalent
ions in acidified media. Also, the sequence of co-
agulating limits for silver halide sols in “aged”
solutions proves the tetravalent character of the Al
complexes. On the basis of these data it is probable
that by hydrolysis of moderately concentrated solu-
tions of Al salts polynuclear ionic complexes are
formed according to this simple reaction

2[AIHD)3+ + 2HD
[AL(OH)(HD), -i]24+ + 2HD +

This equation is supported by our experimental
results but the question of the inner constitution of
such complexes and the kinetics of their formation
remain open. One of the possible constitutional
schemes could be, e.g.

Al(HD)ml4+
Al(1D)m

This formula agrees with the results of Granfir and
Sillfin who investigated the hydrolysis of Bi+++
and came to the conclusion that by this process
oxygen bridged polynuclear complexes are formed.9

We have seen that with more diluted “aged”
solutions of A1(N033 (0.0002 N) the coagulation
values first decrease and then, if “aging” is con-
tinued, again increase (Figs. 7 and 8). This ef-
fect may be explained by the reduction of the va-
lency of the complexes. It is probable that in such
solutions bivalent complexes are formed either
directly or by splitting of tetravalent com-
plexes. We cannot prove the existence of bivalent
complexes in this case by coagulation measure-
ments because the critical coagulating concentra-
tion of bivalent ions is considerably higher than
the concentration of the original Al salt solution
used in these experiments. But our assumption
agrees with Faucherre’'s results who showed that
in Al salt solutions there exists a concentration limit
above which the complexes are tetravalent and
below which they are bivalent.10

General conclusions similar to ours were drawn
by Hindman for plutonium ion (Pu+++) when
investigating the hydrolysis effects by spectral
analysis. 1l

It is interesting to note that the existence of
simple tetravalent complexes of Al ions was as-
sumed also by Honda in a paper dealing with the
separation of basic aluminum ions by means of ion
exchangers.2

At the end we wish to mention that the complexes
formed by our artificial aging of Al salt solutions
are very stable. It is not easy to destroy these
complexes either by subsequent dilution or by
addition of various amounts of mineral acids.

(9) F. Granér and L. G. Silién, Acta Chem. Scand.. 1, 631 (1947).

(10) J. Faucherre, Compt. rend., 227, 1367 (1948).

(11) J. C. Hindman, “Natl. Nuclear Energy Ser., Div. IV, Trans-
uranium Elements, Pt. 1/' 1949, pp. 370, 388.

(12) M. Honda, J. Chem. Soc. Japan, Pure Chem. Sect., 72, 555
(1951); C. A., 46, 3458c (1952).
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THE DISTORTION OF AEROSOL DROPLETS BY AN ELECTRIC FIELD1

By Chester T. O'Konski and Henry C. Thacher, Jr.

Contribution from the Department of Chemistry, University of California, Berkeley, Calif.,
and the Department of Chemistry, hidiana University, Bloomington, Ind.

Received May 1, 1953

An equation has been derived for the distortion of a liquid aerosol droplet under the influence of a parallel electric field.

The equation, valid for static fields in insulating media, can be reduced to a simple form for many cases of interest.
cal values of the distortion are computed for water and dioctyl phthalate droplets.

Numeri-
The droplet becomes longer in the

direction of the field, whether its dielectric constant is greater or less than that of the surrounding medium, because of the

decrease in toml electrostatic free energy of the system which accompanies this distortion in both cases.
It leads to predictions of an electric birefringence and of effects

interest in connection with size studies of aerosol droplets.

involving the scattering of electromagnetic radiation by liquid aerosol systems.
size distribution in aerosol systems containing large liquid droplets.

This effect is of

A new method is proposed for studies of
It would employ the above effect to induce, by means

of a periodic electric field, the natural resonant vibrations of the liquid droplets, which could be observed by the resulting

modulation of the birefringence or of the light scattered by the aerosol.

The distortion is also of interest for the study of

dynamic surface tension by means of potentially very accurate measurements of the resonant frequencies of airborne or

hanging drops.

I. Introduction

It is well known that anisometric isotropic dielec-
tric bodies prill tend to orient themselves in an elec-
tric field because the internal and external fields,
and therefore the electrostatic free energy of the sys-
tem, are functions of the orientation.2 |If the bod-
ies are ellipsoids they will have the minimum free
energy when the longest axis is in the direction of
the field. Because spherical liquid droplets are de-
formable if forces operate against the effect of sur-
face tension, it appeared reasonable that the same
field considerations which explain preferential ori-
entation of a rigid ellipsoidal body would cause the
elongation cf a liquid droplet. This is not an elec-
trostrictive effect of the usual type. For example,
the deformation would increase with droplet size,
other factors being the same, because the electro-
static energy increases linearly with the volume,
whereas the surface energy is proportional to the
2 3power of the volume. It is the purpose of this
work to derive expressions from which to calculate
the elongation, and to suggest ways in which the
phenomenon may be of use in studies of liquid aero-
sol systems.

Il. Theoretical Treatment

We consider a droplet of volume 47rr33, of a ma-
terial of inductive capacity e2 suspended in a me-
dium of inductive capacity ei, to which is ap-
plied a parallel electric field of strength E.
For small droplets the effects of gravitation
can be shown to be negligible and so will be
ignored. If the resulting distortion is small,
the shape of the droplet may be approximated by
that of an ellipsoid of revolution of semimajor axis, a,
in the direction of the field, and of semiminor axis, b.
W e can express the axesin terms of the eccentricity,
e, and the radius, r, of the sphere of equal volume

a= r(l —e2_ i 1)

b = r(l - e2+lle (2)

When the field E is removed there will be in gen-
eral a slight change in volume of the droplet be-
cause of électrostriction.2 For cases of practical

(1) Presented before the Division of Physical and Inorganic Chemis-
try, 123rd Meeting, American Chemical Society, March, 1953.

(2) J. A. Stratton, “Electromagnetic Theory,” McGraw-Hill Book
Co., Inc., New York, N. Y., 1941.

interest here this effect turns out to be very small.
Hence the volume of the droplet in the field can be
identified with the volume in zero field with negli-
gible error. If the interfacial tension between the
droplet and the medium is 7, the surface free energy
of the droplet is
F, = 27rr2r (I — e2)'/j[I + sm'~elefl — e2)'A] (3)

The problem of the energy of a dielectric ellipsoid
in a parallel electric field has been solved, and the
solution is given by Stratton.2 For the case in
which we are interested the electrostatic free energy
(in rationalized M.K.S. units) is

Fe = —2irabE2e2 — «)/3 [L + (& — ti)db2A/2ti] (4)
where A for this case is readily evaluated

A = J" dsl/(s + 62)(s + a2Vs =

L —e2[If@ + e)/(I —e)( —2ellea3 (5)
Eliminating a and b by equations 1 and 2 we ob-
tain

Fe = -2 Trrnft, - €)/3[L + (*! - ex)(I - e2)

(In<{l + ri/{1 —e}> —2e)/2de3] (6)
The equilibrium eccentricity can be calculated
by differentiating the sum of Fs and Fe, the only
contributions to the free energy which depend upon
e, with respect to e, and equating the result to zero.
The result is

rE2(e2 — e, j2s72yei =
(@ -
[{3/e -

2e2)/(l - e2)V» - (3 - 4e2)rin“lele(l - e2)yre]
ejlin<(l + e)/(l - e)>\ - 6]/e2[l + (<*- d)A/d]2
(7)
where B is defined by the expression
B = [1 —e2][In (1 + e)/(l - e)j - 2ell2e3 =
1/3 - 2e215 - 2e435 - ... (8)

Upon expanding in power series the numerator on
the right turns out to be
16e4(1 + 29e221 + ...)/15 9)
while the denominator on the rightis given by
LI+ (€2 - <=3 - 2e215 -
LA 12 (10)

8eA1/15 + 2e235 +

Neglecting in each series the terms of higher order
than e2and solving, we obtain
rE2Zy = 4e2[l - (29e2 - 194d)e2105(62 +

2«i)]k + 2%]79ii[€] - *ii2 (ID
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which is the expression for the case where e4<< 1
If the eccentricity is smaller, so €2« 1, the ex-
pression simplifies to the limiting law

e = 3£([e2- e|)(<i/T)\>/2H2+ 2Q)  (12)
In equation 7 it is seen that the difference (€2 —
€O appears as a square term, so that the same values
of e are obtained for equal positive and negative
values of (e2 — ex). Negative values of e have no
physical significance, since e = (1 — b2a212 and
imaginary values would correspond to an oblate
spheroid. Examination of the right-hand side of
the equation shows that solutions corresponding to
an oblate spheroid are not allowed. It follows that
the droplet is elongated in the direction of the field
whether its dielectric constant is greater or less than
that of the surrounding medium for the case where
the surrounding medium can be regarded as per-
fect dielectric.

When the droplet is a conductor of electricity
and the surrounding medium is a perfect insulator,
the electric field within the droplet will be zero af-
ter transients have decayed following application
of a steady field. In electrostatics, this is equiva-
lent to the situation where the inductive capacity
of the droplet is infinite.3 To evaluate the equilib-
rium elongation for this case one therefore sets
e2= o in the expression 6 for the electrostatic free
energy with the result

- (13)

—2irrzE 2eil 3 B

Differentiating and expanding in series as above we
obtain

rE*/y = 4eZ| - 29e2/T05)/9ii (14)

which applies for e4<< 1. When e2<< 1 this re-

duces to

e = 3E(eir/y)l/»/2 (15)
By comparing 10 and 11 with 14 and 15, respec-
tively, it is seen that the same results are obtained
more quickly by setting e2= ¢’ in 10 and 11.

We have followed Stratton’'s example in using ra-
tionalized M.K.S. units. For numerical calcula-
tions in c.g.s. units, y is expressed in dyne cm.“ 1 e2
and &are replaced by K2/4ir and Kfi4x, where it2
and Ki are the respective dielectric constants of the
two media, and E has the units statvolt cm.-1.

To illustrate the magnitude of the effect, calcu-
lations have been made of the value of rE2necessary
to produce varying degrees of distortion of the drop-
lets in water clouds and in a dioctyl phthalate oil
smoke. Tables | and 11 list the results obtained
from the exact expression 7, as well as the approxi-
mate equations, to illustrate the range of applica-
bility of the latter. It is seen that the first-order
approximation, equation 15, is correct within 3%
for values of e up to 0.30. For dioctyl phthalate
the agreement is closer. For the case of water
droplets in air the value infinity is used for k2in
accordance with the discussion above because wa-
ter has a finite conductivity whereas that of air is
practically zero.

®) i. A. stratton, Hid,, p. 213.
publication, reference 6.

Thi=s will be clarified ja a late/

Chester T. O'Konski and Henry C. Thacher, Jr.
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Table |
Distortion of Water Droplets by an Electric Field"

Calcd. val. of rE2 statvolts2cm.“1
Eq. Eqg. 14 Eqg. 15

e ab q.7
0.00 1.00000 0.00000 0.00000 0.00000
.01 1.00005 .04016 .04016 .04016
.02 1.00020 .16064 .16064 .16066
.05 1.00125 1.0034 1.0033 1.0041
.10 1.00503 4.005 4.004 4.016
.20 1.0206 15.883 15.888 16.066
.30 1.0483 35.200 35.249 36.148
.40 1.0911 61.127 61.423 64.262
.50 1.1547 92.27 93.48 100.41
.70 1.4003 158.91 170.17 196.80
3/ = 71.97 dyne cm.“1 Ki = 1.000// K2= “;t=
25.0°.
Table Il
Distortion of Dioctyl Phthalate D roplets by
E lectric Field"
Calcd. val. of rE2 statvolts2cm .-1
e Eq. 7 Eqg. 10 Eq. 11
0.00 0.0000 0.0000 0.0000
.01 .0435 .0435 .0435
.02 174 174 174
.05 1.088 1.088 1.088
.10 4.36 4.35 4.35
.20 17.45 17.45 17.41
.30 39.4 394 39.2
.40 70.4 70.3 69.7
.50 110.9 1104 108.9
.70 224.6 219.3 213.2

“y =26.4dynecm. 1; Ki =

1.000; k2= 5.18.

To facilitate numerical calculations employing (7)
this equation can be written

rE2e2 -

where

ei)22")€i =

Cli + (e5—

(7"

C =
[(B —2e2/(1 — «*)*/» — (3 — 4e2 sin-1 e/e{\ — €2:/«e2
[i37e - e){In <(1 + e)/(1- e)> 6)]
(16)
Values of the functions B and C have been com-
puted and are given in Table I11.

Tabte Il

Values for the Functions B and C

e B C
0.00 0.33333333 0.00000000
.01 .33332000 .00020001
.02 .33327999 .00080017
.03 .33321329 .00180085
.04 .33311985 .00320269
.05 .33299964 .00500656
.06 .33285259 .00721362
.07 .33267862 .00982526
.08 .33247765 .01284313
.09 .33224956 .01626920
.10 .33199425 .02010565
.20 .327906 .08173
.30 .320846 .18918
.40 .310392 .35104
.50 .295837 .58330
60 .275992 91710
70 .248763 1.4208
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I11. Discussion

The results given in Table | show that the distor-
tion of water droplets in natural clouds will be
small even for the maximum sustainable fields in
air. In the case of a cloud droplet of 10 microns
radius, for example, a field of 30,000 volts per cm.
will cause a fractional elongation, (a — b)/r, of
about 0.01. For larger water droplets, around 1
mm. in radius, it is seen that large distortions will re-
sult for practicable values of E.

It should be noted that the equations given are
rigorously valid only for small distortions because
of the assumption regarding the shape. So far as
we are aware, there exists no analytical proof that
the droplet will be precisely an ellipsoid of revolu-
tion for large values of e. However, experiments
at the University of California with small hanging
drops indicate that the shape is very closely ellip-
soidal, and also verify the equations for the mag-
nitude of the distortion.4

The equations presented here apply only to
static fields in insulating media, although the droplet
may be conducting, as indicated above. A treat-
ment of the more general case, where the medium
may be conducting as well as the droplet, will be
presented later.6

An interesting consequence of the distortion is its
effect upon the properties of scattering of electro-
magnetic radiation by the aerosol. It is a well
known result6that when the incident beam is plane
polarized in a direction perpendicular to the plane
of observation, the scattered radiation is polarized
in the same direction if the scattering elements are
isotropic, as is the case with spherical droplets.
When the droplets are distorted by electric fields,
the scattered radiation will become depolarized.
This suggests that by suitable optical arrangements
it should be possible to produce a modulation of the
scattered light from an aerosol as the distorting
electric field is turned on and off.

Another property of aerosol systems predicted by
the above treatment is the existence of an electric
birefringence, similar to the Kerr effect7 for gases
and solutions. The sign of the electric birefrin-
gence in static yields will be positive because
the elongation of the aerosol droplet will place
the longer axis of its polarization ellipsoid along the
electric field. Sensitive apparatus similar to that
previously developed8 for studies of electric bire-
fringence in macromolecular systems can be adapted
for these studies.

