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RADIATION CHEMISTRY OF LIQUID ETHANE1

By Hugh A. Gillis2

Radiation Research Laboratories, Mellon Institute, Pittsburgh, Pa.
Received August 20, 1962

Product yields of the radiolysis of liquid ethane at —78° with X-rays have been determined to be: (?(H2 =

3.60, <7(n-C4H1)) = 2.54, G(CH4 = 0.73, G(C3HY) =
results it is calculated that (?(CH3-)/G(C2H5-) < 0.10.

0.65, G(CH4) = 0.56, andG(CH2) = 0.11.
This result is approximately as expected from the e.s.r.

From these

experiments of Fessenden and Schuler on liquid ethane in which the ratio of steady-state concentrations of

methyl and ethyl radicals was estimated to be 0.04.

The recent e.s.r. experiments of Fessenden and
Schuler on liquid ethane have shown that the pre-
dominant radical species present during irradiation
are ethyl, methyl, and vinyl radicals.s4 Hydrogen
atoms were not observed in these experiments. From
intensity measurements the steady-state concentra-
tions of the methyl and vinyl radicals were estimated
to be, respectively, 4 and 3% of that of the ethyl
radical. The present study was undertaken in order
to compare the relative radical yields from chemical
experiments with these e.s.r. observations. Further, a
measure of the radical yields provides the basis for
a quantitative estimate of the rate of production of
ethyl radicals in the e.s.r. experiments. From this and
the observed steady-state concentration of radicals,
the lifetime and absolute rate constant for the second-
order reaction of the ethyl radicals can be calculated.
It was also hoped that this study of liquid ethane,
because of the relative simplicity of the molecule
involved, would provide one of the least complicated
examples of the radiation chemistry of an organic
system.

Experimental

The ethane used in all experiments was Phillips research
grade and was stated to be 99.9% pure. In an effort to further
purify it, especially from ethylene, the sample was distilled into a
trap containing high activity silica gel at —120°, then subjected
to a trap-to-trap distillation with only the middle half being re-
tained. The purified ethane showed none of the irradiation prod-
ucts as impurities when the normal analytical procedure «was
followed. An examination was made for impurities boiling higher
than ethane by means of high sensitivity (/3-ionization detector)
gas chromatograph}*. None were found. Vacuum line tech-
niques were used to handle the samples which had a liquid volume
of 1.0 + 0.1 cc. Irradiation vessels were spherical Pyrex bulbs
having diameters of the order of 1 cm. and attached break seals.
Less than 1% of the sample was in the vapor phase.

(1) Presented before the Division of Physical Chemistry at the 139th
National Meeting of the American Chemical Society, St. Louis, Mo., March,
1961. Supported, in part, by the U. S. Atomic Energy Commission.

(2) Chemistry Department, Western Reserve University, Cleveland, Ohio.

(3) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 33, 935 (1960).

(4) R. W. Fessenden and R. H. Schuler, private communication.

Two types of irradiation were used in this work: Co® 7-rays
and 3 mev. X-rays (or more accurately bremsstrahlung) produced
by the bombardment of a tungsten target with electrons from a
Van de Graaff accelerator. The absorbed dose rate was deter-
mined by the Fricke dosimeter with appropriate corrections being
made for electron density. In the y-ray work the dose rate was
1.79 X 109 e.v. g.”1 hr.”1 and in the X-ray experiments it was
about five times greater.

After irradiation, samples were transferred to a vacuum line
and product gases volatile at —196° were collected and analyzed
mass spectrometrically. High boiling products were determined
by gas chromatographic analysis on a silica gel column. A ther-
mal conductivity detector was employed in these measurements.
Under the conditions used, acetylene and propane came off the
column as a single fraction. This fraction was collected in
several experiments and shown by mass spectrometric analysis to
consist of 85% propane and 15% acetylene.

Results and Discussion

The results obtained from the irradiation of pure
liquid ethane at — 78° with X-rays are shown in Fig. 1
Data for methane are not included in the figure since
they overlap the propane points. The methane pro-
duction was, however, also found to be proportional to
dose. Similar linear production of products was ob-
served with Coeo y-rays in a series of seven experiments
analogous to those reported in Fig. 1. Higher boiling
saturated products were looked for and not found.

Yields for irradiations at — 78° with X-rays and
7-rays and at — 120° with X-rays are summarized
in Table | along with the results of a single experiment
in which HI was added as a scavenger. The yields
for the 7 -ray irradiations at — 78° are about 15% lower
than those for the X-ray experiments at the same
temperature; this difference is greater than the esti-
mated error.

The carbon to hydrogen ratio of the total products is
calculated to be 1:3.07 from the 7-ray results, 1:3.01
from the X-ray results at — 78°, and 1:3.07 from X-ray
results at — 120°. The material balance is thus seen
to be unusually good and there does not appear to be
any major undetected product.

The products found in the present work were qualita-
tively the same as those reported for the radiolysis of

1399



1400 Hugh A. Gillis

Fig. 1.—Yields in the radiolysis of 1.0 + 0.1 co. of liquid
ethane at —78° with X-rays: H2 A; n-C,Hio, 0; C2H., O;
C3Hg =

ethane in the gas phase at very low conversionss In
the latter work the material balance is calculated to
be C:H = 1:3.43. This seems to be outside the
experimental error of the analysis so that higher
boiling undetected products may have been produced.
The principal quantitative differences in the measured
products are the higher yields of hydrogen (s.s vs.
3.6) and of ethylene (~2 vs. 0.7) in the gas phase
radiolysis.

Reactions of Hydrogen Atoms.— Proposed reactions
of hydrogen atoms must accommodate the fact that
they could not be detected in the e.s.r. experiments at
— 138°. This places an upper limit on their concentra-
tion of approximately 1% of the measured ethyl radical
concentration, or 109 M at a dose rate of 6 X 102
ev. g.-1 hr.-1. There are three fates of hydrogen
atoms which may be considered: diffusion controlled
reaction with other radicals (principally ethyl since
they were present at higher concentration)

H- + C2HG - C,Hs (la)
H- + C:H6  mh2+ CoHas (Ib)

abstraction from ethane
H- + C:H6-~ h:+ C:HE )

or reaction with ethylene, aradiation product

H- + C2H4--> c2h & (3)

Reactions la and Ib seem improbable because they
would imply a diffusion coefficient of a hydrogen
atom approximately 100 times that of an ethyl radical.

Either reaction 2 or 3 must predominate over the
range of energy absorbed in these experiments; if there

(5) K. Yang and P. L. Gant, J. Phys. Chew,., 65, 1861 (1961).

Vol. 67

were an effective competition the yields of I12and C2H ,
would not be linear with dose as indicated in Fig. 1. In
the radiolysis of liquid n-pentane, n-hexane, and n-hep-
tane at — 70°, it has been concluded that the reaction
analogous to 2 is not important for ethylene concentra-
tions greater than 0.01 M.s Hydrogen atoms add to
ethylene even at low temperatures as is evidenced by
the fact that in the e.s.r. experimentss irradiation of
C:Hs containing C2D 4 at — 138° produced C:DsH- at a
concentration of 50-100% that of C:H5-. In order to
estimate the concentration of ethylene required for reac-
tion 3 to compete with reaction 2, a choice of Arrhenius
parameters for both reactions is required. These are
not available but an order of magnitude may be arrived
atby using Hardwick’s data for the reaction of hydrogen
atoms with CHs groupss and a-olefinss in the liquid
phase at room temperature. If it is assumed that these
reactions have equal pre-exponential factors, then
Ei — E3 — 4.3 kcal. A calculation based on this
difference of activation energies indicates that reaction
3 must be important even at the lowest ethylene con-
centration indicated in F:g. 1 (about 2 X 10:x molecules
cc.-1). Reaction 2 must be important atvery low con-
centrations, and therefore the curve for ethylene in Fig.
1should show a small positive intercept. However the
analyses were not precise enough to make this detect-
able. Therefore for all irradiations the observed ethyl-
ene yield is essentially equal to the true initial yield less
the yield of hydrogen atoms. It follows that none of
the observed hydrogen yield results from the reaction of
thermalized, non-spur hydrogen atoms since these pref-
erentially add to the ethylene rather than abstract
from the solvent.

It is also concluded that hydrogen atoms were not
seen in the e.s.r. experiments at — 138° because reaction
2 is already very fast at the considerable (1 X 10w
molecules cc.-1) concentration of ethylene that would
have been built up before the spectrum could have been
examined.