Interpretations of these phenomena will be sim-
plest if long wave infrared or microwave radiation is
employed. It will be of interest to examine the
polarization properties of microwave radiation
scattered by electrified rain clouds, since this treat-
ment predicts that relatively large droplets at the
fringes of the charged cloud will be significantly dis-
torted, and considerable depolarization should oc-
cur. Studies of this sort by means of modified
radar techniques might yield useful meteorological

(4) C.T. O'Konski and R. L. Gunther, to be published.

(5) C. T. O’'Konski and F. E. Harris. Jr., to be published.

(6) D. Sinclair. “Handbook of Aerosol«.* Atomic Energy Com-
mission. 1950.

(7) NT. Born, ‘Optik,” J. Springer, Berlin, 1933.

iS) C. T, O'honaki and B. H. Zimin, Science 111, 113 il9i>U),.
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data concerning electric field gradients and droplet
sizes in certain types of rain clouds.

The distortion of droplets will also produce a
slight change in the dielectric constant of the aero-
sol, which may be measurable by means of recently
developed highly sensitive equipment. This pos-
sibility has been discussed by Thacher,9 following
the treatment given here.

Under favorable conditions, the above effects can
be amplified by applying an alternating or pulsating
field in synchronization with the natural vibration
frequencies of the liquid droplets. Selective am-
plification is of particular interest in connection
with size studies in aerosols since it offers a new ap-
proach to the problem of size distribution. Assum-
ing for the moment that the magnitude of the dis-
tortion can be measured by some suitable electronic
or electro-optical method, the technique as applied
to a single droplet would be to apply an alternating
or pulsating field of variable frequency, and to ob-
serve the frequency which gives maximum ampli-
tude of vibration, which would be the resonance
frequency of the droplet, determined primarily by
its surface tension, size and density. For an aero-
sol system containing a large number of droplets
within each size increment, the intensity of the de-
rived signal, at any particular frequency, will be
proportional to the number of droplets having the
corresponding resonance frequency, if the motions
are only slightly damped. When damping is ap-
preciable, as will generally be the case in ordinary
aerosols, contributions from the droplets with reso-
nance frequencies other than the applied frequency
will have to be considered. Thus, in principle, a
recording of signal amplitude versus frequency
could be converted to a plot of number concentra-
tion verms size. To investigate the feasibility of
this method, we must consider the magnitude of the
viscous damping in a typical aerosol.

The problem of the vibrations of a liquid droplet
was first treated by Rayleigh.0 His expression for
the frequenejr of the nth mode of vibration is

w= [n(n —Din + 2)y/drz]'h/2ir a7

where d is the density, wmis the number of vibra-
tions sec.-1, other symbols have the usual mean-
ings, and units are e.g.s. Since the droplet is con-
sidered as a surface of revolution which is expressed
in terms of spherical harmonics, the symmetry cor-
responding to the mode n is given by the Legendre
polynomial of that order. In our case the first
mode of interest isn = 2. The treatment is only
approximately correct when damping is present
because it neglects the effect of viscosity upon the
resonant frequency.

Following Rayleigh’s treatment, Lamb1l gave an
equation for the modulus of the exponential decay,
or the relaxation time, t, for any mode of vibration,
which can be written

t = drZ(n — 1)(2n + Dtj (18)

(9) H. C. Thacher, Jr., T his Journal, 56, 795 (1952).

(10) Rayleigh, John William Strutt, “The Theory of Sound,” The
Macmillan Co., Inc.. New York, N. Y.. 1896, Vol. IlI, Ch. XX, Sect.
364.

(11) fi. Lamb. “ Hydrodynamics*.” Dov-r i'ublicafions. New York,
N. V,, 1945, Oh. XI. p. 641
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where g is the ordinary coefficient of viscosity. The
product

vt = [n(n + 2)dyr/(n — 1)2n + 1)2]/*2in7  (19)

is a convenient index of the sharpness of res-
onance of the vibration. It is equal to the num-
ber of vibrations required for the amplitude to de-
cay to 1/2.7 of its initial value or to the reciprocal
of the ordinary logarithmic decrement2 for a
damped system. For the primary mode of interest
here, n —2, and

vt =

(2dyr)1>/5ir7] (20)

Values computed from the above equations are
given in Table 1V for liquid water aerosol droplets.
It is seen that the resonance is strong for the large
droplets, but rather weak for droplets around 10
microns in radius, and the system is heavily damped
at 1 micron radius. Thus, the droplet resonance
technique will be restricted to rather large aerosol
particles, which constitutes a serious practical limi-

(12)
New York, N. Y., 1934, p. 89.
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G. Joos, “Theoretical Physics,” Hafner Publishing Co., Inc.,
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tation on its general use in the laboratory, although
it may be of some use in meteorological studies.
Alternatively, it may be applicable for studies of
surface tension by accurate measurement of the
resonant frequency of a suspended droplet in con-
junction with a separate measurement of the radius.
By varying the droplet size, the surface tension
can be measured as a function of frequency. Stud-
ies of this sort may lead to information regarding
the rates of reorientation of surface active mole-
cules in surface films.

Tabte IV

R esonant Frequencies and Viscous Damping in Water

D roplets at 25°%
Vibrational

Frequency, V, relaxation Index of

Radius, r, cycles per time, resonance,

microns second r, sec. VT = 1/5
1000 1.2 X 102 2.2 X 10*1 28.0
100 3.8 X 103 2.2 X 10-3 8.5
10 1.2 X 10s 2.2 X 10%5 2.8

1 3.8 X 10» 2.2 X 10%7 0.85

°y = 72.0 dynecm.-1; n = 0.894 X 10~2poise.

LIGHT SCATTERING FROM NON-GAUSSIAN CHAINS1
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The first two terms, following unity, in the expansion of the particle scattering factor, P{6), are examined with reference

to non-Gaussian chains.

The first term is always equal to one-third of the mean square radius of gyration.
is readily determined from light scattering, it is the obvious choice for characterizing the size of non-Gaussian chains.

Since this term
The

ratio of this mean square radius to the value it would have if the Gaussian relation was valid for all chain lengths is calculated
for (1) the constant valence angle chain with free rotation, (2) the worm-like (Porod) chain, and (3) the constant valence angle

chain with restricted rotation.

of excluded volume is also noted.
the worm-like chain.
distribution of the scattered light.

When the dimensions of a polymer molecule ex-
ceed a few hundred angstroms the intensity of
scattered light is dependent on the scattering angle,
d because of interference arising from light rays
scattered from different parts of the same molecule.
As in the case of X-rays, the angular intensity dis-
tribution is given explicitly by the expression3

sin firn
P(e) = (1)

Itra

(N + I)2E E

with jj = (4ir/X") sin (6/2). The distance between
pairs of the V + 1 elements is denoted by r,j and
the summation extends over all pairs. It has been
known for some time that this summation reduces
to simple analytical expressions for particles having
the shape of spheres, rods and Gaussian coils4and
to power series for ellipsoids, cylinders and disks.86

(1) Work supported by the Office of Naval Research under Con-
tract No. N5ori-07654.

(2) Permanent address:
laire, Strasbourg, France.

(3) P. Debye, Physik. Z., 28, 135 (1927).

(4) (@ B. H. Zimm, R. S. Stein and P. Doty, Polymer Bull., 1, 90
(1945); (b) T. Neugebauer, Ann. Physik, 42, 509 (1943); (c) P. De-
bye, T his Journar, 51, 18 (1947).

(5) L. C. Roess and C. G. Shull, 3. App. Phys., 18, 308 (1947).

(6) N. Saito and Y. Ikeda, J. Phys. Soc. Japan, 6, 305 (1951).

Centre d’Etude de Physique Macromolecu-

In all cases the ratio decreases with decreasing chain length. The behavior of the worm-like
chain is similar to the constant valence angle chain when the valence angle or the restriction on rotation is large.

The effect

The second term in the expansion is evaluated for ellipsoids and cylinders as well as for
In all cases it is found to be positive, numerically small and insufficient to characterize the angular

When particles are known to have one of these
shapes, it is possible to deduce its dimensions from
measurements of the angular intensity distribu-
tion. The existence of a size distribution or of an-
isotropy7 complicates the problem somewhat but
these effects are generally minor.

More recently light scattering investigations
have been extended to several macromolecular sub-
stances, e.g., sodium desoxyribonucleate89 and so-
dium carboxymethyl cellulose,0 which do not ap-
pear to be characterized by any of the above mod-
els, but have configurations lying between that of a
rod and a Gaussian coil. Not being able to obtain
a general solution for this case, our object in this
paper is only to evaluate the first terms in the ex-
pansion of equation 1 for this case of stiff chains or
non-Gaussian coils. This will show what informa-
tion can be obtained about such macromolecules
and will, in addition, lead to a consideration of the
way in which the dimensions of a non-Gaussian

(7) P. Horn, H. Benoit and G. Oster, J. chim. phys., 48, 1 (1951).

(8) P. Doty and B. H. Bunce, J. Am. Chem. Soc., 74, 5029 (1952).

(9) M. E. Reichmann, B. H. Bunce and P. Doty, J. Polymer Sci.,
10, 109 (1953).

(10) P. Doty and N. S. Schneider, Abstracts, Los Angeles Meeting
of the American Chemical Society, March 19, 1953.
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chain depend on chain length. Following an intro-
ductory section, our discussion will be divided into
two parts: the first is concerned with the first
term, following unity, in the expansion of P{6) and
involves the dependence of the radius of gyration
on chain length for several chain models. The
second part deals with the next term in the expan-
sion.

Section |

In the case of chain molecules, it is possible to
simplify equation 1 upon recognizing that the dis-
tance T between the fth and the jth element of the
molecule is only a function of the difference | —
j 1= t In this way one can perform one of the two
summations and equation 1 becomes

N sinprt

P(e)_N+I+(N+iy’\1(-N+1 t art

(2)

where rtis the distance between segments separated
by t elements. Expanding the sine in equation 1

and 2 gives
1
m =1 v+ 1y SStffi+rarttzEZ.
1

r st (iv+1)2E BV ©)
and
o= - +1 P+

(N + 1)12 (W+ 1- 0 fj- eom W

These two equations which are equivalent can be
put in the form

*e)-1 -4 +B& -C2&+- W

with

A 230V + 1)2~A3 " (N + D273~ + 1 ~ArJ
(6)
2(V+ 1)27373 rA = (at+ )2 Z) (IV+ 1-t) n*

(67

@
"

0 rt6
(6"
We turn now to the evaluation of the coefficients
A and B as functions of the molecular parameters of
several models of polymer chains. It has been
noted before that the coefficient A4&1U2 has a sim-
ple geometrical meaning: it is the radius of gyra-
tion of the molecule about its center of gravity.
This can be shown easily; if as is shown in Fig. 1
we place the origin at the center of gravity of the

2(N + 12 = + 1253 (N + 1 -

molecule, G, and denote by P\and p, the vectors
having their origin in G and terminating in i and j,
respectively, one can write

nj2 - (pi - Pj2 = pi2+ p2- 2 pi-pj (7)
Substituting this value in equation 6 one obtains

A-2w hy (hV P +P ~ 8)

(11) A. Guinier, Ann. phys12, 161 (1939).
(12) B. H. Zimm and W. H. Stockmayer, J. Chem. Phys., 17, 1301
(1949).
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where the sign <( )> indicates that this expression is
averaged over all configurations. After a simple
transformation one obtains

A=<V+172 A ~(N+D(?2 **/> (9

Since G is the center of gravity, the second part of
the right hand side of this expression is zero and one
recognizes immediately that the value for A

2= A riil 2i 00)
is by definition the average radius of gyration of the
particle which we shall designate as p2

The conclusion that the first term in the expan-
sion of P(d) measures the radius of gyration for a
particle of any shape is quite important, since this
makes the radius of gyration accessible to direct
experimental determination. Consequently, we
have a new measure of particle size which is inde-
pendent of specification of shape. Of course this
represents no gain for particles known in advance
to have simple shapes since the radius of gyration
is readily related to their dimensions. Thus for
Gaussian chains, p2 = r26, and for rods, p2 =
L212, where L is the length. But for stiff chains
no simple relation exists. It is therefore natural to
accept the radius of gyration as the quantity which
measures the size of non-Gaussian coils.

Section 11

In order to evaluate the relation between the
molecular structure of the chain and its radius
of gyration, we have to employ a model. In this
section we will investigate the relation for four such
models.

1. The Aliphatic Chain with Free Rotation.—
This chain is formed with N monomeric unics of
length a, each making an angle, « — 9 with the ex-
tension of the preceding one such that its cosine is
a. For the case of free rotation, i.e., that all con-
figurations being possible and equally probable,
Eyring13 calculated some time ago the mean end-
to-end distance and Sadron4has given it a simpler
form. The result is that for every value of N and
a, r2is given by the expression

a»

where a — cos(jr — <), Ppbeing the valence angle.
To evaluate p2one uses equation 6 and obtains

- 2«
1—a @ - ay

(12)

v+ na2fg W ot 1o«

The summation can be performed exactly giving
the following result

(13) H. Eyring, Phys. Rev., 39, 746 (1932).
(14) C. Sadron, Mem. services chim. état (Paris), 30, 92 (1943).
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NN+ 21+ a
6 V+ 11 -

p2
a2

a
@—-

V@V + 1) -

a )4

If V is sufficiently large, the second part of this ex-
pression can be neglected and the well-known Gaus-
sian approximation resultsb
aZAr 1+ a
6 1 —a
2. The “Worm-like” Chain—Porod and
Kratky® T have introduced a useful model which
requires only one parameter for its characterization
assuming the contour length L to be fixed. In
this model the contour length is kept fixed at L
but the number of segments is increased indefinitely
so that their length, a = L/N, approaches zero.

In order to keep r2finite, a must be set equal to 1
The parameter, g, is then introduced by the relation

a —exp (—a/q) = exp (—L/Nq)

(14)

Substituting this value

H. Benoit and P. M. Doty

23V(IV + 2)a + (V + 1)(v + 2)a2-
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2« v+

Vv o+ 12

and S2are the values of

1 -
Xox
@ -

where

X)2
when Xis equal to

Xi= ] |« —v) —a “21 —vY + D |

and
Xe=~<ja(l —J) + V"1 —vY + 47>

respectively.
found to be

Using equation 6 the value of p2is

a — Xi

Al — X2 @9

where

inthe Eyring formula, s' = — - —— X AfIV+ 1) - 2N(N + 2X + (V+ 1V + 2)X2- 2\N+-
one obtains 6A+11-x "(1-X)4 v + 12
r2= 2Lg — 2021 — exp (—L/q)) (15a) and X has the same meaning as before.