Reaction of Methyl and Ethyl Radicals.— Fessenden
and Schulers observed that the concentration of ethyl
radicals was proportional to the one-half power of the
absorbed dose rate. Ethyl radicals must be consumed
by radical-radical reactions which are in the main

c2h 6+ c2h6— > cah o (4a)

— »CcXHA4+ cz2he (4b)

ch3+ c2h5 — > cshs (5a)
— N c2ha+ cha (5b)
CH3m+ c2h 6 — »cahs (6)

In the gas phase kih/kig has been reported to be
0.12 between 100 and 250°.9 However in a more
recent study it has beer, concluded that the ratio in-
creases with decrease in temperature in both liquid
and gas phasesiQ values of 0.162 at — 65° in the gas
phase, 0.208 at — 78° in iso6ctane, and 0.265 at — 65°
in isopropyl alcohol were found. The value 0.208 is
perhaps most appropriate for liquid ethane at — 78°;

(6) R. A. Holroyd and G. W. Klein, J. Am. Chem. Soc., 84, 4000 (1962).

(7) T.J. Hardwick, J. Phys. Chem., 65, 101 (1961).

(8) T. J. Hardwick, ibid., 66, 291 (1962).

(9) R. K. Brinton and E. W. R. Steacie, Can. J. Chem., 33, 1840 (1955).

(10) M. Matsuoka, P. S. Dixcn, A. P. Stefani, and M. Szwarc, Proc.
Chem. Soc., 304 (1962).
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R adiation Yields in the Radiolysis of Liquid Ethane

July, 1963
Dose rate,
Temp., ev.g. |
Radiation °G. hr."1X 10“19 h?2
Cof 7-rays - 78 1.70 3.36
3 mev. X-rays - K 0.0 3.60
3 mev. X-rays -120 0.0 3.74
3 mev. X-rays —120° 0.0 5.12

“ Sample contained 0.10 mole % HI.

a calculation based on it, and the assumption that all
of the butane results from reaction 4a, indicates that
about 72% of the observed ethylene yield results from
disproportionation of ethyl radicals. The remainder,
plus the ethylene used up in reaction 3, presumably
results from non-radical processes.

Hardwicks found that at room temperature hydrogen
abstraction is an important reaction of hydrogen atoms
with a-olefins from Cs to CX  The e.s.r. results
indicate that this is not an important reaction with
ethylene at low temperatures if the proposed mech-
anism is correct. Similarly Holroyd and Kleines did
not report evidence for the abstraction reaction in the
radiolysis of hydrocarbon solutions of ethylene.

In the gas phase % ,/% = 0.06.11 If this result
applies also in the liquid phase at low temperatures,
reaction 5b may be regarded as negligible in the present
work.

This work was carried out prior to the identification
of vinyl radicals in the e.s.r. experiments and no
attempt was made to examine the butane fraction for
the very small amount of butene. 1 expected.

Methane probably results from the abstraction of an
atom of hydrogen from ethane by a hot methyl radical,
or from a molecular elimination reaction, as in the direct
photolysis of gaseous ethane.. Hydrogen abstraction
by a thermalized methyl radical, for which the gas
phase activation energy is 10.4 keal.,is should not be
important at the temperature and dose rates of the
present experiments.

Effect of Hydrogen lodide— Hydrogen iodide is
expected to be a good radical scavenger even at low
temperatures. A single experiment was carried out

(11) C. A. Heller, 3. Chem. Phys., 28, 1255 (1958).

(12) H. Okabe and J. R. McNesby,*?'&td., 34, G68 (1901).
(13) A. F. Trotman-Dickenson, Quart. Rev. (London), 7, 198 (1953).

G
cm c.m C2H2 C3H8 «-cm,
0.49 0.63 0.09 0.50 2.14
.56 .73 A1 .65 2.54
.59 .97 A1 .58 2.19
.50 2.12 .05 .34 0.47

with hydrogen iodide as a solute and is reported in
Table I. In this experiment the H| was present at
such a low concentration that electron capture by it is
considered unlikely.1a A calculation shows that a high
percentage of the hydrogen iodide was consumed dur-
ing the reaction, to eventually produce molecular
iodine, so that some of the radical scavenging was
probably done by the latter species. The hydrogen
iodide presumably reacted with hydrogen atoms to
give an increased yield of hydrogen gas, a decreased
yield for 3 and as a result a higher yield for ethylene.
It is worthy of note that the increase in the hydrogen
yield is very nearly equivalent to the increase in ethyl-
ene, in agreement with the proposed mechanism. The
hydrogen iodide also reacted with methyl and ethyl
radicals to markedly decrease the yields of butane and
propane. The residual yields of these products could
represent spur or non-radical yields or could be due to
incomplete scavenging.

Radical Yields.— If all of the butane and propane
result from reactions 4a and 5a, if % ,/% = 021 and
ktb/kba = 0.06, then for the irradiations with X-rays at
-120°, G(C,H6) = 591, (7(CH3) = 0.61, “and
Gr(CHs-)/Gr(C2Hs-) = 0.10. On the same basis
(?(CH3)/G(CsHs-) is 0.10 and 0.09 for the irradiations
with X-rays and 7-rays at — 78°, respectively. How-
ever if the yields of propane and butane determined
in the experiment with added hydrogen iodide are truly
molecular, then G(CHs3-1/G”~Hs-) = 0.06. The ratio
of steady-state concentrations would be expected to be
slightly lower than these numbers because of the higher
diffusion rate of the smaller methyl radical. Therefore
the agreement with the e.s.r. ratio of 0.04 may be con-
sidered quite good.

(14) L. J. Forrestal and W. H. Hamid, 3. Am. Chem. Soc., 83, 1535 (1901).
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DEVELOPMENT OF A METHOD FOR MEASURING

By G uy F.oavien iHeimue scnu

rig.2La

G. F. Allex, H. Schurig, L. Stade, and H. C. Thomas Vol. 67

IONIC SELF-DIFFUSION

ird Stade,and Henry C.Thomas3

Department of Chemistry, University of North Carolina, Chapel Hill, N. C.
Received August 20, 1962

Self-diffusion coefficients of ions traceable by 7-ray emitters can be deduced from determinations of the total
activity of a “short rod” of the material from which the diffusion takes place through a thin membrane into a

rapidly stirred bath at zero activity.
experimentally.
the accuracy of the results for self-diffusion in gels.
at various concentrations are reported.

In two earlier papersss describing the principle and
an application of the method, here to be further dis-
cussed, the authors were overly optimistic as to the ade-
quacy of the numerical treatment of their data as well
as to the reliability of the diffusion cell used in the
work. We now describe further analysis and develop-
ment of this method for the measurement of self-dif-
fusion coefficients of ions and report results for sodium,
cesium, and cobalt chlorides in 2% agar gels at several
concentrations.

The experiment is designed for the measurement of
the diffusion of ions which can be followed by the aid of
=y-emitting isotopic tracers. The method has thus far
been demonstrated only for ionic diffusion in gels es-
sentially in equilibrium with aqueous solutions of the
ion. The experiment depends upon a series of measure-
ments of the decreasing total amount of activity in a
“short rod” of gel as diffusion takes place through a thin
permeable membrane into the equilibrium solution at
zero radioactivity.

Mathematical Treatment

In order to discuss more easily the nature and effect
of the principal approximation utilized in the analysis of
the diffusion problem, we write the exact statement.
The earlier workss with this method must be con-
sidered unreliable because of a lack of appreciation of
the effects of this approximation. The experimental
arrangement may be represented as

D Dm c —ci
c cm 0= 0
6 om
Gel Membrane Rapidly stirred bath
0 a a+ b
— X—»

Here we write 69mfor a quantity proportional to the
fraction of the ions radioactive. The actual value of O
depends on the geometry and efficiency of the counter
used in the measurement. Since, however, all signifi-
cant experimental quantities appear as ratios of o (i) to
o(0) = o,, thatis, as activities relative to values at ini-
tial times, it is necessary only to ensure that the re-
sponse of the counter is made independent of the distri-
bution of the radioactivity within it. This is done as
described below. The usual assumption is made that

(1) The greater part of the experimental material here reported has
been taken from work done by Guy F. Allen toward the degree of Doctor of
Philosophy at the University of North Carolina.

(2) Max-Planck-Institut fur Metallforschung, Stuttgart, Germany.

(3) To whom any communications may be directed.

(4) H. C. Thomas, Proc. Natl. Acad. Set., 42, 909 (19.50).
(5) T. Fujii and H. C. Thomas, J. Phys. Chem., 62, 1566 (1958).