The quantity qis called by Porod the “persistence
length” since it characterizes the stiffness of the
chain. When q is large the chain is very stiff and
rod-like, when q is small the chain is Gaussian.
Instead of using g as parameter it is often more con-
venient to use the new quantity x L/g and to
write

r2fq2 = 2x — 2(1 — exp (—x)) (15b)

For this model it is easy to evaluate p2; one can
either make the preceding substitution in equation
13 or use the definition 6 which can be written in
this case as

p2=~ (L —it) [2ga — 2yl - exp (—w/q))]du
(16)

Either procedure gives
g2=1 ~ 1+ x ~ exP (—") (1D

3. The Aliphatic Chain with Hindered Rota-
tion.—Some time agoi8D it was taken into ac-
count that, in an aliphatic chain, the rotations are
not free. For this purpose let us consider the plane
defined by the three carbon atoms, t,t —1,t —2in
Fig. 2. The carbon atom t + 1is allowed to move
on the circle C. But because of steric hindrance
and potential energy barriers not all positions are
equally probable: we can characterize this situa-
tion by means of the average value of the cosine of
the angle pshown in Fig. 2. We assume that sine
N = 0. If 7= 1the chain is completely extended
in zig-zag fashion; if g = 0 we have the case of free
rotation. With this assumption r2is given by the
following expression

(18)
(15) P. Debye, J. Chem. Phys., 14, 636 (1946).
(16) G. Porod, Monatsh., 80, 251 (1949).
(17) O. Kratky and G. Porod, Rec. trav. chim., 68, 1106 (1949).
(18) w, J. Taylor, J. Chem. Phys., 16, 257 (1948).
(19) H. Benoit, J, chim. phys., 44, 18 (1947).

4. The Effect of Excluded Volume.—The for-
mulas given thus far have been derived on the
assumption that each chain model becomes Gaus-
sian when N becomes sufficiently large. Recent
investigations of the excluded volume effectZB-23
indicate that this assumption is only valid in the
special case of zero value of the second virial coef-
ficient. There appears to be wide agreement that
the general case can be expressed to a good approx-
imation in the following way

2= b2V(l + fcIVA) (20)

where the constant k may have zero or positive
values. The corresponding expression for p2then
becomes

A=T (141 VA @y
If this effect of excluded volume is accepted, then
the equations obtained for each of the foregoing
models should be multiplied by the factor in brack-
ets in equations 20 or 21.

5. Discussion.—We have now obtained precise
expressions for the radius of gyration for three
different chain models as a function of certain
parameters. Since the most accessible of these is
the degree of polymerization, let us examine the
variation of p2with N or X, which is proportional to
N in the case of the worm-like model. If we defer
consideration of the excluded volume effect until
later, the basic feature common to the three mod-
els is the proportionality between p2and N at large
N. Consequently to study deviations from Gaus-
sian behavior we can consider the ratio p2 po as a
function of N. po2 represents the value of the
square of the radius for any value of N assuming
that the behavior is Gaussian. This ratio is pro-
portional to 2 jv, the square of the effective seg-

(20) P. J. Flory, J. Chem. Phys., 17, 303 (1949).

(21) F. Beuche, ibid., 21, 205 (1953).

(22) T. B. Grimley, ibid., 21, 185 (1952).

(23) B. H. Zimin, W. H. Stockmayer and M. Fixman, ibid
preas).

. (iu
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ment length, which is the most common represent-
ation of experimental data.

A simple consideration shows that the ratio,
pV pL, must always decrease downward from a value
of unity for stiff, non-Gaussian chains. This is
shown in Fig. 3 where p2is plotted against N. In
the Gaussian range the direct proportionality cor-
responds to the diagonal. At low N values, how-
ever, rod-like behavior is approached and in this
case p2must be proportional to L2and hence to N2
The transition from the parabolic to linear behavior
must be continuous in a manner qualitatively de-
scribed by the full line. The ratio of the ordinates
on this curve to that of the diagonal (Gaussian
case) is the value of the ratio p2po2: it is seen to
rise from quite low values to a limiting value of
unity.

Fig. 3.— Qualitative representation of the mean square radius
of gyration as a function of the number of elements.

To examine the quantitative relation consider
first the fixed valence angle chain with free rota-
tion where the cosine of the complement of the val-
ence angle a is the parameter which will determine
the value of the ratio for a given value of N. The
results are shown in Fig. 4 for several values of a.
From this one can see that value of .V at which de-
viation from Gaussian behavior becomes significant
for a given value of a. Of course, this value of N
increases with a and becomes quite large when a
approaches one. For an aliphatic chain (a =
*/g) the deviation from Gaussian behavior is not
significant when iV exceeds about 50. In an exam-
ination of the distribution of end-to-end lengths for
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Fig. 4.— The ratio of the mean square radius of gyration
for constant valence angle chains with free rotation to that
for the Gaussian case as a function of number of elements.

aliphatic chains, Treloar2 concluded that the devi-
ation of the distribution from the Gaussian one be-
comes significant when the end-to-end distance
exceeds one-third the contour length. Circles on
each of the curves in Fig. 4 show the point where
this criterion is met. We see that as a rough rule
for fixed valence chains this is acceptable. For
completeness the curves for the corresponding

ratio r2r(2 are also given (dashed lines in Fig. 4),
even though there is no direct way at present to
measure this ratio. One sees that the two sets of
curves are comparable, the radius being a little
more sensitive to the non-Gaussian behavior

In Fig. 5 a similar plot is made for the worm-like
chain. As would be expected the curves are similar
to the fixed-valence angle chain for large values of
a. Indeed for this particular case the worm-like
chain is the preferred model because of its simpli-

city. Several values of Q = L /v r2are plotted
on the curve to indicate clearly the extent of devia-
tion from Gaussian behavior that various values of
this parameter represents.

Fig. 5.— 'Flie ratio of the mean square radius of gyration
for the worm-like chain to that for the Gaussian case as a
function of the number of elements.

The series of curves in Fig. 6 shows the depend-
ence of the ratio on log N for an aliphatic chain with
steric hindrance. The values of g = 0.73 and 0.97
correspond approximately to polystyrene and cellu-
lose trinitrate in relatively poor solvents as esti-
mated from the values of r2/N determined on high
molecular weight samples. For any curve in
Fig. 6 avery close match can be found in the family

(24) L. R. G. Treloar, Proc. Roy. Soc. (London), 55, 345 (1943).
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represented in Fig. 4 by a suitable choice of a.
Thus, as would be expected, the relation between
the ratio and N is affected in the same manner by
either altering the valence angle or imposing steric
hindrance.

Fig. 6.— The ratio of the mean square radius of gyration
for aliphatic chains with restricted rotation characterized by
1t to that for the Gaussian case as a function of the number
of elements.

In view of the effect of excluded volume the ex-
amples given thus far would be expected to hold
only for poor solvents for these are the ones in which
the second virial coefficient approximates zero.
The alterations produced by the excluded volumes
effect in good solvents is best seen by considering
two well studied polymer-solvent systems for which
k in equation 20 can be estimated. Using the

Flory-Fox3viscosity equation to determine r2from
intrinsic viscosity-molecular weight measurements
on many polystyrene fractions®Z ranging over
more than three decades in molecular weight, one
finds a value of 8.4 X 10-3 for benzene. Somewhat
similar data exist for polyisobutylene in benzene.B
In this case one finds k = 3.4 X 10~3 Either of
these values will cause a marked upward swing on
the right side of Figs. 4-6. For example at N =

104 where Gaussian behavior has been reached in
all the examples used the value of the ratio, p2p @
is increased by 84 and 34%, respectively. On
the other hand, the effect in the non-Gaussian range
is for the most part negligible.

-There is scarcely any experimental data yet
available for comparison with Figs. 4-6. Ideally
one should like measurements on fractions of a poly-
mer in the range of N = 104to 106in order to deter-
mine k and 7 a being known. Then with meas-
urements on lower fractions it could be seen
whether or not the predicted relation in the non-
Gaussian region was satisfied. In order for the
light scattering method to yield accurate values for
the radius of gyration, the polymer would have to
be relatively stiff. Cellulose derivatives appear to
satisfy these requirementsDand present work is di-
rected toward such a comparison. It is interesting
to note that earlier work,B3®the precision of which
mes not high, indicated a contrary result, i. e., the
ratio increased with decreasing N. If this result is

(25) P. J. Flory and T. G Fox, J. Am. Chem. Soc., 73, 1904 (1951).

(26) P. Outer, C. I. Carr and B. H. Zimm, J. Chem. Phys., 18, 830
(1950).

(27)

(28)

(29)
(1949).

(30)

T. G Fox and P. J. Flory, J. Am. Chem. Soc., 73, 1915 (1951).
T. G Fox and P. J. Flory, ibid., 73, 1909 (1951).
R. M. Badger and R. H. Blaker, This Journal, 53, 1056

R. S. Stein and P. Doty, J. Am. Chem. Soc., 68, 159 (1946).

H. Benoit and P. M. Doty
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Fig. 7— P -1(0) as function of
coils and rods.

for spheres, Gaussian

borne out by the present experiments, one would
have to conclude that the models employed here do
not properly represent this particular polymer. For
example, the steric hindrance may not occur sym-
metrically with respect to the plane determined by
the two preceding elements.

Section 111

We turn now' to investigate the meaning of the
second term in the expansion showm in equation 4.
As a point of reference, we note that as a conse-
guence of the interpretation of the first term, plots
of P(0) or P_1(0) as a function of p22 produce
curves with a common initial slope numerically
equal to one-third (Fig. 7). On the other hand, the
shape of the curve depends only on the shape of the
particle. Therefore one might expect the second
term in the expansion to be a useful parameter
characterizing particle shape.

If "p2is replaced by z the expansion, equation 5
becomes

PO) = 1- | \Ccv + (5"

with B' = B/(p22and C' = B/(P23 Since in
evaluating experimental data it is preferable to deal
with P _1(0) the corresponding expression in this case
is noted

P~'(A) =1+ ]+ BV +

with B" = 1/9 - (1/60)B".

Since it has been showm in the previous section
that the worm-like chain is a good approximation
for a stiff chain with a large number of elements, we
select this model for use in the evaluation of B".
For this purpose an expression for r4 as showm in
equation 6', is required. Such a result has been
obtained recently by Hermans and Ullman.3L An
alternative derivation is given in the Appendix.
In either case the result is given in our notation by

(22)

1.(1 - e~ (23)

Using equation 6' one can showrthat

(31) J. J. Hermans and R. Ullman, Physica, 18, 951 (1952)
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For the purposes of comparison, we have evalu-
ated B for ellipsoids and cylinders. For rigid par-
ticles of any shape the general result may be writ-
ten as

B' =1+ SW + W+ *2)2df +

yi [(yrdt.)* + (/yda)2+ (/za*)3 ( (26)

In this expression the origin of the Cartesian coordi-
nates isat the center of gravity and the axes lie along
the principal axes of inertia. For ellipsoids of rev-
olution with axial ratio p = a/b one then obtains

8=y @ (SYIr
in agreement with Debye.2 For cy.inders of length
L and radius R (p = L/2R) the expression becomes
B, _ 90 244rp2- 5/ri2
31 + 155Lp2+ 32 ¥
The meaning of these expressions is most clear if
they are plotted. In Fig. 8B" calculated from equa-
tions 25, 27 and 28 is plotted as a function of 1/x or
the axial ratio. One sees that B" is positive in all
cases, that the behavior of ellipsoids and cylinders is
very similar although B" for cylinders is somewhat
greater for high axial ratios. B" for chains is consid-
erably lower except in the rod-like limit where it
meets the curve for long cylinders. The variation of
B" with the degree of coiling of the chain (1/x) isdis-

(28)
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when they are worked out
the area in which each ap-
proximation is valid should
become clear.

Appendix
In order to evaluate the sum appearing in equation 6'

we evaluate first the differential d(r4). If av, represents
the cosine of the angle between the fth and jth elements,
we have

@ -

e_**)
243

(25)

dr* - 4r™dr = 4r2r-dr
ia* 222 “U2 = 8®4222222"i)«ik
[ k i<j
The mean products of the two a's have different values de-
pending on the mutual arrangement of the i, j and fcth ele-
ments. From the work of Porod3® we have the following
results for the three possible cases

Ifk < i «ijorik = aij.aik

i< k< j, <*li-«<ik -aki

i<k
Moreover

. 3a2- 1
with g = 225

and ay = a” ~*1. Since a = e~afq, we have for the value
of «jj«u in these th_r(_ee cases

R{k-I+j-i)alg

g-(» —1+ i—%G 2 <3a(k — i)lq
r

g-(* “ 1+ k— f| J _g-3a(j —X)/gj

b . A Introducing the new variables, w = ja/q; v = ia/q; u =
appointingly small. When one considers that zis of  ka/q and recalling thatx = Na/q
the order of unity in most
cases ofinterest, B" cannotbe dr4_ . p gn fr du dv da: + I f r<K
determined with sufficient T 4w =0'jv=0ju =0 " aJw=0jv=0Ju=0
precision to be useful. Indeed
it is clear that a number of (1 + 25~3U-"%)dudrdre + fw S ¥ (@ 2e3<t H)daduda

terms in the expansion would

have to be evaluated to adequately represent the ac-
tual state of affairs since in all the cases examined
thus far the curvature of P~19) has been downward
showing that the net effect of the higher terms in
equation 22 is negative, not positive. Finally, one
must note that we have dealt exclusively with mono-
disperse systems. When thereisadistribution in mo-
lecular weight and hence in shape, it is reflected in
P _1(0) generally by increasing the downward
curvature.

As a result of these considerations, it becomes
clear that only by evaluating a number of higher
terms in the expansion could this approach become
really useful. This would require a computational
program which at the moment does not seem justi-
fied. However, the use of punched card methods
already introduced in polymer statistics3 could
lead to useful, practical solutions in specific cases.

The alternative is to forego a rigorous solution in
favor of approximations for the distribution func-
tion of ry. A major step in this direction has been
taken by Peterlin34in terms of the worm-like chain.
Other possibilities along these lines are open and

(32) Quoted by P. Doty and J. T. Edsall, Advances in Protein Chem.,
6, 35 (1951).

(33) G. King, private communication.

(34) A. Peterlin, J. Polymer «Sc*, 10, 425 (1953).

w=o0jv=0Ju=0

drd _ ap
X + we 1 —3(1 —e'

G=qlL =]

Consequently

14= C*drk= Zpiﬁ—zog'x—sxe X+ 32(1 —e X) —
1* Jo 0
jl

1 -
27(

e-3)

which is equation 23.

Fig. 8.— The value of the coefficient B" for ellipsoids and
cylinders as a function of axial ratio and for the worm-like
chain as a function of I/x.

(35) G. Porod, J. Polymer Sci., 10, 157 (19531
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The polarographic half-wave potentials of acetophenone, anisaldéhyde, benzalacetone, benzaldehyde, benzophenone,

fluorenone, furfural, vanillin, lead(ll), thallium(l) and zinc were determined in formamide solutions.
The diffusion currents of all species investigated were found to be proportional to their
Formamide was found to be a useful polarographic solvent at potentials less than —1.60 v. vs. S.C.E.

furfural produced two waves.
concentrations.

Benzalacetone and

because of its stability, solvent properties and the ease of removal of oxygen from its solutions.

Introduction

One previous study of the polarographic behavi-
ors of formamide solutions has been reported.
Zan’ko and Manusova6 determined the half-wave
potentials of Cd++, Pb++, Sn++, Zn++ as the sul-
fate, nitrate and chlorides, respectively. They
stated that no supporting electrolyte was added
because of the presence of a sufficient quantity of
NHA4Clin the formamide. They attributed its pres-
ence to decomposition or to an impurity from the
synthesis of the formamide. It was concluded that
there is little change in the half-wave potential of a
substance determined in formamide as compared
to that determined in water. It was found that
the diffusion current in formamide is less than that
in water.

In an effort to extend the usefulness of this sol-
vent in polarography, the present research was de-
signed to study the conclusions of Zan’ko and Man-
usova with respect to inorganic compounds and to
investigate the behavior of various reducible or-
ganic compounds in the same medium.

Experimental

Materials.— Ultra-pure ZnS04 supplied by the Mallinc-
krodt Chemical Works and Baker and Adamson reagent
grade PbfNChh were used without further purification.
Dr. F. H. Health of this Laboratory prepared and recrys-
tallized TI1Z04for this research. Recrystallized fluorenone
was provided by Dr. F. E. Ray, Director of the Cancer Re-
search Laboratories of the University of Florida. Redis-
tilled benzaldehyde, furfural and acetophenone and re-
crystallized benzalacetone, benzophenone and vanillin were
given to us by Dr. C. B. Pollard of this Laboratory. East-
man Kodak anisaldehyde was used without further purifica-
tion. Dried reagent grade KC1 and K N 0 3were used as sup-
porting electrolytes. Metal Salts Corporation triple-distilled
mercury was used without further purification. Eimer and
Amend chemically pure grade formamide, after being placed
under a pressure of less than 1 mm. for two hours, was
found to be polarographically pure in the range studied.

All solutions except those of T12504 were prepared in a
stock solution of 0.1 M KC1 in formamide. A 0.1 M
KN O3solution in formamide was used for the T12504 solu-
tions. T12504 and ZnS04are sparingly soluble in formam-
ide. Concentrations of these compounds were 0.0043 and
0.080 M, respectively. Dilutions were prepared from satu-
rated solutions of each in formamide with the suitable sup-
porting electrolytes.

1) Abstracted from a thesis presented by Harry Letaw, Jr., to the
Graduate Council of the University of Florida in partial fulfillment of
the requirements for the M.S. degree, February, 1951.

(21 Supported in part by a grant from the Research Corporation.

(3) Presented in part at the meeting of the Florida Academy of
Sciences on December 2, 1950, at Lakeland, Florida.

(4) A.E.C. Predoctoral Fellow, 1950-1952. Now at University of
Illinois.

(5) A. M. Zan’ko and F. A. Manusova, J. Q&n. Chem. (U.S.S.R.),
10, 1171 (1940).

Apparatus.— Polarograms were obtained using a Sargent-
Heyrovsky Model X111 Polarograph. Potentials were
measured on a Gray “Queen” Potentiometer calibrated
with a Weston Standard Cell. A 0.1 N calomel reference
electrode equipped with an agar-KCI bridge was used in
order that transference effects across the interface be mini-
mized. All potentials are referred to the saturated calomel
electrode.

The mercury reservoir was 60 cm. above the level of the
solutions. It was attached by neoprene tubing to a glass
capillary of Corning “marine barometer” tubing 5.4 cm.
long with an internal diameter of 0.05 mm. The capillary
constant was 2.81 mg.Vi sec.-1/* at —0.40, 2.78 mg.2*
sec.-1/* at —1.00, and 2.56 mg.V* sec.-1/* at —1.40 ap-
plied volts in 0.1 M KC1 in formamide.

Tank nitrogen was bubbled through a tower of alkaline
pyrogallol and then through a tower of formamide before
being introduced into the Heyrovsky-type electrolysis cell
for the purpose of sweeping out atmospheric oxygen. The
formamide tower eliminated errors in concentrations caused
by the removal of solvent from the electrolysis cell by dry
nitrogen. The temperature range throughout the experi-
ments was 25 + 1°.

Results

The supporting electrolyte solutions in formamide
were found to have a polarographic decomposition
potential of —1.69 £0.02 v. This limited the half-
wave potentials of materials studied in this solvent
to a value less than —1.60 v.

The half-wave potentials found in this research
are reported in Table I. The best values obtain-
able for half-wave potentials of these compounds
determined in other solvents are also included in

Table 1. Average values are reported
Table |
Half-W ave Potentials
Formamide
Ei/t vs. No. Other media
Compound S.C.E., deter- Ei/i,
or ion volts minations volts Solvent

Acetophenone — 8 I 0.02 7 -1.56 1:1 EtOH-HOH"®
Anisaldehyde -1.44 £ .01 6 -1.50 1:1 EtOH-HOHa
Benzalacetone - 1.08 + .00 6 -1.12 1:1 EtOH-HOHa

- 128+ .03 5 —1.36 1:1 EtOH-HOHa
Benzaldehyde -1.34 + .03 7 -1.34 1:1 EtOH-HOHa
Benzophenone -1.26 + .01 7 -1.48 1:1 Diox-HOH4
Fluorenone -0.87 #f .02 7 -0.99 i-PrOH-HOH'
Furfural -1.31 £ .02 6 -1.52 pH 6.50 (HOH)d

-1.55 + .02 5 -1.72 pH 6.50 (HOH)d
Vanillin - 144 £ 02 7 -1.73 1:1 EtOH-HOH*
Lead(I1) -0.38 + .02 5 -0.396 HOHe
Thallium(l) -0.35 + .01 13 -0.46 HOH"*
Zinc(Il) -0.97 = .01 8 -0.995 HOH*

“H. Adkins and F. W. Cox, J. Am. Chem. Soc., 60, 1151
(1938). 4S. Wawzonek, H. A. Laitinen and S. J. Kwiat-
kowski, ibid., 66, 827 (1944). cR. H. Baker and J. G.
Schafer, ibid., 65, 1675 (1943), dl. A. Korshunov and S. A.
Ermolaeva, J. Gen. Chem. (U. S. S. R.), 17, 181 (1947).
‘. M. Kolthoff and J. J. Lingane, “Polarography,”
Second Edition, Interscience Publishers, Inc., New York,
N. Y. 1952.
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in Table Il. The concentration region studied for
materials other than T1+ and Zn++ was 0.125-
5.88 mm./l. These ions were investigated in the
range of 0.0267 to 0478 mm./l. and 0.114 to 13.36
mm./l., respectively.

Table Il

Average id/CmA2AY”™ Values

Acetophenone 2.10 Furfural 1.26
Anisaldehyde 2.37 1.45
Benzalacetone 0.98 Vanillin 1.84

0.97 Lead(ll) 1.71
Benzaldehyde 1.63 Thallium(l) 4.92
Benzophenone 1.86 Zinc 1.38
Fluorenone 1.85

Because of the ill-defined nature of the double
waves obtained for furfural and benzalacetone, the
half-wave potentials of those substances were con-
sidered to be the points of inflection as determined
by the graphical method of Zimmerman and
Clropp.6

Discussion

Kolthoff and Lingane7 state that formamide is
not reduced at the dropping mercury electrode.
Formamide-KCI solutions continued to present re-
producible decomposition potentials after standing
for eight weeks in standard taper glassware. Al-
though the agar bridge of the reference electrode
was inserted into a given solution many times, the
potentials were always reproducible. The intro-
duction of water by means of the agar bridge would
cause a gradual drift in this potential if the hydroly-
sis materials were not already present in reasonable
concentration. Korshunov, Kuznetsova and
Schennikova8 have reported the half-wave poten-
tial of formic acid to be in the neighborhood
of —1.80 v. They found that the absolute value
of the half-wave potential decreases with de-
creasing concentration of formic acid. On the
basis of these facts, it may be concluded that formic
acid reduction constituted the limiting useful po-
tential of the formamide used. This material
would be expected to be present in excess of the am-
monium formate because of the removal of ammo-
nia in the purification procedure.

The half-wave potentials of Zn++ and Pb++ are
in good agreement with the accepted values deter-
mined in aqueous solutions. The half-wave poten-
tials of these ions previously determined in forma-
mide are reported to be —0.51 and —1.03 v.8

(6) H. K. Zimmerman, Jr., and A. H. Gropp T his Journal, 54,
764 (1950).

(7) 1. M. Kolthoff and J. J. Lingane, “Polarography,” Interscience
Publishers, Inc., New York, N. Y., 1946, p. 361.

(8) 1. A. Korshunov, Z. B. Kuznetsova and M. K. Schennikova,
Zhur Fiz. K him 23, 1292 (1949).
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Comparison of the data obtained for the organic
compounds to that available in other solvents is
rather complex. Differences in dielectric constants,
viscosities and solvation tendencies introduce
numerous uncertainties. The dielectric constant
of formamide at 25° is 109.5,9while that of water
is 82. The viscosities of the two at 25° are 3.359
and 0.895 centipoises, respectively. On the basis
of the data recorded in Table | for the inorganic
ions, it would seem that these factors either cancel
one another in an extremely fortuitous manner or
that they do not affect half-wave potentials. It is
likely that the general similarity of the twc sol-
vents results in differences in behavior which are too
small to be considered significant, except in the
somewhat anomalous case of T1+.

It is seen that tjie opposite situation pertains
with respect to organic compounds in formamide as
contrasted to those in water-alcohol solutions.
Both the dielectric constants and the viscosities of
the two systems differ greatly. The shifts in half-
wave potentials in going from formamide to the
other systems are all in the direction of more nega-
tive potentials except in the case of benzaldehyde
in which there was no shift. The opposite direction
of shift was observed by Sartori and GiacomelloD
in the case of Li+in water as contrasted to methanol
solutions. The magnitudes of the shifts in the
present research are apparently not subject to cor-
relation.

In general, linearity was found in id vs. C graphs
obtained in this research. A tendency for the id/C
ratio to increase at concentrations in the neighbor-
hood of 10~4m./l. was observed. The latter phe-
nomenon has been found in alarge number of polaro-
graphic systems investigated in this Laboratory.

An analysis of the T1+ and Pb++ waves shows
good agreement with the criteria of reversibility.
The waves of Zn++, however, do not indicate that
a reversible process is occurring at the electrode.

It is believed that polarographic half-wave po-
tentials obtained in formamide are of great theo-
retical value. It should be feasible to identify them,
for comparative purposes, as the potentials which
would be observed in water for organic materials
which are insoluble in that medium. Although ex-
tension of the polarographic range of formamide is
probably possible, it is extremely difficult to pro-
tect, this solvent from hydrolysis by atmospheric
moisture. This limits the classes of compounds
which can be studied with ease in formamide. On
the other hand, the ease of removal of oxygen from
formamide constitutes a definite advantage over
the commonly used alcohols for non-aqueous inves-
tigations near the polarographic zero of potential.

(9) G. R. Leader, J. Am Chem. Soc., 73, 856 (1951).
(10) G. Sartori and G. Giaeomello, Gazz. chim. ital., 70, 178 (1940).
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The vapor pressures of C@ 6and CeDn have been determined over the temperature range 10 to 85°.

The Antoine Equa-

tion2 has been fitted to the data from which equation the normal boiling point and molar heats of vaporization have been
calculated. The vapor pressure of these deuterocarbons is greater than that of their hydrocarbon analogs.

For several years this Laboratory has been in-
vestigating the effect of chemical structure on the
physical properties of liquids. Part of this study
has dealt with the property changes resulting from
increased molecular weight in homologous series.
However, it has become increasingly evident that
such a study is complicated by the fact that as one
goes from one member of a series to the next, not
only is there an increase in molecular weight but
there is also an increase in molecular complexity.
It was felt therefore that a study of the changes in
physical properties which occur when heavy hydro-
gen (deuterium) is substituted for normal hydro-
gen (protium) in hydrocarbon molecules might per-
mit an evaluation of the effect that increased mass
alone has on physical properties, without the com-
plications of increased molecular complexity. With
this in mind, samples of perdeuterobenzene (C&9
and perdeuterocyclohexane (CeD”) were prepared.
The preparation of these materials, together with
refractive index and density data have been re-
ported.3 Their viscosity behavior will be the sub-
ject of a separate publication. This paper pre-

Fig. 1.—Schematic diagram of differential vapor pressure
apparatus.

(1) (a) American Petroleum Institute Project 42.
of Chemistry, Juniata College, Huntingdon, Pa.

(2) G. Thomson, Chem. Revs.. 38, 1 (1946).

(3) J. A. Dixon and R. W. Schiessler. J. Am. Chem. Soc., 76, in
press (1954).

(b) Department

sents the vapor pressure-temperature relation of
these compounds.

Experimental

Materials.—The preparation of the C&« and CeDn, to-
gether with the purification of samples of Cell and CcH,,,
have been described previously.3 These materials had been
stored under (99.9%) N2in sealed glass ampoules and before
use were refluxed over calcium hydride and distilled directly
into the apparatus. Careful experiment has shown the
calcium hydride treatment to yield no H/D exchange. In
C@6 99.3% of the protium had been replaced by deuterium
and there was 98.8% replacement in the case of the CDi2 as
determined by mass spectroscopic examination.4

Apparatus.—Figure 1 is a diagrammatic sketch of the
apparatus. It consisted essentially of a differential mer-
cury manometer D, and two sample bulbs A and A'. The
normal protium compound was placed in A while the deu-
terium compound was placed in A'. B, B'and C, and I,
and |I' are mercury activated float cut-offs. E was a man-
ometer which was kept at zero differential by means of an
external system attached at H, such that the total vapor
pressure of the liquid in A could be measured in a manner
similar to the Menzies-Smith vapor pressure method.6
The apparatus was small enough to fit into a small labora-
tory constant temperature bath and could be removed from
the bath for filling purposes. The liquid and vapors made
contact only with glass or mercury. Only 1 cc. of liquid
was needed for the measurements.

The differential manometer D had an internal diametei
of 15 mm. and was read with a precision of £0.002 mm. by
means of a Gaertner traveling microscope located outside
of the constant temperature bath. The temperature bath
was controlled to £0.01°, the temperature being read with
a total immersion, mercury in glass, thermometer calibrated
by the National Bureau of Standards.

Procedure.—At points F on the apparatus the system for
filling and drying the samples was attached. This con-
sisted of a vertical tube about 10 cm. long, closed at its
lower end, open initially at the top, and joined to F by a
connecting tube which was sealed to the vertical tube at its
mid-point. The entire system was first flushed with (99.9%)
nitrogen. Approximately 0.5 g. of CaH2 was introduced
into the vertical tube and about 1 cc. of the sample was
added. The sample was frozen in a Dry Ice-acetone-bath,
and the open end of the vertical tube was sealed and the
apparatus evacuated. Nitrogen was admitted and the
sample refluxed over the CaH2by gentle heating for several
minutes. The sample was again frozen, evacuated, and
the above refluxing repeated. Next the sample was frozen,
the system evacuated and the sample liquefied and distilled
into A. After freezing the sample in A, the filling and dry-
ing portion of the system was sealed off at F and removed.

In practice, the above procedure for filling sample bulbs
A and A' with hydrocarbon and deuterocarbon, respec-
tively, was carried on simultaneously.