Earlier work with this method was inadequate both theoretically and
Mathematical and experimental developments are described which enable an assessment of
Results for sodium, cesium, and cobalt(ll) (as chlorides)

the stoichiometrically negligible trace of tagged ion is
chemically identical with the bulk of the ion of interest.
If the experiment is performed so that all the concen-
trations, c, are constant in time in their appropriate
regions, and if we assume instantaneous isotopic equi-
librium at the interfaces, the diffusion problem is

b-d be
0 < X< a (1)
bx~ bt
X X =0 @)
8 =%, X = a (3)
be bem 4
X = a
~bv bx “)
where DC, DmCm (5)
b-en _ bem
a<x<a+t+b (6)
mdx. ~ bt
®=° X=a+ o (7)
0 = om= oo t =0, 0 <X < at+ (8)

The quantity actually measured may be written

Q= AcJgodr+ AcJda 6onmdx (9)
that is, a quantity proportional to the total amount of
radioactivity in the region Oto a + b, the constant A
being proportional to the cross section of the diffusion
cell and to the efficiency of the counter. The portion of
the cell containing the diffusing system is mounted in
the well of a scintillating crystal and this total activity
Q is measured periodically as the diffusion progresses.
We need a solution of the problem for Q/Q0from which
the value of D can be determined, where QOis the initial
count.

The depth of the cell proper, i... the length of the
“short rod,” a, is carefully measured. It is impossible,
however, to measure accurately either the thickness, b,
of the wet membrane or the bulk concentration, cm. As
here stated we have a four parameter problem, with
D, Dm f, and b as adjustable constants. Aside from the
fact that such a problem is effectively intractable as
regards computation, one could scarcely expect any
reliability in a determination of D by such a means.

The problem therefore is reduced by using very thin
membranes and assuming, subject to justification, that
the membrane is sufficiently thin that we have a linear
gradient of o within it at all times after the start of the
experiment. We examine this important point later.
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Equations 4, 5, and 6 therefore are to be replaced by

00 ~oe
cD— = —cnDw- X = a
0X b
™
£E— = —6 X = a (10)
oc
. , Dc
with 2 ~ b gajem (11)

We now have a problem with only two parameters, D,
the quantity we seek, and £ the effective thickness of
the membrane.

A further simplification, which for a thin membrane
introduces the need for a small correction, described
below, is to consider that the contribution of the mem-
brane to the total measured activity is negligible after
the start of the experiment, so that we may write

(12)

As has been shown,4 the solution of this simplified
problem can be written

! 11°f w
Q iria 'L A2
e* - a~-a&X
A? + De“x- (AE- De~aX

where L refers to the Bromwich path in the complex
plane of A the infinite vertical to the right of all the
singularities of the integrand.

The earlier series representations4 of (13) are most
useful for obtaining a qualitative idea of the nature of
the results. They have not proved to be adaptable to a
computation which does justice to the precision obtain-
able in the experiment. A single experiment may pro-
duce from thirty to a hundred or more values of Q/Qo
and t We require a method for selecting by the
method of least squares the values of D and £which best
represent the data. As is shown in the Appendix, ex-
pression 13 can be evaluated by a contour integration
with the result

g —an-Dl/a-
Q. 2 E ! (14)

Q@ n=1 aj a2+ « + 1

in which @ = £/a and the anare the positive roots of
matana = 1

The anincrease with n by increments of approximately
T, and hence the series in (14) converges very rapidly
for any but extremely small values of t. In order to
use a minimum of computer time we apply the method
of least squares in the following manner. Writing/; =
f(D, £ h) for the value of Q/Qo computed from (14) for
specified D, £, at time /j, we need, for an experiment in
which w measurements are made, solutions for D and

f of
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The derivatives in (15) are quite complicated and it is
impractical to search directly for solutions of these
transcendental equations. Hence, experimental values,
(Q/Qo)i, are plotted against the square root of the aver-
age elapsed time for the measurement, Vffi As has
been shown4the slope and intercept of the straight line
through the central portion of this curve give approxi-
mate values of D and £through the relation

£ 2Dt
80 1+ n- ék'it (16)

(In the earlier work it was considered possible to draw
this line so as to give a sufficiently accurate value for D.
This is illusory, unless one is content with an un-
certainty in D of as much as 10%.) Using thesejap-
proximate values of D and £ as a guide, a set of values
Dj and £k are selected so as to enclose the values which
minimize the deviations of the data for a particular ex-
periment with respect to the curve (14) computed from
these values. (A preliminary trial may be necessary in
order to accomplish this.) We then cause to be com-
puted the quantities od and defined by the relations

5 x | & id af(Dj, £k ti)
en — i:)i ) - m £k oD
)
- | L
) of

for all the pairs Dj, k. The ranges for both D and £are
small; hence we find that a plot, say, of the values of eD
for a fixed £ against the Dj gives a nearly straight line
and determines a value of £ for which eD vanishes.
We thus determine a set of pairs Da f0which causes
od to vanish and similarly another set which causes
et to vanish. Plots of DOvs. f0give two intersecting
straight lines (if the ranges have been properly chosen);
the intersection of these lines produces the pair, D, £
which satisfies (15).6 A poor guess as to the required
ranges of D and £ will give lines which fail to intersect.
An example of this computation is given in Fig. la-c.
In an actual case it is unnecessary to make the plots
indicated; linear interpolations suffice. The most
noticeable feature of the lines in Fig. Ic is the small
angle between them. This angle is an inverse measure
of the difficulty of the experiment. In early and abor-
tive experiments we had cases in which no intersection
at all could be obtained; the lines osculated over a wide
range. It seems probable that an analysis of the signifi-
cance of the experiment could be given in terms of the
intersection of these lines. This, however, we have not
attempted.

Before discussing the effect of assuming a linear gradi-
ent in the membrane, it will be convenient to describe
the actual experiment in some detail.

Experimental

The qllffusmn Cel —The success ]gf the exg?n ent F Rends
r|nC| on two t |n onfl nement gee

orm short rod of a %uratel% nown length and th éjse ora
very t |n membrane. The membrane must be stretched tautly

(6) We are very much indebted to Dr. John W. Carr, |11, Director of the
Computation Center of the University of North Carolina, for his interest and
cooperation in making the Univac 1105 available to us. Mr. Lee Butler, of
the Computation Center, has transcribed our formulas into an efficient pro-
gram for the computer and has been a continual aid in this indispensable
part of the work.
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Fig. 1—(a), (b) The quantities cn and ej of eq. 17; (c) the de-
termination of the “best” values of D and £ according to the least
squares procedure.

over and in perfect contact with the surface of the gel so that it
withstands without distortion the effects of a rapidly moving
stream of solution. These requirements, as we believe we can
show, are accomplished to an ascertainable degree by the ap-
paratus shown in Fig. 2.

The gel is confined in a stainless steel cavity between the
membrane and a glass plate as shown in Fig. 2, detail. In
actual use the sequence of steps is as follows. The central sec-
tion is first fixed into place. During an experiment the solution,
constituting the “rapidly stirred bath at zero activity” passes
down the annular space between the middle and inner parts of
the cell, across the surface of the membrane, and then out of the
cell through the central hole. The character of the flow of the
solution across the membrane is controlled by the speed of the
pump, which produces a flow rate of 700 ml./min., and by the
height of the inner section above the membrane, which is ad-
justed before the membrane is put into place. Leakage is pre-
vented by appropriate O-rings. Three nibs equally spaced

G. F. Allen, H. Schukig, L. Stade, and H. C. Thomas Yol. &7

Fig. 2—The diffusion cell.

around the bottom of this inner section hold it concentric with
the middle section. Large changes in the rate of flow of the solu-
tion have been shown not to affect the results.

The membrane consists of unwater-proofed cellophane."
A piece of the material is soaked for | hr. or more in the solution
intended for an experiment. The bit of cellophane, blotted to
remove excess solution (an essential point), is carefully positioned
on the lower end of the middle section of the cell, held in an
inverted position, and the neoprene O-ring B is put in place.
When the membrane is taut and free of wrinkles, the extra
cellophane is trimmed from around the O-ring. The middle sec-
tion is now inserted into the outer shell and the upper cap
tightened, thus clamping the membrane across the empty gel
cavity. Great care is here necessary to avoid damaging the deli-
cate membrane. Rotation of the middle section is prevented by
the Teflon O-ring E and brass washer; no shear is produced in
the membrane on tightening the upper aluminum cap.

The lower end of the cell is now screwed into a plate of steel,
the upper surface of which has been ground flat, smooth, and
perpendicular to the gel cavity. With the whole clamped in
the inverted position, a warm solution of agar is placed on the
cellophane, over-filling the cavity to allow for contraction.
When gelation is complete, the semisolid stands above the cavity
in a “meniscus” some 3 mm. high. With an ordinary straight
razor sliding over the steel plate, the meniscus of the gel is
removed a bit at a time. After carefully aligning the bottom of
the cell cavity with the top of the steel plate, a final slice trims
the short rod to the length determined by the depth of the cavity.
A glass plate is then dropped over the gel and fastened firmly
into place with the gasket and lower cap.

We have in use two cells, the gel cavities of which measure
0.3264 and 0.6828 cm. in depth. The uncertainty in the measure-
ment of these depths is about 0.0008 cm. The corresponding
uncertainties in D are about 0.5 and 0.25% (twice the fractional
uncertainty in the length, a, of the short rod). Actually, of
course, because of distortions in the surface of the gel, we cannot
hope for better than an approach to this accuracy. The deeper
cell was available only during the latter part of the work.

Preparation of the Gel.—A weighed quantity of agar8 is
placed in a 10-ml. volumetric flask together with an appropriate
quantity of a solution of the salt under study along with enough
radioactive tracer to give the desired concentration and counting
rate after dilution. The flask is filled to the mark: its contents
are mixed and placed loosely stoppered in boiling water until the
agar dissolves. This solution is divided, in 1-ml. portions, be-
tween several small test tubes, which are stoppered and retained
for the diffusion experiment. For each diffusion experiment, one
of these tubes is held for about a minute in boiling water to melt
the gel, which is then quickly transferred to the cell by an
ordinary medicine dropper.

The Detector.—A well type scintillation detector using a thal-
lium-activated sodium iodide crystal is used to measure the

(7) We are indebted to the duPont Company, which has supplied us with
several grades of cellophane, particularly for the experimental sample of
especially thin material with which most of our work has been done.

(8) All of our experiments have been made with one preparation of agar;
“Difco Certified,” Control 437,277 from Difcio Laboratories, Detroit,
Michigan.



July, 1963

radiation from the gel cavity. The cell fits snugly into the well
of the crystal. The usual photomultiplier, linear amplifier, high
speed scaler, and electronic timer are used! The elapsed time of
an experiment is measured by a continuously running stopwatch,
elapsed times being taken to the middle of the one minute count-
ing intervals. When the initial counting rate is maintained
below 300,000/min. counting losses are negligible with our
equipment. The reservoir into which the diffusion takes place
contains 3 1 of solution. The volume of this solution actually
within the active volume of the crystal is about 1 ml. The maxi-
mum activity of this solution, at the end of an experiment, is
approximately one tenth of the background count and is there-
fore entirely negligible.

To obtain the data necessary to ensure that the results are in-
dependent of the distribution of activity in the cell, we have
proceeded as follows. A thin radioactive source was prepared by
placing a circle of filter paper in a glass cylinder, just fitting the
well of the crystal, the bottom of which had been ground flat.
The paper was moistened with a drop of solution containing Co®
and covered with a glass plate. This plate was held firmly in
place by a glass rod sealed to the upper part of the cylinder.
This contrivance was placed in the well of the crystal and careful
measurements of the counting rate were determined at various
distances from the bottom, as measured by a cathetometer. A
nearly linear decrease in counting rate was observed as the source
was moved upward. This result was confirmed as to the slope of
the line giving rate vs. depth in well by clamping a similar source
between glass plates in the bottom of the diffusion cell. With
respect to the center of the cell these results correspond to a
relative efficiency of our crystal given by

e =1 —0.0285 ( - 0.5 ) for the shallow cell
and

e 1- 0.046 for the deeper cell

The value of Q/Qo actually observed is, therefore

rather than the quantity given by eq. 12. The relative values of
these quantities were obtained by graphical integrations of the
profiles for 8/80vs. x/a (for the case of £ = 0) given by Crank.9
Since the variation in counting rate with cell depth is linear, we
obtain zero correction for Qo, i.e., for the case in which B =

constant. At later stages of the experiment the observed values
of Q/Qo must be corrected downward because of the higher effi-
ciency near the well bottom.

To make the data correspond more exactly to the simplifica-
tion implied by eq. 12, i.e., to arrange the omission of the contri-
bution to the measured value of Q due to the ion content of the
membrane, another small correction is strictly necessary. After
the initial stage of the experiment, when the gradient in the
membrane has nearly reached linearity, the count due to the
membrane is to be deducted from the total count. We estimate
the magnitude of this correction as follows.

It is to be noted first that in filling the cell with the radioactive
gel we necessarily introduce that volume of gel which corresponds
to the value of Qo used in the mathematical development, the
value which corresponds to an “empty” membrane. It is, of
course, impossible to prevent the membrane from taking up a
portion of this activity during the filling process, thereby produc-
ing a disturbance in the simple boundary conditions assumed for
the experiment. Because the diffusion coefficients are small
and because we get little mixing of the gel in the filling process,
this maldistribution of activity may reasonably be supposed to
occur only in the immediate neighborhood of the membrane.
The disturbance is, in any case, relatively small as will be shown.
We may expect then that shortly after the start of the diffusion
into the solution the distribution of activity near the membrane
will approach that assumed in the theory. Unfortunately, it
does not seem to be possible to check this point directly. We are
forced to rely on the following indirect evidence. In a long
experiment the computations have been carried out in three

(9) J. Crank, “Mathematics of Diffusion,” Oxford, 1956, p. 46.
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ways: (a) the first half of the measurements were omitted, (b)
the second half were omitted, and (c) every other measurement
over the whole course of the experiment was omitted. The
results obtained from these three computations are

D X 105 £
(a) 1.223 0.0191
(b) 1.222 .0190
(c) 1.220 .0184

There thus seems to be no evidence that the initial disturbance of
the boundary conditions affects our values of D by a significant
amount.

To assess the necessity of deducting the activity residing in the
membrane during an experiment direct measurements have been
made of the initial amount of this activity. The cell was filled
as usual and counted. The gel was then removed, the membrane
wiped, and the metal parts of the cell carefully cleaned. After
reassembling the cell the membrane alone was counted. These
measurements have been made for all the gels studied. The
fraction of the activity taken up by the membrane, which we
denote by qo/Qo, is found to depend both on the nature and the
concentration of the ion under study. As it should be, go/Qi
is found to be inversely proportional to the depth of the cell.
Fortunately this ratio is small even for our shallower cell. Repre-
sentative values, including the largest found, are given in Table 1.

Table 1%

Selected Values of Fractional Activity of Membranes

(90/Qo)
Cell Concn..
depth, moles/ Wt. % —-----mnn-- Y T — _
cm. 1 agar CsCl NaCl CoCh

1 0.018(0.026)

0.3264 0.010 s?2 0.015(0.034) 012 0.014(0.025)
(4 .010(0.024)
j1 0.010

0.6828 0.010 <2 .007
4 .006

“ The numbers in parentheses are for 300 gage cellophane;
the others are for the thinnest cellophane.

For alinear gradient in the membrane the correction to be applied
to Q/Qo because of the activity in the membrane is

O(at) o
d Qo

We assume that the appropriate initial count of the membrane,
qo, is close to the value determined in the separate experiment
just described. Noting that the flux through the membrane, as
given through the boundary condition (10), is just —dQ/df, we
may evaluate —'/0[B(a,t)/60]qo/Qo in terms of d(Q/Q0/di and
find for the correction to be subtracted

qg__1 d(Q/Qo)lp
240D Vt' WV jQo

where V is in minutes and the derivative is taken for convenient

application to the plot of the data vs. Vf, in which the slope 8
nearly constant over wide ranges. For typical experiments with
the thin cellophane this correction decreases from 0.00042 ta
0.00009; for the thicker cellophane, from 0.00097 to 0.00021.
It is thus nearly negligible and has been disregarded in the re-
sults reported in this paper. Certainly this correction should be
taken into account in work striving for greater accuracy.

The agreement between the observations and the curve com-
puted for the least square values of D and £ may be illustrated by
data from the experiment mentioned above in which the compu-
tations were carried out over different portions of the run. In
each of these a total of sixty pairs of values of Q/Qo and t was

used. For the three cases the following values of a/ 25260
were obtained: (a) 0.0019, (b) 0.0018, (c) 0.0018. These de-
viations were computed for the whole course of the experiment
regardless of the portion used in determining the values of D
and £ In this experiment Q0 = 250,000, and the computations
variously extended from Q/Qo = 0.94 to /Qo = 0.14. Thus the
agreement near the beginning of the experiment ('/iso) cor-
responds closely to the counting error (V475). Toward the
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end of the experiment the agreement is somewhat less satisfactory
(VMas compared with '/im for the counting error).