The whole unit was then placed in the constant tempera-
ture bath, the samples in A and A' melted, and the pressure
differential measured in manometer D. The temperature
of the’constant temperature bath was raised in a stepwise
fashion, with pressure differential measurements being taken
at approximately 5° intervals. After a run the samples

(4) The mass spectroscopic analyses were made by J. Y. Beach,
California Research Corp., Richmond, California.

(5) A. Smith and A. W. C. Menzies, J. Am. Chem. Soc., 32, 1412
(1910).
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Fig. 2.— Differential vapor pressure of the, CeHe/CeD,
and C&H12C Di2 pairs. Open and closed circles indicate
results of different runs.

were again frozen in A and A' and the system evacuated.
Several runs were made with each liquid pair.

Treatment of Raw Data.— The height of meniscus rise in
each arm of the manometer was determined for each read-
ing, and meniscus capillarity depression corrections as given
by Thomson3 were applied. The differences in mercury
height were also corrected for the change in mercury density
with temperature and were converted to mercury densities
at0°. Itisestimated that these data are accurate to + 0.01
mm. and *0.03°.

The presence of the small amount of residual protium in
the samples necessitates the correction of the data to the
basis of 100.3% deuteration. The manner in which this
small correction was made is outlined in an appendix.

Results

In all cases over the temperature range covered,
the deuterocarbon has the higher vapor pressure.
In Fig. 2, the corrected pressure difference between
the compound pairs CED6/C8H6 and CEi2C &Hi2
is plotted as a function of temperature. Smooth
curves have been drawn through the points. For
comparison purposes, the data of IngoldBalso have
been plotted.

From the smoothed curves, values of AP at ten
or eleven different temperatures were taken. These
were then added to the vapor pressure of the pro-
tium compound, at the given temperature. The
vapor pressures of the protium compounds were cal-
culated from the Antoine equation constants given
by Willingham for cyclohexane8and by Forziati for
benzene.9 This procedure gives the vapor pressure
of the deuterium compound at the designated tem-

peratures. These data are listed in Table I. The
constants of the Antoine equation
logio Pmm — A Jjj 1~ 1)

(6) G. Thomson, “Physical Methods of Organic Chemistry/'
Edited by Weissberger, 2nd Ed., Interscience Publishers, Inc., New
York, N. Y., 1949, Chap. V.

(7) C. K. Ingold, C. G. Raisin, C. L. Wilson and C. R. Bailey,
J. Chem. Soc., 915 (1936).

(8 C. B. Willingham, W. J. Taylor, 3. M. Pignocco and F. D.
Rossini, J. Researcn Natl. Bur. Standards, 35, 219 (1945).

(9) A. F. Forziati, W. R. Norris and F. D. Rossini, ibid.,
(1949).
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for the vapor pressure of the deuterocarbons were
determined by the method of least squares.
These constants together with the constants for the
corresponding hydrocarbons are given in Table I1.
The boiling point at 760 mm. has been calculated
and is likewise given in Table II.

Tabie |
Temp., APmm _Pmm® Pmm APmm PmmA Pmm
°C. CeDe-CeHe CeHe CeDfl CeDu-CcHxs CfiHI2 CeD.j
10 1.10 (1.5)c 45.56  46.66 4.43 47.49  51.92
20 1.87 (2.4) 75.23 77.10 7.00 77.52 84.52
30 3.08 (3.6) 119.35 122.43 10.68 121.73 132.41
40 4.79 (5.2) 182.78 187.57 15.45 184.69 200.14
50 7.08 (7.7) 271.27 278.35 22.00 271.80 293.80
60 9.94 (10.8) 391.45 401.39 30.12 389.21 419.33
65 11.76 (12.6) 465.73 477.59 34.92 461.40 496.32
70 13.84 (14.6) 550.81 564.65 40.45 543.73 584.18
75 16.16 (17.2) 647.75 663.81 47.17 637.44 684.61
80 18.84 (20.0) 757.67 776.51 53.75 743.28 797.03

82 20.08 805.53 825.61

“ Calcd. from data of A. F. Forziati, W. R. Norris and R.
D. Rossini.9 bCalcd. from data of C. B. Willingham, W . J.
Taylor, 3. M. Pignocco and F. D. Rossini.8 ‘' Parenthetical
values from Ingold.7

Tabvie Il

Antoine Equation Constants and Boiling Points

Com- B.p., °C.tat
pound A B c 760 mm.
cbd 6 6.88865 1196.383 219.205 79.31
ceH6" 6.91210 1214.645 221.205 80.099
c6d 2 6.87038 1208.289 224.443 78.43
G>H12* 6.84498 1203.526 222.863 80.738

‘Data from A. P. Forziati, W. R. Norris and R. D
Rossini.9 6Data from C. B. Willingham, W. J. Taylor,
J. M. Pignocco and F. D. Rossini.3

Discussion

For comparison purposes the only vapor pressure
data available are those for Cd)f which have been
reported by Ingold and co-workers.7 The AP val-
ues reported herein were consistently lower than
those of Ingold (see Fig. 2). The methods of
measurement were essentially the same. The poor
agreement may be due to (a) difference in the puri-
ties of the samples of CeHe and CsDe used in this
study as compared to Ingold’s samples, and (b)
difference introduced by Ingold’s use of a differen-
tial manometer of considerably smaller diameter
without the application of meniscus corrections.

The heat of vaporization of C@D6and C@ i2may
be calculated using the equation

2.303 RT* BAZ

AHvap C + £2 (2)

The B and C terms are those of the Antoine Equa-
tion and the AZ term takes into consideration the
gas phase imperfection and the volume of the li-
quid phase. Without the actual P-V-T data for
the deuterocarbons, the value of the AZ term can
only be estimated. In this research the equation
AZ = 1 — 0.97P+¥Ttas suggested by Thomson2
was used. It was assumed that (a) in the evalua-
tion of the reduced pressure the critical pressure of
the deuterocarbon is the same as that of the hydro-
carbon, (b) at their boiling points the hydrocarbon
and deuterocarbon isomers have the same value of
reduced temperature. With these assumptions
the heats of vaporization at 25, 80° and at the boil-
ing points have been calculated. The calculated
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values (Table I11) are in good agreement with calori-
metric values for the hydrocarbons, considering
the uncertainty of about 0.5% in the AZ approxi-
mation.

Tabte Il
Heat op Vaporization in cal./g. mole

Compound 25° 80° At b.p.
c6h 6 8110 7394 7393
CsD6 8118 7367 7385
C6H 6‘io 7349
CeHe" 11 . 7353
ceHe6r 7639

coe 7618

CeHi2 7924 7214 7203
ce 12 7855 7149 7172

Calorimetric values.

At the boiling point the heat of vaporization of
C@D6is less than that of CaH6 while at 25° the re-
verse is true. Substitution in suitable equations
indicates that the heats of vaporization of CeH6
and C@6 are equal at about 44°. The values of
Aifvap are very sensitive to the values of the con-
stants B, C and AZ; therefore, one can only con-
clude that the difference in the heat of vaporization
of the isotopic pair is small, and any numerical
value assigned to it will be of doubtful meaning.

For the CEHR and C@ P pair, equation 2 indi-
cates that the heat of vaporization of CH2ZL is
always greater than that of the CéDi2

In an appendix to the Ingold paper,7C. R. Bailey
and B. Topley discussed the vapor pressure of
C@D6 They attempted to explain, without suc-
cess, the temperature dependence of the vapor pres-
sure ratio PcaB-Pc,D6which Ingold and co-work-
ers had found could be represented by the equation

Pcih,/P c,d5 = 1.00415 exp(-20.96 /RT)

The value —20.96 represents the difference be-
tween the heats of vaporization of the hydrocarbon
and deuterocarbon calculated without the use of
the AZ term. The present results indicate (a)
that the ratio PctH/Pcss/Bloes not have a tempera-
ture dependence of the form reported by Ingold,
even though the new values of the ratio only dif-
fer from those of Ingold by a maximum of 1%;
and (b) that the uncertainty in the value of the
heat of vaporization is considerable.

The data in the literature for the boiling points
or vapor pressures of twenty-one other protium-
deuterium isotopic pairs have been examined.
These data have been compared with the available
data for the dipole moment, polarizability and ioni-
zation potential of the normal protium molecules.

(10) G. Waddington and D. R. Douslin, 3. Am. Ci.em. Soc., 69, 2275
(1947).

(11) E. F. Fiock, D. C. Ginnings and W. B. Holton, J. Research Natl.
Bur. Standards, 6, 881 (1931).
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Also the values of the dipole-dipole, induction and
dispersion forces for the normal protium compounds
have been calculated and compared with the vapor
pressure data. It was hoped that an examination
of these data might lead to some generalizations
which would make it possible to predict which of
two isotopic protium-deuterium compounds should
have the higher vapor pressure. However, it was
not found possible to draw any conclusions or gen-
eralizations other than the observation that in the
absence of a dipole moment the deuterium com-
pound will have the higher vapor pressure, and in-
deed there is one exception to this in the case of the
H2D 2pair.

Acknowledgment.—The authors express their
appreciation to the American Petroleum Institute
for the grant which made this research possible.
They are also very grateful to Dr. J. Y. Beach of
California Research Corporation for making possi-
ble the mass spectrometer analysis of the deuterium
compounds.

Appendix

Raoult's Law Correction to Observed AP .— Mass spectro-
graphic analysis4 of the highest purity CeD6and CeDi2 to-
gether with analysis of intermediates which had been deu-
terated to a lessor degree, indicates a true statistical distri-
bution of the partially deuterated products, i.e., CsllJlI,
CBH4D ., CeHiDs, etc. For the materials used in this in-
vestigation (C6Dr of 99.3% deuteration, and (ADn of 98.8%
deuteration) statistical distribution calculations indicate
the presence of principally C8HD5 CeD6 and C«HDn,
C6eDi2 respectively, and less than 0.2 mole per cent, of com-
pounds containing lesser percentages of deuterium. Thus
the vapor pressure measurements have been made on a
solution of CEBHD5 dissolved in C@6 and of OHDnN dis-
solved in CfDi2 Therefore, it is necessary to correct the
observed vapor pressure differential APObsd to that which
would have been obtained with the pure perdeuterocarbon.

It is assumed that Raoult’s law is valid and further that
(P5—Pb) = X(P6— Pb)where P5 P6and Pb refer to the va-
por pressures of pure C&HDJ5 C6D6and CJls, respectively,
and X is a constant less than unity. On the basis of these
assumptions, it can be shown that for such a binary solution

AP asd
X(1 - Ni) + As

where A is the mole fraction of perdeuterobenzene in the
solution. It would also seem logical that X is the fraction
of protium replaced by deuterium in the partially deuter-
ated compound (i.e., for OHD,5 X = Vs)- A similar ex-
pression can be written for the case of C8HDn dissolved in
C®i2for which X — 1112

For the C@& 6 sample used in this investigation, mass
speotrographic data indicate 96 mole per cent, of perdeu-
terobenzene. Substitution of this value in the previous
expression shows that all of the values of APobsd should be
divided by 0.993 in order to give the correct value of APtrue-
If this choice of X isin error by +16 %, the error in APtne
will be only +0.7% .

For the C@Di2 sample, mass spectroscopic data indicate
86 mole per cent, of the perdeuterocyclohexane. Thus
substitution of this value in the previous expression indi-
cates that all of the values of AP,bd should be divided by
0.988. If the choice of X is in error by 8% , then the error
in APtrue will be +1.2% .

APt = (P. - Pb) =
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Linear polystyrenesulfonic acid and its salts sorb considerably less water, at the same relative humidities, than do their

cross-linked analogs and sulfuric acid.
esis loop exists.
exchange cation.

and other attractive forces act to prevent swelling and solution of the polymer chains.
The considerable increase in entropy with sorption at low relative humidities is

of the sorption process were calculated.

interpreted as being due to freeing of chains from positions of short range order.
At concentrations of 0.1 normal (in terms of sulfonic groups), the value of < is

of osmotic coefficients for these systems.

Sorption is particularly low at relative humidities below 10%, where a strong hyster-
The amount of water sorbed at a given relative humidity varies directly with the (hydrated) size of the
This lowered sorption is interpreted as being due to polymer-polymer interactions, where van der Waals

The free energies, heats and entropies

Freezing point data allow the calculation

approximately 0.3, which is considerably lower than corresponding values for monomeric electrolytes.

The sorption of waterby linearpolystyrenesulfonic
acid and its salts was studied to allow a comparison
with the cross-linked analogs, the ion-exchange
resins. This paper describes sorption by poly-
styrenesulfonic acid and seven of its salts at two
temperatures. The free energies, heats and en-
tropies of sorption are calculated from these data.
The next paper of this series will take up the effect
of different degrees of cross-linking in the same
chemical system.

Experimental Methods

Polystyrenesulfonic acid (PSA) was prepared by the
sulfonation of linear polystyrene,3 using the same general
procedures described previously.4 A mole of polystyrene
was sulfonated with 15 moles of sulfuric acid, and the solu-
tion obtained diluted to 7500 ml.; pure PSA was obtained
using ion-exchange methods to remove the excess sulfuric
acid, as well as contaminating cations. Conventional puri-
fication techniques including fractional precipitation using
lead and barium salts, and the use of mixed solvents were
unsuccessful in removing the sulfuric acid impurity from the
PSA solution.

The PSA solution, 0.13 m (molal) to PSA and 2 m to
H2S04, was passed through a 2-1. bed of hydroxide regener-
ated anion-exchange resin (lonac A300, American Cyana-
mid Company) at a slow flow rate (85 ml./min.). Large
resin particles (> 25 mesh) were used to decrease surface
absorption of PSA. The column was rinsed with a small
volume of water which was combined with the PSA solution.
This entire process was then repeated three more times.
After each pass, the total acid content of the solution was
determined. The presence of sulfuric acid was shown by
adding barium chloride solution to the effluent; a white
precipitate which does not dissolve on heating shows the
presence of sulfuric acid. This test was positive after each
of the first three passes, negative after the fourth.

The total equivalents of acid originally present were 28.5.
After each pass they were: 18.1; 8.6; 2.0; 0.87. Since one
mole of polystyrene was used, assuming complete conversion
to the monosulfonated form, it is seen that about 10% of the
PSA was lost. This loss could have been reduced by more
complete rinsing of the resin column after each pass, since
the eluted material was largely PSA. The PSA solution
contained small amounts of sodium, about 8 X 10~4 m.
This was reduced to 3 X 10-4 m by passing the solution
through a bed of cation-exchange resin in the hydrogen
state.

The solution was concentrated to a volume of about one

(1) The authors wish to thank the Office of Naval Research for the
support given to this work.

(2) A portion of this work is abstracted from the dissertation of
Monroe H. Waxman, submitted in partial fulfilment of the require-
ments for the degree of Doctor of Philosophy in Chemistry, Polytechnic
Institute of Brooklyn, June, 1952.

(3) David E. Baldwin, Thesis, Polytechnic Institute of Brooklyn,
June, 1950.