Results

We report here self-diffusion coefficient of Na+, Cs+,
and Co++ in chloride solutions in 2% agar gels at 25°.
The gels have been prepared with solutions of several
different concentrations. The tracers employed were
Na2, Cs134 and Co®) The results are given in Tables
1, 111, and 1V, together with the computed values of £;
here each value of D is the outcome of an independent
experiment. All of the results in Tables 11, Ill, and IV
were obtained with the thinnest cellophane membrane.
In order to assess the accuracy of the principal approxi-
mation of the theory of the experiment, that of a linear
gradient in the membrane, additional experiments have
been made with a thicker cellophane, denoted 300 gage.
For purposes of comparison average diffusion coeffi-
cients from all experiments using different membrane
thicknesses are assembled in Table V. The dry thick-
ness of the cellophane is immaterial, and we cannot
measure its true thickness under experimental condi-
tions. An appropriate measure of the “effective thick-
ness” is supplied by the values of f given in this table.
It is there seen that to within our estimate of accuracy
the thickness of the confining membrane is without in-
fluence on the results.

Table Il

Self-D iffusion Coefficients of Cs+ in CsSCl for 2% Agar
Gel at 25° (Thinnest Cellophane)

Concn. of CsCl, D X 106,
moles/1. cm.2sec. $, cm.
( 1.90 0.002s
0.001 \ 1.89 .0021
1 Av. 190
f 1.88 .0092
.010 1 1.90 .0086
[ Av 189
i 1.91 .0181
1.91 0190
.000 1.94 0187
( Av. 1.92
r 1.92 .0211
. 100 1 1.92 0210
{ Av. 1.92
r 1.91 .0204
250 1.90 0229
( Av. 1.90
Discussion

In a pure non-reactive solvent self-diffusion coeffi-
cients of ions at low concentration should theoretically
obey a limiting equation of the form

D RT
iTR" p ~sVc
in which AOQis the limiting ionic conductance, A the
charge number of the ion, and S a complicated function
of limiting ionic mobilities.D In Fig. 3 are given plots
of our values of D vs. Vc. The most salient feature of
these is the sharp drop in D nearc = 0.001 M for sodium
(10)

Electrolytic Solutions,” 3rd Ed., Reinhold Publ. Corp., New York, N. Y.,
1958. p. 245.

G. F. Allen, H. Schurig, L.

See, €0, H. S. Harned and B. B. Owen, “The Physical Chemistry of

Slade, and H. C. T homas Vol. 67

Table Il
Self-Diffusion Coefficients of Na+ in NaCl for 2% Agar
Gel at 25° (Thinnest Cellophane)

Concn. of NaCl,
moles/1. $ cm.
0.0054
.0046
.0048

.005g

0.001

0086
010s

010 0104

.0185
.0104
.0166
.0157
.0176

.050

.0241

500 023.3
-.235

.0202
1.000 .0212

( Av.

Self-Diffusion Coefficients of Co++ in CoCI2FOR 2
Gel at 25° (T hinnest Cellophane)

Concn. of COCI2, D X 105,
moles/1. cm.2sec. £ cm.
0.421 0.0040
0.001 441 .0053
Av. 431
575 ,022s
576 .0208
573 .0200
-010 580 .0200
574 .0238
Av. 576
627 0272
.050 .625 .0300
Av. .626
f .601 .0263
.250 -601 .0286
{ Av. 601

and for cobalt. Agar contains acidic groups which in
the 2% gel are near 0.001 M in concentration. Freisell
has discussed diffusion in gels of this character and has
made similar observations for the bulk diffusion of
salts. The effect is similar to that obtained by Richman
and ThomasX in a resinous ion exchanger. It is in-
teresting that in the case of cesium the effect is nearly
absent. One concludes that this ion is bound much less
tightly by the fixed groups of the gel.

Figure 3 includes a plo~ of Mills’ Bself-diffusion data
for the sodium ion in agueous solution. The values for
the agar gel are seen to be consistently lower at the inter-

(11) V. Freise, Z. physik Chem (Frankfurt), 4, 129 (1955).

(12) D. Richman and H. C. Thomas, J. Cham, 60, 273 (1956).
(13) R. Mills, J. Am Chem S0C77, 6116 (1955).
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Table V

Diffusion Coefficients Obtained Using Membranes of
Different Thicknesses

o X 106 o X 105
Cell cm.Vsec., cm.2sec.,

Concn., depth, wt. % thinnest f, 300 gage f,
moles/1. em agar cellophane cm. cellophane cm
CsClI
0.010 0.3264 2.0 1.89 0.0088 1.84 0.0125

.050 3264 2.0 1.92 .0186 1.91 .0380
NaCl
0.010 03264 1.0 1.290 0.0072 1.292 0.0150
010 6828 1.0 1.273 .0098 1.270 .0179
010 3264 2.0 1.267 .0098 1.270 .0148
010 3264 4.0 1.195 OG9 1.182 .0149
010 6828 4.0 1.174 L0116 1.174 0202
.050 3264 2.0 1.276 0176  1.273 .038
CoCl2
0.010 0.3264 2.0 0.576 0.0220 0.567 0.0432
8
3
8
—
X
o
Vc(moles/].).

Fig. 3.—Concentration dependence of self-diffusion coefficients
in 2% agar gels: (A), Cs in CsCl; (B), Na in NaCl (the circles
are Mills 1z data for aqueous solutions); (C), Co in CoCl; at 25°.
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mediate concentrations where the fixed acidic groups are
of no consequence. This is to be expected; our solu-
tions are only 98% water and there must be tortuosity
in the diffusion path due to the agar network. Without
a detailed theory of the complications in the gel at low
concentration, it is not possible to give a convincing
comparison of our results with the requirements of the
Nernst limiting law.

Acknowledgment.—We are indebted to the National
Science Foundation for a grant which has made this
work possible.

Appendix

The Contour Integration for Q/Q0—We have to
find the singularities of the integrand in expression 13.
Since 8X— e*“ aX = 2aX(l + a2x26 + ...) and since X
= 0 is not a zero of (XE + l)e“x — (X? —l)e~aX the
integrand has a simple pole at the origin. If we put
this last expression in the form

oX tanh aX = —a/E = — 1/co

the remaining singularities are poles at the roots of
aiztanh 2= — 1 (A)

in which a = £/a is real and positive. There are there-
fore poles along the imaginary axis at the roots of

Wtany = 1

These are the only roots of (A), as the following con-
sideration shows
2tanh 2 =

[x tanh x(I + tan2y) — Y tan y{1 — tanh2x)] +
i[y tanh x(I + tanzy) + X tan y(l — tanh2x)]
1+ tanh2x tan2)

Since for j§ > 0, tanh2x < 1, and since x and tanh x
have the same sign, the imaginary part of this expres-
sion can vanish only if y and tan y have opposite signs.
But in this case the real part is necessarily positive,
hence 2 tanh 2 cannot be real negative xcept for x = 0.
Along the exceptional linesY = (2n + 1)®2, 2tanh 2 =
[x+ i(2n + 1)%/2]coth X, and there are no roots of (A).

The integrand in (13) is odd; thus, because of the
exponential factor, the circuit around the imaginary
axis gives us twice the integral we seek. Evaluating
the residues and grouping them in pairs at tian we
find (14).

For g small, a thin membrane, the roots of ioa tan a
= 1 are nearly odd multiples of ir/2. Successive terms
of the series are approximately in the ratio exp{ —2(n +
irdD//a2}, making for rapid convergence.
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1. Introduction

In two recent papers23 (called | and I1) the authors
incorporate the so-called discreteness-of-charge effect
(or discrete-ion effect) into the stability theory of lyo-
phobic colloids of Derjaguin and Landau4and Venvey
In view of the
complexity of the problem the model of two parallel
plate-like particles of infinite thickness, immersed in a
large volume of aqueous, binary, symmetrical floccu-
The concentration in the
dispersion medium of the potential-determining anions,
responsible for the negative plate charge, is assumed
The Stern-Grahame picture of the
electric double layer (Fig. 1), originally applied to the
is modified to correct
for the discrete character of the adsorbed counterions
and is assumed to apply to the surfaces of the colloidal
In a recent communication6 (111), the authors
show that this discrete-ion effect can be interpreted in
terms of a “self-atmosphere” potential at an adsorbed
An important consequence of this inno-
vation is that the electrostatic potential at the outer
Helmholtz plane (O.H.P.), the boundary between the
“inner region” and the diffuse layer, exhibits a
maximum as the potential across the interface varies
This
accord with experiment for the mercury system7and a
maximum at other interfaces is suggested by the

and Overbeek5 (D.L.V.O. theory).

lating electrolyte, is chosen.

negligibly small.

mercury-electrolyte interface,

plates.

counterion.