(4) H. P. Gregor, J. |. Bregman, F. Gutoff, R. D, Broadley, D. E.
Baldwin and C. G. Overberger, J. Colloid Sci.t 6, 20 (1951).

liter by vacuum distillation at 30°, then evaporated at thijs
temperature under vacuum (1-2 mm.) to a tough lump of
material which was broken up, ground to a fine powder, and
dried at 110° to constant weight. A yield of 82.1% was
obtained. The equivalent weight of PSA as determined
by titration with base in yhe presence of sodium chloride
was found to be 5.265 meq./g., while the calculated value
for C8H8 X is 5.430 meq./g.

The polystyrenesulfonic acid was soluble in water, meth-
anol, ethanol and propanol; it was partially soluble in ace-
tone and insoluble in methyl ethyl ketone, benzene, carbon
tetrachloride, chloroform and hexane. The sodium and
potassium salts were soluble in water, but insoluble in meth-
anol and ethanol; the barium salt was insoluble in cold
water, but soluble in hot water.

Salts of PSA were prepared by the addition of the appro-
priate hydroxides, using a pH meter to identify the end-point
which was well defined. The salt solutions were evaporated
slowly with stirring, and dried to constant weight in a vac-
uum oven at 40°. Care was taken to evaporate these
solutions very slowly because the glass-like polymer tended
to strip a thin layer of glass from the container.

Sorption was measured using the humidistat described
previously.6 Approximately half-gram samples were used.
Freezing points of PSA solutions were determined in a
Beckman apparatus, using standard techniques.6 About
one-half degree of super-cooling was encountered, follow-
ing which the temperature rose to a value which remained
constant (x0.001°) for 3 to 5 minutes. A modified proce-
dure, which involved the addition of ice to the solution near
its freezing point, and withdrawal of solution for analysis
after constant temperature was reached, gave results which
were not well reproducible, but whose averaged values
agreed well with results obtained using the former technique.

Experimental Results

Sorption data for eight different polystyrene-
sulfonates are given in Tables I and 11, referring to
temperatures of 25 and 50°, respectively. The
data are presented for n, the moles of water sorbed
per equivalent of polystyrenesulfonic acid (189.93
g.), as a function of the relative humidity, 'p/p° =
X.

The samples required about three weeks to come
to equilibrium at the higher relative humidities,
and somewhat less at lower relative humidities.
The dry powder, on sorbing water, was gradually
converted into a very viscous liquid; examination
showed that at all stages of the sorption process
the system was homogeneous. After equilibrium
was established, the samples were weighed daily
for a two-week period. The standard relative
deviations were five parts per thousand at relative

_ (o) H. P.Gregor, B. R. Sundheim, K. M. Held and M. H. Waxman,
ibid, 7, 511 (1952).

(6) A. Weissberger, “Physical Methods in Organic Chemistry,”

Interscience Publishers, Inc., New York, 1949.
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Tabite |
W ater Sorption by Linear Polystyrene Sulfonates at 25°

H + Li+ Na* K + NH»+ (CH,).N + (Et).N + (Bu).N*-

X = p/p° n n n n n n n n
0.05 0.115 0.383 0.307 0.251 0.251 0.210 0.174 0.210
085 393 449 607 393 291 578 909 414
094 590 490 611 412 315 = 800 1.003 533
117 713 504 695 513 633 1.010 1.082 601
135 898 653 745 676 700 1.118 1.151 606
201 1.065 875 994 782 870 1.236 1.459 910
287 1.170 945 1.157 816 943 1.460 1.651 1.171
443 2.102 1.708 1.650 1.299 1.091 2.081 2.195 1.348
670 4 040 3.456 2.736 1.973 2.285 3.680 4.174 2.370
761 5.351 4.630 3.592 2.143 3.144 5.057 5.968 3.290
792 6.240 5.825 4.094 2.882 3.529 6.221 6.808 3.658
849 7.517 6.881 5.391 3.101 4.667 7.532 8.210 4.492
882 8.926 8.715 6.360 4.297 6.142 9.330 9.110 5.232
921 11.826 11.863 8.750 5.845 8.423 11.925 12.237 7.081
956 18.705 19.592 15.211 1.387 15.640 19.990 19.113 3.988
974 25.956 26.440 19.953 6.117 19.310 25.039 26.153 9.485

Table Il
W ater Sorption by Linear Polystyrene Sulfonates at 50°

H+ Li+ Na+ K * NHj+ (CHIi)*N + (CiH,).N + (C*Hfl)«N

p/p« n n » n n n n n

0.0135 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0275 .00 .00 00 00 00 .00 00 .00
0580 106 266 211 102 049 200 034 207
1046 438 410 447 210 226 517 640 582
.254 1.21 .815 .953 .636 679 968 .945 922
501 2.28 1.673 1.582 1.112 1.286 1.861 2.159 1.522
747 4.02 3.530 3.109 2.059 2.732 4.156 4.305 3.180
920 9.69 9.304 7.318 5.336 6.547 10.378 9.829 5.150

humidities above 90%, and less than one part per
thousand at the lower relative humidities.
To show the general character of the sorption

Fig. 1.— Sorption curves for the lithium salt of PSA at
25° (o) and 50° (a), together with sorption curve for sulfuric
acid at 25° (- -), presented as n, the moles of water sorbed
per equivalent, as a function of p/p

curves, a representative curve (for the lithium salt)
at the two temperatures is given in Fig. 1, together
with similar data for sulfuric acid.

Hysteresis effects were not observed (within
experimental error) in the relative humidity
range 0.1 < x < 1. Below x = 0.1, a pronounced
hysteresis effect was observed, where the descending
loop was markedly higher than the ascending curve.
Figure 2 shows this hysteresis effect for PSA at 25°.
The data of Tables I and Il are the ascending values
in all cases.

Fig. 2.— Hysteresis effects for PSA at 25°:
curve; o, descending curve.

O, ascending

Freezing point measurements for PSA solutions
are given in Table Ill; the freezing point depres-
sion 8is given for different values of m2 the molality
of the cationic species.

Discussion

A comparison of Figs. 1 and 2 shows that the
hysteresis effect occurs over but a very small por-
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Tabte Il

Cryoscopi2 Data for Polystyrenesulfonic Acid

m2  ein°C. o/m2 ™ Oin SC. o2
1.135  1.265 1.114 0.196 0.116 0.592
0.710  0.600 0.845 183 .108 590

664 541 815 146 082 562

464 .356 767 137 075 547

446 344 771 107 .060 561

343 240 670 091 .050 549

tion of the sorption curve. This effect is custom-
arily interpreted as being due to short range order
among the polymer chains. X-Ray powder dia-
grams of the dry PSA gave characteristic amor-
phous patterns, showing that any degree of order
which did exist must have been very low. Thermo-
dynamic functions were calculated using only the
ascending values; the legitimacy of this selection
has been thoroughly discussed, see, e.g., White and
Eyring.7 In any event, the change in the thermo-
dynamic functions introduced by the hysteresis is
quite small.

An examination of Fig. 1 will serve to show the
principal features of the sorption. The uptake of
water as a function of relative humidity is quite
similar to that for sulfuric acid with but one notable
difference. At low (< 0.05) values of X, the sul-
furic acid curve rises steeply and then quickly
levels off while that of PSA shows almost no uptake
until x becomes about 0.1, whereupon the sorption
rises rapidly. Above this point the curves are
very similar. One would not expect the curves to
be identical, since there must be considerable
differences in the activity coefficients of sulfuric
acid and PSA by virtue of their chemical and
structural cifferences. However, since they are
both strong electrolytes, miscible in all proportions
with water, it is expected that the shapes of these
curves will be similar. Attempts to fit the PSA
sorption curve or that of its salts to any of the
BET type sorption curves were unsuccessful.

Among the various salts of PSA, the curves split
into two definite groups. The first group contains,
in order of the highest water sorption, those of
tetraethylammonium, tetramethylammonium, hy-
drogen and lithium. All of these curves fall ex-
tremely close to one another. The next group
includes the curves for the sodium, ammonium
and tetrabutylammonium polymers, again spaced
very closely. The potassium curve, surprisingly,
falls distinctly below all the others for values
of x greater than 0.3. These data are shown plotted
in Fig. 3.

Ignoring the tetrabutylammonium curve for the
moment, the sequence of curves is found to be
approximately the sequence of activity coefficients
of the corresponding halides, although ammonium
is somewhat higher than anticipated. It is difficult
to be sure of the correct activity coefficients of the
quaternary salts but there is good reason to believe
that they are placed in the same relative order as
these sorption curves show.810 The somewhat

(7) H. J. White and H. Eyring, Textile Research J., 17, 523 (1947).

(8) L. Ebert and J. Lange, Z. physik. Chem., A139, 584 (1928).

(9) H. S. Harned and B. B. Owen, “The Physical Chemistry of

Electrolytic Solutions,” Reinhold Publ. Corp., New York, N. Y., 1950.
(10) J. Lange, Z. physik. Chem., A168, 147 (1934).
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lower position of the tetrabutylammonium salt
is doubtless due to its predominantly organic char-
acter. As the molecular weight of the organic
portion is increased, the quaternary ammonium
ions eventually become immiscible with water.

Fig. 3.— Sorption curves for PSA and its salts at 25°.

The sorption curves then proceed in the sequence
of the largest (hydrated) ions. This behavior is
characteristic of strong electrolytes in aqueous
solutions and also may be inferred from the data of
Stokes and Robinson.1l Similar conclusions have
been drawn from sorption studies of 10% cross-
linked polystyrenesulfonic acid.6

The thermodynamics of the sorption of water
vapor by polymers has been discussed in several
papers.12-16 The reaction considered is, taking as
the source pure water, Polymer (p = 0) + nH2
(p°) Polymer-nH2 (p). For this system the
product is a homogeneous phase, and the calcula-
tion of thermodynamic quantities is the same as for
other solution processes. It should be noted that
the technique outlined below is not applicable to
adsorption processes where a surface phase may be
present.

The free energy change for the sorption process
may be derived as follows: At constant tempera-
ture and pressure ni moles of water having a chemi-
cal potential of mi® (corresponding to p = p°)
and n2moles of dry polymer of chemical potential
P2 react to form a solution where the solvent
chemical potential is and for the solute it is
For this process

&F =

But p! — =
Duhem expression

(11) R. H. Stokes and R. A. Robinson, J. Am. Chem. Soc., 70, 1870
(1948).

(12) H. B. Bull, ibid., 66, 1499 (1944).

(13) S. Davis and A. D. McLaren, J. Polymer Sex., 3, 16 (1948).

(14) M. Dole and A. D. McLaren, J. Am. Chem. Soc., 69, 651 (1947).

(15) A. D. McLaren and J. W. Rowen, J. Polymer Sci., 7, 289 (1951).

— Rw
From the Gibbs-

Rijlli -+ ReM —
RT In x.
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(G» = ~(ni/rii)dni, and
M2 — M2 . - dm = -RT ni d Inx
- S
Then
AF = —RT r "= pnidIinx + ni RT Inx
The latter expression is equivalent to
*«
aF J d n. (13)

(o]

However, neither of these forms is convenient for
carrying out graphical integrations since in both
cases quantities which go to infinity are encoun-
tered. Therefore, the above expression is con-
verted to

AF = + NRT In X

-RT jo* _*
When — nRTIx is plotted against X, as X —0
Henry's law is obeyed, a straight line relationship

Fig. 4.— Thermodynamic properties AF, AH and TAS for
the sorption process with the lithium salt of polystyrene-
sulfonic acid as a function of n.
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becomes evident and the extrapolation can be
made.

In order to calculate the heat or entropy of this
reaction from the temperature coefficient of the
free energy, it must be noted that different values
of n are obtained for the same value of either p or x.
The thermodynamic values desired must be cal-
culated at the same value of n, giving the so-called
“isosteric” heat.

The pertinent equations are

(d(AF/T)\ AH
vV QT )v T2
rd(A/XIT)-| (aAH/an)T.p ra(RA Inx-\
e o T2 L aT 3,
Then
R T NI\ . % i
IR 22: AR

where AH* is the isosteric heat, and is analogous
to the differential heat of dilution. Here T2is the
higher temperature, the amount of water sorbed,
n, being the same at both ¥tand x2 The integral
heat AH is calculated by a graphical integration
of the above equation. The entropy change AS
is calculated from (AH — AF)/T.

The integral heats, free energies and entropies of
sorption of representative salts of PSA were cal-
culated as indicated above. A typical curve, that
for lithium, is shown in Fig. 4. For comparison,
the corresponding curves for sulfuric acid, calcu-
lated from vapor pressure data,$Bare given in Fig. 5.
Similar calculations of the free energyZ78have pre-
viously appeared for sulfuric acid, but for a different
process.

The curves for the free energy and heat content
are not as informative or as interesting as the
entropy curves. In evaluating the entropy change
for this type of process, three types of contribu-
tions are important. There will be a so-called
“ideal entropy of mixing” which will be positive in
sign. In these electrolytic solutions there will also
be important terms due to unsymmetrical inter-
actions and these terms may be either positive or
negative. In addition, there may be purely geo-
metrical terms related to the shape, size and packing
of the molecules. In the case of sulfuric acid,
unsymmetrical interactions between solute and
solvent molecules make for large negative entropy
terms. In systems where the heat of solution is
less negative or is positive, there may be a net
positive entropy gain, which is, however, every-
where positive and shows no reversal of sign.

In the case of all of the PSA salts, there is a
significant net positive entropy gain in the region
n < 1, which changes sign and becomes negative
as n increases. This striking behavior does not
occur for ordinary electrolytes. For PSA salts, the
ideal entropy of mixing term is, of course, the same
as the corresponding term in the expression for
sulfuric acid; from chemical considerations, the

(16) “International Critical Tables,” Vol. Il1l, McGraw-Hill Book
Co., Inc., New York, N. Y., 1st Ed., 1928, p. 303.

(17) J. R. Katz, Ergebn. exakten Naturwiss3, 372 (1924);
197 (1925).

(18) A. J. Stamm and w. K. Loughborough, T his Journat, 39, 121
(1935).

ibid., 4,
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second term, here primarily due to hydration,
would be expected to be of comparable magnitude.
It is, therefore, concluded that the unusual shape
of the entropy curves for PSA salts is due to the
presence of a positive entropy contribution arising
from the configurational peculiarities of long chain
molecules.

This argument is substantiated by a comparison
between the curves for the lithium salt of PSA
(Fig. 4) and sulfuric acid (Fig. 5). The AH curves
of both are of about the same magnitude; for
example, at n = 7, AH for the acid is —7000 cal.
and for the salt is —5800. However, the curve
for the acid is initially concave to the abscissa,
while that for the salt is initially convex and later
concave. The AF curves are quite different in their
magnitudes, being —6800 cal. at n = 7 for the

acid, and rising to only —3000 for the salt. Both
curves are concave to the abscissa. The entropy
curves are strikingly different. At » = 0.25,

TAS for the acid is —200 cal., while for the salt it is
+350. At n = 7, TAS is —200 cal. for the acid,
and —2800 for the PSA salt. Thus the entropy
difference between PSA and sulfuric acid is not a
reflection of a heat of interaction, but rather of a
purely geometrical phenomenon.