Stern

at constant electrolyte concentration.
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observation of a maximum in the f potential of silver
bromide sols,8 glass-electrolyte interface,D and O/W
emulsions stabilized by surface active ions.1112 The
inner region is treated as a homogeneous uniform me-
dium with both dielectric constant and width fixed,
independent of surface charge densities. Colloid
stability theory should include dielectric saturation and
électrostriction in the inner region but for brevity these
will not be discussed here. Llowever an entropy term
in the adsorption isotherm due to the size of the par-
tially hydrated ions will be introduced. The Gouy-
Chapman theory is applied to the diffuse layer.
According to the conventional D.L.V.O. theory the
electrolyte concentration required for flocculation in-
creases with the surface potential of the colloidal
particles. In contrast, our theory predicts that the
flocculating concentration increases with this potential
when it is small but then attains a maximum and
decreases. With univalent coagulating ions this maxi-
mum is found at high potentials, which are seldom
attainable in coagulating hydrophobic sols but the
maximum is reached with polyvalent coagulating ions.
This is a consequence of the maximum in the potential
at the O.H.P. and therefore will not occur if the “self-
atmosphere” effect for an adsorbed ion is ignored.
Qualitative agreement is obtained between our theory
and the experimental work on the dependence of
flocculating electrolyte concentration on surface po-
tential, most of which has been done with silver halide
sols in “statu nascendi” by Tezak, Matijevic, Mirnik,

is in

posium, held at Noordwijk, Netherlands, from September 19th to 22nd,

1961.

(2) S. Levine, G. M. Bell, and D. Calvert, Nature, 191, 699 (1961).

(3) S. Levine and G. M. Bell, J. Colloid Sci., 17, 838 (1962).

(4) B. V. Derjaguin and L. Landau, Acta Physicochim. URSS, 14, 633

(1941).

(5) E. J. W. Verwey and J. Th. G. Overbeek, “Theory of the Stability of

Lyophobic Colloids,” Elsevier, Amsterdam, 1948.

(6) S. Levine, G. M. Bell, and D. Calvert, Can. J. Chem., 40, 518 (1962);
see also G. M. Bell, S. Levine, and B. Pethica, Trans. Faraday Soc., 68,

904 (1962).

(7) D. C. Grahame, Chem. Rev., 41, 441 (1947); Z. Elektrochem., 62, 264

(1958); D. C. Grahame and B. A. Soderberg, J. Chem. Phys., 22, 449
(1954).

(8) K. N. Davies and A. K. Holliday, Trans. Faraday Soc., 48, 1066
(1952).

(9) R. H. Ottewill and R. F. Woodbridge, to be published.

(10) S. A. Greenberg, T. N. Chang, and R. Jarnutowski, J. Polymer Sci.,
68, 147 (1962).

(11) P. J. Anderson, Trans. Faraday Soc., 66, 1421 (1959).

(12) D. A. Haydon, Proc. Roy. Soc. (London), A268, 319 (1960).



July, 19(53

and their schools1315 but there is one difference for
Agl sols. In | and Il a simple approximation to the
electric double layer interaction was obtained by
linear superposition (L.S.) of the potential distributions
of the interpenetrating diffuse layers. A noticeable
drop in the coagulating concentration on each side of
the maximum was found whereas, according to Mirnik,
ei al.,w 16 the coagulating concentration in Agl systems
is almost independent of the plate potential. In the
present paper, a general expression will be obtained for
the electrochemical free energy of interaction per unit
area of the plates, based on the electric double layer
model described above. A practicable method of cal-
culating this energy for large potentials at the O.H.P.
is developed by employing an expansion due to Der-
jaguin and Landau4 and Hoskin and Levine.7 It is
found that over a large range of surface potential the
variation in the coagulating electrolyte concentration is
reduced by choosing large potentials at the O.H.P.
Comparison is made with linear superposition and a
method of improving upon the latter is also given. The
different formulations of the Schulze-Hardy rule, as
suggested by Tezak13-16 '‘8and by the D.L.V.O. theory
are also discussed.

2. Notation and Preliminary Relations
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E P (h c potentlraf) at the O.H.P.,
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= pmm P
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Fig. 1—Grahame mﬂde ?ftelectrrc douQIe layer, applied to two

parallel plates at Separation .
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K (). E (k) chpIete elliptic integrals of the first and second kinds,
respectively

GK) = {2E(k) - 2k - (1 - k-)K(K)I/k

H(k) = 3(1 - k3K(K) + 4k - 4E(K)

= ( k7 ') “dimensionless quantity

t KA ze

t = tanh ¥iZrid(h), o = tanh I/izHd

r _ M_q | 4cosh
1 sinh2 I/#ni(.h)

3.  The Free Energy

As a preliminary we state the electrostatic equations
derived from the model of Grahame7and DevanathanZ3
for the inner region of the double layer, namely

Kd+ dx" P -*"* -

=y(To + ap)

“Xld+ 08+ ad=0 (3.1)
Kd

We define F(h) as the difference in free energy per
unit area between the actual state of the two plates at
separation 2h and a state in which the plates are un-
charged and all ions are dissolved in the electrolyte
(i.e., W= w= 0. By imagining that potential-deter-
mining anions and coagulating cations are transferred
from the dispersion medium to the plate walls, we have
on integrating by parts
F(h) = 2 =

updvp' + /Zdr/ = 2(/ip?p +

s — 3 oY SUiV=0" " widpp + ve'dus

= 2ppvg + MM) + 2 tTohipd —

O C\% \$\$ = /J *1 ‘ALY (3.2)

2Jv- dt0 + * d-s
The two integrals in the right-hand member are ob-
tained by using (2.4), the last relation of (3.1) in the
form ap = —(zpevp + zsevd. and the fact that Mo and
Mo remain constant while w and vavary. If complete
equilibrium is maintained as h varies then pp= W = 0
when vp' = w, v&@ — w and the first term is zero.
Using (2.2) and (3.1)

Fp ip + -I- ch a. m zpv. Kd

kTzpe2 + KT In[vp/(Na pvpv] (3.3)
and

Ms* = + ZeeX + Zk + Kd (3:4)

It follows that if K is assumed constant independent of
vp and ms g is independent of vs, and m?* and nB* are
regarded as functions of vp, vs, pressure, and temperature,
then

OMIP* = oM 7 Z0AG
OVs oVvp -~ d K N
(23) M. A. V. Devanathan, Trans. Faraday Soc., 60, 373 (1954).
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Also since the Gouy-Chapman theory is applied to the
diffuse layer, is a function of <d, h, and n only and
thus zge(dtpd/dvs) = zse(d\pu/bvg). It follows that the
self-consistency condition

d/j.gdva = dfia/dvp (3.6)

is satisfied. From (3.5) we may conclude that the last
integral on the right of (3.2) is independent of the path
of integration between given limits. The simplest way
to evaluate this integral is to put vg' = \vp, va* = \vg
and to vary X from 0 to 1. Then replacing vg, va, <jg,
and osin (3.3) and (3.4) by \vg, Ars, \ag, and Xus, re-
spectively, and assuming the equilibrium state where
W = As = 0, (3.2) becomes

+ 2
F(h) = 2 f* daadti’ (cof) o0~
Kd K

kT + 2kT(p - 1) — -
eQ (P )z&

2ArKT \n\N%deI (N&pe —p<ijg)\ (3.7)

This generalizes the expression for F(h) based on the
Stern picture of the double layer, which was obtained by
one of the authors in an earlier paper.2d In the special
case where the inner region contains no counterions
(3.7) reduces to a result derived by Mackor.5 The
formula (3.7) can also be obtained by applying the
Debve-lliickel charging process to all the ions in the
electric double la3ers under the conditions of fixed
densities vg and vs, a method already employed for
simpler surface conditions.®

Although (3.7) clearly displays the various contribu-
tions to the free energy an alternative form is more con-
venient for computation and is also applicable when
equilibrium is not maintained as Avaries. We assume,
however, that the surface ions are in equilibrium with
the dispersion medium at infinite separation so that,
since the Gouy-Chapman theory is applied to the diffuse
layer, (3.2) becomes

16nkT

F(») = (cosh I/-izHd — 1) —

2 (3.9)
Subtracting (3.8) from (3.2), we have
1(h) = 2(pgVg + ps\s) + 2 j'~dtraded +

N N

(cosh I/>zZHd — 1) —

+ m»'**  (3-9)
In the last integral on the right of (3.9) any path of in-
tegration between the fixed limits is permissible and it
will be supposed that vy and V3 traverse their actual
values as the plate separation diminishes from < to
2h. Then making use of (2.1) and (2.3) and noting
that tigo and y90 remain constant, this integral becomes

(24) S. Levine, J. Colloid Sci., 6, 1 (1951).