The only other instances of similar entropy
curves known to the authors are those for some
proteins.1313 In these papers positive net en-
tropies and trends toward more positive net en-
tropies are interpreted as “incipient solution.”
This interpretation clearly does not apply to the
systems at hand, in view of the fact that sulfuric
acid itself does not show a positive net entropy
at any perceptible value of n. It seems much more
likely that since this behavior has been observed
only in pclyelectrolyte systems, the entropy change
is a reflection of configurational changes. This
may be a freeing of polar groups for rotation,130
or may be related to an untangling of chains.

Curves of the AF, AH and TAS functions for the
other salts of PSA showed the same general shape
as that fcr the lithium salt, but differed in magni-
tude. The sequence of AF values followed the
sorption curves shown in Fig. 3. A numerical
comparison of —AF values at n = 12 is as follows:
tetraethvlammonium, 4,450; tetramethylam-
monium, 3,950; hydrogen, 3,810; lithium, 3,360;
sodium, 3,240; tetrabutylammonium, 2,830; am-
monium, 2,750; potassium, 2,450 cal.

In order to examine the behavior of PSA solu-
tions in the dilute range (w2< 2), corresponding to

(19) G. King, Nature, 15S, 134 (1946).
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relative humidities above 97%, freezing point
measurements were made. An alternative tech-
nique is the measurement of osmotic pressure. The
product of the practical osmotic coefficient ¢+and
the dissociation number vat 25° was calculated from
isopiestie data, and at the freezing point from freez-
ing point data9; this is shown in Fig. 6.

0 10 2.0 AO 4.0 5.0 6.0 7.0
m.

Fig. 6.— The product of the practical osmotic coefficient
and the dissociation number v plotted against m+i for PSA
solutions; =, calculated from isopiestie data a* 25°; O,
from freezing point measurements at, the freezing point.

Ordinarily v is determined by extrapolating to
zero concentration where $becomes unity. Extra-
polation is obviously very uncertain for the PSA
curve which is falling rapidly at low concentrations;
it is not possible to tell where or how it will ap-
proach the axis. Also, the PSA curve is definitely
unlike those for simple, strong electrolytes. For
example, the values of /for sulfuric acid are about
2 in the dilute region, and then abruptly ascend to
three as the secondary dissociation occurs. If it is
postulated that activity effects of the Debye-
Hiickel type are somewhat the same in both cases,
then the low value of §vfor PSA is due to the poly-
electrolyte character of the anion. Unusual be-
havior for similar compounds is well known from
viscosity, conductance, osmotic pressure and ac-
tivity coefficient measurements.20-23 No further
conclusions can be drawn about this curve without
extending the data to lower concentrations, beyond
the limit of the freezing point method.

In view of the fact that the shape of the curve is
uncertain as m2—»0, it is impossible to calculate
solute activity coefficients from these data unless
an awkward and arbitrary standard state is chosen.

(20) R. M. Fuoss and U. P. Strauss, Ann. N. Y. Acad. Sci., 51, 836
(1949).

(21) W. Kern, z. physik. Chem., A181, 249 (1938); A184, 302 (1939);
A184, 197 (1939).

(22) A. Oth and P. Doty, T his Journal, 56, 43 (1952).
(23) U. P. Strauss and R. M. Fuoss, J. Polymer Sci., 4, 457 (1949).
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The sorption of water vapor by cross-linked polystyrene sulfonic acid has been studied in systems differing in ionic states
and in degrees of cross-linking. The net free energies, heats and entropies of the sorption process are calculated and discussed.

The sorption is interpreted in terms of the three important factors:

and electrolytic effects.

The water sorption properties of linear poly-
styrene sulfonic acid and its salts, as well as pre-
liminary studies on a variety of ion exchange resins
have been described in two previous papers.23
This paper presents a systematic study of the water
sorption properties at two temperatures of a family
of resins of variable degrees of cross-linking and in
various ionic states. The free energies, heats and
entropies of the sorption reaction are calculated
and discussed.

Experimental Procedures and Results

Eight polystyrenesulfonic acid resins were prepared%
using amounts of divinylbenzene, the cross-linking agent,
varying from 0.4 to 23%. These resins were conditioned
and the capacities measured.4 Eight different ionic states
of each resin were prepared and dried to constant weight in
a vacuum oven at 40°. The resins are designated by giving
the nominal percentage of cross-linking agent followed by
the ionic state; e.g., DVB 2-K refers to the potassium salt
of a resin having 2% of divinylbenzene.

Isopiestic sorption studies were made at 25 and 50° using
the humidistat described previously.2 The dry samples
weighed approximately 0.5 g. each; equilibrium was estab-
lished within two to four days depending upon the DVB
content and the relative humidity. Weight fluctuations
for systems of this type have been studied and evaluated in a
previous paper.2 The weights at 100% relative humidity
were determined by the centrifugation technique.66 Re-
producible results for the wet weight of DVB 0.4 could not
be obtained because of its gelatinous nature. During the
sorption process the resin particles do swell and increase in
size as described previously,2 but of course only a single
phase is present at all times up to x —p/p° = 1.0.

The capacities of the various resins, in meq. per dry g. of
hydrogen resin, measured by titration of the hydrogen state
vary from 6.85 for DVB 0.4 to 4.13 for DVB 23. The resin
samples and capacities are very similar to ones described
previously, but not identical with them.4 Tables I and 11
present the sorption data for a representative ionic state,
hydrogen, as n, moles of water sorbed per equivalent of
resin as a function of X, the relative humidity at 25 and 50°,
respectively. These data have been plotted in Pigs. 1, 2
and 3; the curve for DVB 10-H appears in each for purposes
of comparison.

The results for the hydrogen state are quite typical and,
since the data are lengthy, numerical results for the other
ionic states are given elsewhere7. Figures 4 and 5 compare
the sorption of different ionic states at the same per cent, of
cross-linking with resin DVB 10.

(1) (a) The authors wish to thank the Office of Naval Research for
.he support given to this work, (b) New York University, New
York, N. Y.

(2) H, P. Gregor, B. R. Sundheim, K. M. Held and M. H. Waxman,
w. Colloid Sci., 7, 511 (1952).

(3) M. H. Waxman, B. R. Sundheim, and H. P.
Joubnal 56, 969 1953.

(4) H. P. Gregor, J. |I. Bregman, F. Gutoff, R. D. Broadley, D. E.
Baldwin and C. G. Overberger, J. Colloid Sci., 6, 20 (1951).

(5) H. P. Gregor, F. Gutoff and J. |I. Bregman, ibid., 6, 245 (1951).

(6) H. P. Gregor, K. M. Held and J. Beilin, Anal. Chem., 23,
620 (1951).

(7) M. H. Waxman, Thesis for the Ph.D., Polytechnic Institute of
Brooklyn, 1952.
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polymer-polymer interaction, restraining cross-links

Tabite |

Moles of Water Sorbed per Equivalent of Cross-
linked Polystyrenesulfonic Acid Resins at 25° as a

Function of p/p°

dvb, Ac

p/p° 0.4 $ 4 8 10 13 17 23

0.006 0.41 0.40 0.61 0.73 0.90 1.08 1,05 0.51
0218 0.69 0.77 1.05 1.17 1.43 1.54 1.30 0.87
.050 0.99 1.11 1.28 1.33 1.61 1.69 1,48 1.14
0845 1.20 1.44 1.46 1.57 1.84 1.86 1,69 1.53
0940 1.25 1.51 1. 69

1345 1,39 1.70 1.79 1.90 2.12 2.09 1.81 1.86
201 1.67 2.04 2,06 2.25 2.49 2.34 1,98 2.20
287 2.05 2.55 2,50 2.72 2.91 2.66 2,28 2.51
443 2.97 3.58 3.38 3.64 3.90 3.41 3.04 2.98
667 550 553 4,90 530 550 4.93 4.30 3,87
759 7.06 7.10 6,06 6.14 6.40 560 4.98 4.26
813 8.26 8.26 7,08 7,02 7.15 6.14 5.36 4.60
.827 8.70 8.59 7,41 7,30 7.32 6,31 542 4.76
885 10.79 10.35 9,03 8.64 816 7,21 6.13 5.21
924 13.70 12.93 11,39 9.69 9,08 7,97 6.60 5.62
957 18.50 16.49 14,38 11,02 9.86 8,81 6.99 6.13
976 23.21 20.20 16,77 12,21 10.66 9,30 7.37 6,40

1.000 55.17 28,43 14.05 11.,79 10,38 7.61 7,01

table |l

M oles of Water Sorbed per Equivalent of Cross-
linked Polystyrenesulfonic Acid Resins at 50° as a

Function of p/p°

p/p° 0.0135 0.0275 0.0580 0.1046 0.254 0.501 0.747 0.92

% DVB n n n n n n n n
0.4 0.35 0.47 0.75 1.06 1.75 3.42 6.50 13.28
2 .36 61 0.92 1.31 2.12 361 6.22 1251
4 .40 .73 1.02 1.25 2.06 3.42 5.65 10.99
8 .64 .83 1.07 1.34 2.05 3.61 5.54 9.69
10 .70 1.01 1.25 1.45 231 3.75 5.50 8.99
13 .85 1.14 1.38 1.60 2.08 3.38 5.19 7.81
17 .83 1.05 1.23 1.41 1.71 2.82 4.20 5.82
23 .46 0.69 0.94 1.31 1.94 292 4.08 5.35

Discussion

Hysteresis.—The importance of hysteresis was
evaluated as follows: Two 0.6-g. samples of Dowex-
50 (about 10% cross-linked) in. the hydrogen state,
carefully selected for uniformity of size and shape
of the particles, and which had never been com-
pletely dried, were used. Each sample was run
separately through a sorption curve at 50° from
v/Vv°® equal to 0.0135 to p/p° equal to one, using the
humidistat previously described. The samples
were weighed daily from 3 to 8 days after the attain-
ment of equilibrium to permit the averaging of
fluctuations. After the ascending loop of the curve
was obtained, one sample was run back down the
curve and then up again. The second sample was
run through these three loops in the opposite direc-
tions. The maximum difference between ascending
and descending curves is never more than 3 mg.
(p/po = 0.7), corresponding to a difference of 4-5%
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Fig. 1.— Sorption of water by resin3DVB 0.4-H, 2-H, 10-H.
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Fig. 3.— Sorption by DVB 10-H, 17-H, 23-H.

of the weight of water sorbed. Each curve re-
produces itself accurately when the sorption
is proceeding in the same direction. The data are
presented in Fig. 6.

We conclude that there is a small amount of
hysteresis in sorption by these systems. Since
the loop in one direction can be reproduced accu-
rately, there are no irreversible changes produced in
the resin. Average values are reported in Tables
I and Il, obtained as a result of shifting samples
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Fig. 4.— Sorption by DVB in 10 various ionic states.

Fig. 5.— Sorption by DVB 10 in various ionic states.

randomly from one desiccator to another in the
humidistat.

Fig. 6.— Hysteresis for DVB 10-H at 50°.

Effect of Cross-linking.—The sorption curves are
all characteristically sigmoid in shape. The initial
uptake of water becomes sharper as the percentage
of divinylbenzene is increased and then falls off
slightly at the very last with DVB 23. The central
portions of all the curves are similar, and at high
values of x the intercepts fall in the sequence of
per cent, cross-linking, the lowest DVB resins sorb-
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ing the largest amounts of water. Sorption curves
for similar materials have been presented by
Glueckauf and Duncan8; however, these authors do
not appear to find the effects noted above at low
values of the relative humidity.

Effect on lonic State.—The effect of varying the
ionic state has been discussed previously for a simi-
lar type of resin, approximately 10% cross-linked.2
In that case, it was found that the sorption curves
for different ionic states fell into two distinct
families; the first including the H+, Li+, Na+,
NH4+ and K+ states in the order of decreasing
sorption, the second including the quaternary
ammonium cations. This behavior is found in the
present study as well for resins varying from DVB
2 to 23; Figs. 4 and 5 show typical results with
resin DVB 10. The relative positions of the differ-
ent ionic states and the separation into two general
groups remains for all degrees of cross-linking.
The first group follows the hydration sequence of
the corresponding halides in aqueous solution.
The group of quaternary ammonium salts differs
from the first group in two respects. The curves
invariably rise more sharply at low values of x.
The horizontal portion is more extended with the
result that the rise in the value of n in the latter
portion of the curve does not occur until higher
values of X. The difference between the quater-
nary ammonium group and the alkali group is
attributed in the main to the organic nature of the
former cations, which may lead to interaction with
'he organic portion of the resin,9 and to activity
coefficient effects of the type which occur in ordi-
nary electrolytic solutions, which unfortunately are
difficult to evaluate due to the lack of such data in
the literature. It has been shown that the latter
effect is of importance in evaluating the sorption
curves of quaternary ammonium salts of linear
polystyrenesulfonic acid.3 An explanation of the
sharp initial rise in the sorption curves of these
organic resinates is advanced in following sections.
The predominantly organic character of the tetra-
butylammonium ion is undoubtedly responsible
for the lower position of this curve relative to the
other quaternary ammonium cations. This effect
also has been observed with the linear material.

Calculation of Thermodynamic Functions.—
From the water sorption data, the integral free ener-
gies, heats and entropies of the sorption process
have been calculated for some of the various DVB'’s
in the hydrogen state.81013 These quantities are
presented in Figs. 7-10, plotted as a function of
n, the moles of water sorbed. Because the change
in sorption with temperature is not large, the
calculated heats are less accurate than the cal-
culated free energies of sorption. It is therefore
felt that the absolute magnitudes of the entropy
curves cannot be given great weight, but that
relative magnitudes and the general shapes of these
curves are of significance.

(8) E. Glueckauf and J. F. Duncan, “Atomic Energy Research
Establishment Report,” Ministry of Supply, Harwell, Berks., 1951.

(9) H. P. Gregor and J. I. Bregman, J. Colloid Sci., 6, 323 (1951).

(10) H. B. Bull, 3. Am. Chem. Soc., 66., 1499 (1944).

(11) S. Davis and A. D. McLaren, J. Polymer Sci., 3, 16 (1948).

(12) M. Dole and A. D. McLaren, 3. Am. Chem. Soc., 69, 651 (1947).

(13) A. D. McLaren and J. W. Rowen, J. Polymer Sci., 7, 289
(1951).
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The net entropy changes for all the cross-linked
resins are negative, the usual case for sorption,
since the sorbed material is going into a more
ordered state. It is to be noted that the entropy
function becomes more negative with increasing
amounts of cross-linking at constant values of the
relative humidity. This is shown in Fig. 11 where
the variation of TAS/n at p/p° —0.957 is plotted
as a function of per cent. DVB. The entropy of
sorption per mole of water is least negative for the
linear polystyrene sulfonic acid at the same value of
x.3 This sequence is in agreement with the con-
cept of entropic elasticity, where the increase of
tension on isothermal swelling has been shown to be
largely an entropy effect.4 The increase in the
number of entropy springs which oppose swelling
with increased cross-linking should then be accom-
panied by a corresponding decrease in the entropy
of sorption, and this is found to be the case.

The variation of the thermodynamic functions
with ionic states for each percentage of DVB has
been summarized by Waxman.7 Since the data
are very lengthy they will not be reproduced here.