(25) E. L. Mackor, Rec. trav. chim. Pays-Bas, 70, 841 (1951).

(26) Y. Ikeda, J. Phys. Soc. Japan, 8, 49 (1953); R. A. Marcus, J. Chem.
Phys., 6, 1057 (1955);. Q. M. Bell and S. Levine, Trans. Faraday Soc., 53,

143 (1957); S. A. Rice and M. Nagasawa, “Polyelectrolyte Solutions,”
Academic Press, New York, N. Y., 1961.
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fv =wW =3 9 Ivd v
Jy =NI3v, =V, v? dar - 2J3*d =
~ - bft'-N ft, pJ=Nt V& d”* + "edMs +
8me
(3.10)

K Aird sinh 1-izHa — 2 3 '~ d Acrdd(Aipd)

It is now convenient to subtract (2.6) from (3.9) and to
substitute (3.10) to obtain

1(h) - 1*(h) = 2 Idr, + Adr3-

2kT . inkT r .
AT(idA?H) H-—— - — 8 cosh ¥izHd X

sinh2 I/izA-qd — 4 sinh ¥»zHd {sinh 1/~z2%d — y~A%a} |
(3.11)

Mackor suggested working with this difference when
the inner region is free of counterions but did not ex-
press it in the form given here. There are two important
cases: (a) surface ion equilibrium, when pg = ps = 0
as the separation varies from m to 2h; (b) the potential
determining ions unable to diffuse quickly enough to
change s appreciably as h varies. This may occur
when such ions have a very low density in the dispersion
medium and also when there is a very high energy bar-
rier between the plane of potential-determining ions in
the plate and the O.H.P., as in the case of clays. In-
stead of the condition ps = 0 we would have dvs = 0.
Thus in both cases (a) and (b) the first term on the right-
hand side of (3.11) vanishes. It will be shown that only
small values of A”d need be considered when investi-
gating conditions for stability. If we consider case
(8), (2.5) is integrated from h = o to h = h and the
changes in yd* and ys* are denoted by Ays* and Ays*,
respectively. Then Ays* + 2.kTA??d = 0, Ay8 +
zKTAr)d = 0 where Agg* and Ays* are functions of
w and . It follows that Avg and A«s are both pro-
portional to Ard for small enough A?d and provided the
factor of proportionality g remains finite

Acrj = —e(z3Av3+ ZpAvg) = qzAvd (3.12)

Thus, retaining terms up to (A7) 2it follows from (3.11)
and (3.12) that

ZkT
I*(h) = q+

1(h) - )

(Avd)-
(3.13)

For case (b) we have the conditions Aug* + ZgkTArn
= 0 and Ais = 0. Hence Avg is again proportional
to arja and (3.12) and (3.13) are still applicable but of
course the constant q is different. It should be stressed
that the structure of the inner region, which governs the
form of g, has not been introduced in the derivation of
this compact relation (3.13), which is valid for the im-
portant case of small Ar,d. However the Gouy-Chap-
man theory has been assumed for the diffuse layer.

To determine g for the case (a) we employ the rela-
tions 111 (4.7) and 111 (4.8),6which are obtained from
(3.1) and the equilibrium conditions for the adsorbed
counterions and which are written here as
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dri n I, i 1 J(N & Vee)
In- d--—--hi »d = —In-——-%-—--In<— — p-i +
Pu no n0 2 ((nLzpe) ap
7 @ D g 11331 1 gy @ - asf dén % 350
d B> 0 ZpkT KT d X Q I Q L&T
) (3i5) Putting 90 = zseva = constant and using a develop-
Vi By Q yQ kT ment similar to that of (3.16), since Aad = =A<78we
have
If we regard these equations as pertaining to separation
2h and subtract the corresponding relations for a single — KS'(r),S'(r) = ~ .
plate (h = co), then on expanding in a Taylor series, it % pyal
follows that
(3.21)
nid = i@ DSy V. Be) 1-oper
: S - Q An alternative method for obtaining I (h) is to deter-
VO i p6 mine the force between the plates and then to integrate
0 Ac» 1iL this with respect to the separation. It will be shown
NzZpe — pUp 2 0zp -(Nazbe - pZf)2 that the double layer force per unit area is still given by
1 A (2.7) provided that (i) the median plane isembedded in
%323 (RO + the diffuse layers to which the Gouy-Chapman theory
is applied, (ii) the surface conditions do not depend ex-
d2 Aera  d A@3 plicitly on h, and (iii) each type of surface ion either re-
Py O y O (3.16) mains in equilibrium with the dispersion medium as h

Retaining only the linear term in Aa™ and eliminating
A(73 we obtain (3.12) where

kT . 8r
g = — K[\ + S(n)], Sir) = - -, 1-
ze 749

1 pab

3.17
g/ 1 —pro (3.17)

Alternatively, we can start with (3.7), subtract the
corresponding expression for F(&), and by employing
(3.1) derive

1(h) - 1*(h) = J(h) + 2AVKT In 1 -

PAT)3 . PAT3 2k Td

AA%e - pV  jVae - p2~ c d

d (- 123
PzpSH \ Q

'kKrv

A

A
LLzpe - pZf, ®

(AIT)2+ ~"~dT(A<7))2 (3.18)

where ./(A) is the last term (with the brackets)
on the right-hand side of (3.11). By expanding the
logarithmic term and using (3.16) to eliminate A< the
formula (3.13) with g given by (3.17) is readily verified.
If g > 1, the coefficient of Aap in the second member
of (3.16) will vanish at r = r1( defined by

, AN

1—gfri—’1+’ (3.19)

p-bn

1- pklz;n
Since <g(ri) = g = ro, ddd<7S = 0 and it can be
shown that d\pjdh = 0. Expanding in powers of
Ao rather than A, from (3.16) and (3.19) A’ is of
order (A<rd)2 at r = n and hence from (3.11) 1(h) —
I1*(h) is of order (A<7)3 but we shall not require its
explicit form. In case (b), by substituting (3.15) and
the last equation in (3.1), we can express (3.14) as

varies or its number remains constant. If we differen-

tiate the last expression of (3.2)

1 dF(h) fa(-o-d) .
Pe) = - 5 i ft oh dipj —
dtd d
" di + '»5V " My J
\/5170I M — My "o Mdrs 3.22
4h M — M) — NB3] an @2

Now, making use of (2.4) and remembering that moand
Mo do not vary with h, the second term on the right-
hand side of (3.22) cancels with the third and fourth
terms. If then either jip = 0 or dvp/dh = 0 and either
M = Oordvjdh = 0

= rdfd(d-]@jrd dipi

This is now in a form depending on the diffuse layer
alone and becomes identical with the force expression
derived by Verwey and Overbeek5on the Gouy-Chap-
man model, when —<d and \d are replaced by <0 and
il The validity of (2.7) follows immediately. We
have also verified (2.7) directly by differentiating (3.7)
and making use of (2.4) and (3.1).

For small concentrations of potential-determining
ions the potential might not have time to adjust itself
completely during the momentary approach of two
colloidal particles and the double layer interaction will
be intermediate between the two extreme cases (a) and
(b). However, this only affects the form of the quantity
g and it will be seen in the following sections that this
introduces a small correction to the interaction energy.
Hence, in the rest of the paper we shall be concerned
entirely with case (a).

(3.23)

4. Flocculation Criteria at Large

An appropriate expression for 9d, necessary to deter-
mine A%d, is provided by a first integral of the Poisson-
Boltzmann equation, namely
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4nze
a= = [sinh2 ¥Znd — sinh2 I/Znm]'/2 =
ze k~2- 1
sinh 1 22d . 4 ee (4.2)
2 sinh2VvVZid

where the first two terms of the above expansion can
be used as an approximation if either the potential
<l (and thus sinh 1/2vd) is large or if the separation is
large enough for k to be nearly equal to 1. If we sub-
tract (2.1) from (4.1), expand Aou in powers of A?d,
and then make use of (3.12) and (3.17) to eliminate
Aud, it is readily verified that

. . X(fc-2- 1
ZArid - (4.2)
sinh I/ZHd[l + X cosh I/ZHd + *S(n)]

if Aljd is small. This expresses the variation of the
potential at the O.H.P., YA with separation 2h, in
terms of the potential at the median plane yYm It can
be seen at once that Ad will be small if either the poten-
tial or the separation are large, which is consistent with
the conditions assumed in expanding Aod To the
approximation (4.2), Ajd = Owhen S(r) = = atr =
n.