Nature of Sorption Process.—The variation of
the curves with per cent, cross-linking shows a very
surprising feature. The resins with higher DVB's
as 10, 13, 17 and 23% have initial rises similar to
sulfuric acid,and then, since the swelling is re-
stricted, intercept the x = 1.00 ordinate at finite
values of n. Resins with lower DVB’s swell more
highly at high values of x but have initial uptakes
unexpectedly lower than the high DVB's. Thus
each lower DVB curve crosses that of every higher
DVB. Therefore, the effect of additional cross-
linking seems to be the raising of the initial portion
of the sorption curve and the depression of the final
portion.

Comparison with sulfuric acid substantiates this
interpretation. Sulfuric acid which is chemically
similar to the resins shows an abrupt initial rise
almost identical with that of DVB 10-H, and the
two curves are very similar for the first 80% of the
n versus x curve.2 Thus one is led to consider
the curves as divided into two regions. In the
first, for low values of X, the water uptake is ab-
normally depressed for the resins having low
values of DVB. In the second, for high values of
X, the water uptake is depressed for resins with
high DVB contents. This latter effect is clearly
the result of increased restriction on swelling as
has been discussed in terms of entropy springs.
The former, however, requires a closer examina-
tion.

The question is what should be considered as
normal behavior of an electrolyte of this chemical
type at low values of .r as distinguished from com-
plications introduced by the high polymeric char-
acter of the material. Comparison with linear
polystyrenesulfonic acid reveals that the amount of
water sorbed falls below that for all the DVB's
at low values of X, and above them at high values of
X. The initial portion of the sorption curve is
radically different from that for sulfuric acid and is

(14) E. Guth, H. M. James and J. Mark, “Advances in Colloid
Science,” Vol. 11, John Wiley and Sons, Inc., New York, N. Y., 1946.

(15) “International Critioai Tables, Vol.” 11, McGraw-Hill Book
Go., Inc., New York, N. Y., 1st Ed., 1928, p. 303.



Dec., 1953

Fig. 7.— Thermodynamic functions for the water sorption
process for DVB 0.4-H, as a function of n.

Fig. 8.— Thermodynamic functions for the water sorption
process for DVB 2-H, as a function of n.

Fig. 9.— Thermodynamic functions for the water sorption
process for DVB 13-H, as a function of n.

discussed more fully in a recent publication.3
An inspection of the thermodynamic functions
reinforces this opinion. As the degree of cross-
linking is increased, the heat and free energy of
hydration become markedly more negative. The
heat of hydration of DVB 13-H, for instance, is
almost the same as that for sulfuric acid through a
corresponding range of concentration, whereas that
for DVB 0.4 or the linear polymer is barely half of
this value, despite the fact that the latter cases
are more nearly dilute solutions. It is difficult
to visualize any process which would lead to a more

Water Vapor Sorption by Cross-linked Polystyrenesulfonic Acid Resins
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exothermic heat of hydration with increasing cross-
linking. Rather, then, the high polymeric nature
of the loosely cross-linked resins must introduce
important changes, possibly increased van der
Waals attractions, which disappear as the chains
are held more rigidly at higher degrees of cross-
linking.

sorbed at p/p° = 0.957 for various DV B resins.

Another possibility is that the difference is
primarily electrolytic in character. However, the
equivalent volume and hence the average charge
spacing is almost the same for all the different
DVB'’s. It is therefore felt that electrical inter-
actions should be similar except where long chain
properties supervene.

A confirmation of the interpretation that the
initial portion of the curve is depressed by poly-
meric interaction rather than electrolyte effects may
be found in some work on the sorption of water
by methacrylic acid-divinylbenzene copolymers
of varying degrees of cross-linking agent.6 Here
also the sorption curves show the loosely cross-
linked resins sorbing water to a lesser extent at the
lower relative humidities, then crossing over and
finally sorbing more water at high relative humi-
dities. Since this system is chemically very differ-
ent, being a weak carboxylic acid resin with a quite
different chain structure, it appears that this effect

(16) N. Kadin, Thesis for the B.S. Degree, Polytechnic Institute of
Brooklyn, June, 1952,
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of varying cross-linking on the activity of a swelling
solvent may be rather general.

It remains to speculate upon the mechanism of
the depression of the sorption curve for low values
of x. This, of course, represents elevation of the
activity of the solvent at comparable concentra-
tions, or less negative deviation from Raoult's
Law. It may be worthwhile to emphasize again
the unusual nature of this result. Water essenti-
ally becomes* a better solvent for polystyrene-
sulfonic acid as the degree of cross-linking is in-
creased at low relative humidities. This effect
persists until the restraints upon the swelling
become the most important factor.

A possible interpretation may be found in con-
sideration of the effect of the polar groups in this
matrix. The presence of the charge on the ionized
sulfonate groups attached to a benzene ring would
be expected to give rise to a strong dipole.I7 If the
groups are relatively free to find the positions of
lowest potential energy, then interactions of a
polymer-polymer type will lead to more positive
deviations from Raoult's Law. As the degree of
cross-linking is increased, the charge density being
kept approximately constant, then polymer-poly-
mer contacts are reduced because of restrictions on

(17) F. London, This Journal, 46, 305 (1942)
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free movements. The polymer-solvent interac-
tions give large negative deviations from Raoult's
Law and hence a crossing over on a Raoult's Law
diagram can occur, as is actually observed. The
heats of mixing will be less exothermic when there
is polymer-polymer interaction in accord with
the experimental data.

Another point which seems to be corroborative
is the shape of the initial part of the sorption curve
of the quaternary ammonium résinates. As was
indicated, lack of information about the activity
coefficients of these salts precludes a definite
conclusion. However, it should be noted that the
guaternary ammonium cations are very large.
Thus the tétraméthylammonium salt of DVB 10
in the dry state has a volume of 235.7 ml.,2corre-
sponding to that of the hydrogen resinate swollen
with five moles of water. The large size of the
tetramethyl group distends the resin so that the
polymer-polymer contacts are reduced on purely
mechanical grounds. Therefore, in the process
of swelling with water, less polymer-polymer inter-
actions need be overcome and the initial uptake
is then larger than for a small ion in the same resin.
By the same token, at high degrees of swelling, the
effect of the size of the ion is almost negligible and
the latter part of the curve is shaped like those for
smaller ions.

PRESSURE DEPENDENCE OF THE DIELECTRIC CONSTANT OF WATER
AND THE VOLUME CONTRACTION OF WATER AND n-BUTANOL UPON
ADDITION OF ELECTROLYTE

By F. E. Harris,1E. W. Haycock and B. J. Alder

Department of Chemistry and Chemical Engineering, University of California, Berkeley, Calif.
Received June 2, 1953

The dielectric constant of water has been experimentally determined in the pressure range from 1 to 150 atmospheres

and between 14 and 75°.

From these data the volume contraction of water upon addition of electrolyte has been calculated
and compared with previously reported density measurements.

The agreement is satisfactory at temperatures below

303 but at temperatures above this the apparent molal volume of the salt is calculated to decrease with concentration.

This decrease has not, as yet, been observed.

The variation of the dielectric constant of water
with pressure has previously been reported at only
one temperature2with no estimate of the inaccu-
racies involved. Since the derivative of the di-
electric constant with pressure and also the change
of this derivative with temperature is of interest
in applications of the Debye-Hiickel theory, we
have measured the dielectric constant of water in
the pressure range from 1 to 150 atmospheres and
over a temperature interval from 14 to 75°.

Experimental Procedure and Results.— The apparatus
used for these measurements has been described previously.8
The water was purified by distillation from permanga-

nate solution. The capacitance cell was calibrated at each
temperature studied using literature values4of the dielectric

(1) Predoctoral Fellow, National Science Foundation.

(2) G. Falckenberg, Ann. Physik, 61, 145 (1920).

(3) F. E. Harris, E. W. Haycock and B. J. Alder, J. Chem. Phys.,
in press.

(4) J. Wyman, Jr., and E. N. Ingalls, 3. Am. Chem. Soc., 60, 1182
(1938).

A similar comparison has been attempted for n-butyl alcohol.

constant of water at atmospheric pressure. The experi-
mental values of the dielectric constant, measured at various
temperatures and pressures, are given in Table I. The
changes in the dielectric constant are relatively small over
the pressure range studied and hence there is some scatter in
the results obtained. A least square line was fitted to the
data at each temperature and the resulting pressure deriva-
tive of the dielectric constant as a function of temperature is
given in Table Il and shown graphically in Fig. 1. The
value of the derivative at 25° agrees within experimental
error, which is estimated to be +0.5 X 10-5 atm.-1 at the
lower temperatures, with the value of 4.6 X 10~6 deter-
mined by Falckenberg. Experimental errors at the three
highest temperatures reported may be somewhat larger than
+0.5 X 10-5 because of the higher conductivity of the water.
It will be noted from Fig. 1 that at about 60° the derivative
passes through a minimum analogous to the variation of the
compressibility with temperature. Both of these minima
are manifestations of the fact that around this temperature
the structure of water is the most rigid. Although the
change in (de/dP)T with temperature is somewhat depend-
ent on the change in density with temperature, it can be
shown3 that it is primarily determined by the change in
structure caused by the application of pressure.
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Table |
Pressure Dependence of the Dielectric Constant of W ater
14 5° 25,.6° 35..9° 4750 60..7% 74,.5”

Patm I'atm e Patm e Putm e P atm e Patm «

1.0 82.39 1.0 78.31 1.0 74.68 1.0 70.92 1.0 66.99 37.1 63.37
73.5 82.73 77.2 78.63 44.2 74.79 50.7 70.95 94.9 67.05 72.5 63.33
120.4 82.89 127.2 78.75 84.0 74.85 99.7 71.01 135.7 67.05 107.5 63.60
144.2 83.00 107.1 74.93 146.9 71.05 174.7 67.05 139.1 53.60

188.1 71.08
Table Il

Evaluation of the Volume Contraction of W ater

Temp., °C. 145 256 35.9 475 60.7 74.5
I'Q X)(](B 511 453  3.00 1.26 0.54 4.47
K (eq. 2) 192 173 0.92 -0.14 -0.66 2.15
K (eq. 1)° 2.1 1.7 15
K (eq. 1) 1.9* 1.86¢c

“See ref. 8. 5See ref. 6. eSee ref. 7.

Discussion

By use of the pressure derivative of the dielectric
constant in conjunction with the Debye-Hiickel
theory, it is possible to evaluate the volume con-
traction at infinite dilution when ar. electrolyte is
added to water.5 These contractions can then be
compared with those determined by direct experi-
ment. The volume contraction is expressed in
terms of K, defined by

K =

d<£/dcV! (1)

where (>is the apparent molal volume in cc. and c
is the concentration in moles/liter. The Debye-
Hiickel theory yields for a 1-1 electrolyte

- (STG&IGR).«*] &

where R’is the gas constant, e thé electronic charge»
k the Boltzmann constant, N the Avogadro number»
(3the compressibility, and e the dielectric constant.
Values of K calculated using equation 2 are com-
pared with the experimentally determined ones67
in Table Il. In view of the experimental uncer-
tainties in (be/dP)T and in the density measure-
ments required for the determination of volume
contraction, satisfactory agreement is obtained at
the lower temperatures. At 47.5°, however, the
value of K calculated from equation 2 is negative
corresponding to an apparent molal volume con-
traction with concentration. This is in contra-
diction to the only reported result of direct density
determination.8

The authors have previously determined the
pressure dependence of the dielectric constant of
n-butyl alcohol.3 Since volume contraction meas-
urements for this substance have also been re-
ported,9 a similar comparison to that made for
water is possible for this system. Equation 2
yields a value of K of 38 at 25°, while the data of
Vosburgh, et al., give a value of 9. These latter
data gave a good straight line when 4>was plotted
against c12in a range of ¢ from 0.13 to 1.0 molar,
as predicted by equation 1. This, however, is no

(5) O. Redlich, Z. physik. Chem., A155, 65 (1931).

(6) T. Batuecas, ibid., A182, 167 (1938).

(7) O. Redlich and J. Bigeleisen, Chem Revs., 30, 174 (1942).

(8) G. P. Baxter and C. C. Wallace, 3. Am. Chem. Soc., 38, 70
(1916).

(9) W. C. Vosburgh, L. C. Connell and J. A. V. Butler, J. Chem.
Soc,, 933 (1933).

Fig. 1.— The pressure dependence of the dielectric constant
of water as a function of temperature.

criterion for assuming the applicability of the
Debye-Hiickel law in this concentration range,

since in n-butyl alcohol, a medium of low dielectric
constant, the number of associated ions (iz these
concentrations must be large. The discrepancy in
the values of K can be explained by assuming that at
these concentrations not all of the ions are contribut-
ing fully to the volume contraction, thus decreasing
the effective concentration and increasing K. That
there is a large number of associated ions present
at these concentrations was confirmed by conduc-
tivity measurements of solutions of lithium bromide
in n-butanol at 24.8°. The conductivities were
determined in a conductivity cell of standard
design using bright platinum electrodes. Values of
the equivalent conductance, A, at various concen-
trations of lithium bromide are given in Table III.

Using these data, an association constant of 4 X

10-3 was determined from a graph of 1/A vs. Ac.D
When this calculation was corrected for the effect
of the activity coefficients an association constant
of 6 X 10~4was obtained. The magnitude of this
association constant shows that volume contraction
measurements must be performed at considerably
lower concentrations than those studied by Vos-
burgh in order that a comparison with the Debye-
Hiickel theory can be justified.

Table Il

Equivalent Conductance of LiBrin k-Butanol

0.003276 0.005266 0.007685 0.01474 0.03409
7.71 6.75 6.06 5.00 3.70

¢, moles/l.
A, cc./mole

We wish to acknowledge the interest shown by
Dr. O. Redlich and the help of Mr. J. Konecny
in the conductivity measurements. This work was
supported in part by the Atomic Energy Commis-
sion.

(10) H. S. Harried and B. B. Owen, “The Physical Chemistry of
Electrolytic Solutions,” Reinhold Publ. Corp., New York, N. Y.,
1950, p. 186.
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ADDITIONS AND CORRECTIONS

Vol. 57, 1953

D. F. Peppard, J. P. Paris, P. R. Gray and c. W. Mason.

Studies of the Solvent Extraction Behavior of the Transition
Elements. 1. Order and Degree of Fractionation of the
Trivalent Rare Earths.

Page 298. In col. 2, line 33, for “500 ml.” read “450
ml.”

Page 299. In Table VII, note o, for ‘It = 4.00” read
“R = 0.24."—D. F. Peppard.

M. H. Polley, W. D. Schaeffer and W. R. Smith.

velopment of Stepwise Isotherms on Carbon Black Surfaces.

Page 470. In Tablel, note a, line 1toread “B” and line 3
to read “are not linear for samples heated at 1500° and
higher.” — M yrtie H. Polley.

Roger L. Jarry and Wallace Davis, Jr. The Vapor Pres-
sure, Association, and Heat of Vaporization of Hydrogen
Fluoride.

Page 600. To footnote (1) (b) add the Document No.
“4069” and the cost of photostats and microfilm both as
“$1.25.”

De-
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