An expansion for I*(h) which is suitable at large
potential YA is obtained from the work of Derjaguin
and Landau4 and Hoskin and Levine.I7 The solution
of the Poisson-Boltzmann equation leads to the follow-
ing relation which does not involve explicitly the surface
conditions

Kh' = kK(k) = sech ¥«aud
u + 1) sech3y Z/tl + eee (4.3)

The interaction energy I*(h) is so defined that W is
regarded as independent of h and therefore of k.
Since IAm = 0 and therefore k = 1lath = < and h' =
h —d where d is assumed constant, it follows that

I*(h) 2 fh

Vi1l — A-2) sech3Vsz™d + ... ] (4.4)

The first term only in each of the series (4.3) and (4.4)
does not vanish at infinite potential at the O.H.P., a
result obtained by Derjaguin and Landau.4 If we re-
tain terms up to order v3 then 7d can be replaced by
Hain the second term in the series (4.4). Substituting
(3.17), (4.2), and (4.4) into (3.13)

X(k-2- 1)V
(h) = — G(k)
1+ - + S(r)
YA 2- 1)3-f ... (4.5)

correct to order v3 This result can also be obtained by
integrating the force formula (2.6). By expanding
sech y Zi)d in powers of Ai?d and substituting (4.2) the
series (4.3) becomes
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AA~2+ 1>2
Kh* = AA(A) - r + —

1+ - + Sir)
Y

7.(fc-2+ 1)id3+ .= (4.6)

The integral formula in (4.4) now yields the series (4.6)
for 1(h) if it is borne in mind that vand r, both of which
refer to the state at h = , are constants independent
of r.

The conditions of flocculation are assumed to be

U(h) = 0, dU(h)/dh = 0 (4.7)

These represent the disappearance of the potential
energy barrier whereas the experimental threshold of
coagulation may correspond to a small barrier, but this
approximation probably overestimates the coagulating
concentration in a systematic manner and is therefore
acceptable. Making use of (2.7) and (2.8), these lead to
the relations

h'pe(h) = 1(h), pe(h) = A/Z48ir/i)2  (4.8)
The first relation in (4.8) yields

kH(K)

1- K2+
1+ —+ S(r)
\

X(k-2- 1)r2 @9

and it is convenient to express the second relation in the

form
X = wh'KY(k~2- 1) (4.10)

At infinite plate separation vm = 0, and making use of
(2.1), equation (3.15) becomes

X dr by*
W = Hd+ 2—sinh y2/7d —-—-—--—- b— (411)
z 7dtp kT
at h = ». Hence, substituting (4.11), (3.14) may be
written as
R(r) = B(z) + zeHd+ 2A ’:j sinh I/-zHd - 2 In X
z
(4.12)

where R (r) is defined in (2.3) and B(z) is constant for
each z. Also
Inn=2In(XK) + In( ~ ) (443)

If (4.6) is substituted into (4.10), the flocculation condi-
tions are expressed in terms of the four equations (4.9)-
(4.12) from which we can in principle eliminate k and
Ha and so arrive at two equations involving X, r, and
Vo If now r is regarded as a parameter, these repre-
sent a relation between X and vo and therefore, by
(4.13), the variation of flocculating electrolyte con-
centration n with the plate potential \»

In the limiting case of infinite potential at the O.H.P.
|[Hd |]= otv = 0andhence by (4.9) H(k) = Owith solu-
tion k = 0.543 and by (4.6) Ad = 0.929. The equa-
tion (4.10) reduces to a result derived by Derjaguin and
Landau4

46.1 kTY 84.4 c3KT)3
6 orn kD) (4.14)

A zel Ad  (ze)6
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representing the inverse sixth-power valency law (the
z~6law) which is the simplest version of the Schulze-
Hardy rule in the D.L.V.O. stability theory. As k
increases from its smallest value 0.543, v increases and
therefore |Td] decreases, di' increases slowly but X
decreases and hence the flocculating concentration can-
not exceed the value defined by (4.14). The function
R(r) has a minimum at r — rmdefined by

oaffi _ 1 _ 1 bp2
=0

(4.15)
dr rm 1 —p5rm

but if the “self-atmosphere” effect is ignored, the term
r in the function R(r) is absent and no such minimum
exists. We may regard X as a function of Tdand there-
fore from (4.12) dTddr = 0 at r = rm; also dTd
d™ = 0 since |Yw |is found to increase steadily with r.
The coagulating concentration ? diminishes steadily
with decrease in |Td]and so the stability conditions
derived above lead to the relation

(d/d\A)r=ma = 0 (4.16)

A plot of the flocculating electrolyte concentration vs.
the plate potential thus exhibits a maximum at r =
rm  The numerical solution of the simultaneous equa-
tions (4.6) and (4.9)-(4.13) defining the flocculation
conditions is not tedious if terms of order v3are omitted
and this is a very good approximation for k < 0.70
(t~Tdi >100 mv.) and is still reasonable for k < 0.80
(2N\Nd!> 60 mv.). It will be designated as the H.P. (high-
potential) approximation and most of the calculations
in section 6 have been performed with this approxima-
tion. A value of k is chosen and the remaining rele-
vant quantities are expressed in terms of k, namely, v
by (4.9), ah' by (4.6), X by (4.10), r by (4.12), i0by
(4.11), and n by (4.13).

In the original D.L.V.O. theory the double layer in-
teraction per unit area of plates at separation 2h' is
given by I*(h) provided dis replaced by ¥ Thus v
becomes r3 = sech y 2 zijo and the terms involving X
are absent on the right-hand sides of (4.6) and (4.9).
Making use of the expansion by Hoskin and Levinelr
of 1*(h) up to terms in c(g the latter two relations on the
D.L.V.O. theory read

ah' = KK(lc) —\o —— (1 + AJyB—
. 43+ 2A + 3AYrG+ (4.17)
and
KHA) B po .
+ - +
1- & 32 4084 al

(4.18)

and these determine Y0 and di' as functions of the
parameter A at the flocculating conditions. The de-
pendence of the flocculating electrolyte concentration
on k and therefore on Yo is obtained from (4.10) and
(4.13). It is observed that In n does not involve the
capacity K, since K does not occur in the D.L.V.O.
theory.

5. Large Separation Approximation

In papers Land Il the three relations (4.10)-(4.12)
were expressed rather differently in terms of the L.S.
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approximation, which is valid at large plate separations.
It is possible to improve upon this approximation by
employing an expansion developed by Levine and Sudd-
abyZ for the Gouy-Chapman model. This 3ields for
the force per unit area

al*(hy
. ah' Jd
UvkTe~Bt2[l - 2t2~2 (<7 -

Pe(h) =

)+ ...] (5.1

Also we need to substitute A-2 — 1 = 16 ta2~2into the
expression (4.2) for 2Ai”d. If now (5.1) is expanded in
powers of A?d and (4.2) is substituted, then up to
terms of order e~2X pe(h) proves to have the same form
as (5.1) provided Ydis replaced bjr7/dand Ci by

Do = 40 - cosh IZizHi —

+
sinh2 ¥izHd
2V “

1+ S(r) + X cosh ¥izHd_

(5.2)

1(h) is now easily obtained by integrating pe(h) with
respect to h at constant ffdand the first stability condi-
tion in (4.8) can be expressed as

L4(26 - 1) + t®126 - 8R- 3) - 2d+ 1+
X 1+ ki
9- ek = 3- 120
©- Ned= | o ( +
2,2- (- \ed+ (1L - 20)W - 6L2+ 1)
(5.3
Also (4.10) becomes
X = kT\2
Tk KA \ze ) ™
L =02"291) [1- Dotde"6+ ...] (5.4)
and (4.12) is
R(r) = ZpHd + 2X e sinh ' v//d -
2 In(i@) + D(z) (5.5

whereD(2) = B(z) + 4- 21n[(96/V)(kT/ze)2d/KA)].
The linear approximation is obtained by putting 6 — 1
and L = 1 and then the constant D(z) becomes identi-
cal with that introduced in 11.3 In this approximation
(5.5) is solved for r as a function of Hd and then YO
and n at coagulation can be found from (4.11), (5.4),
and (4.13). In the D.L.V.O. theory we replace 0 by
tanh 742170 and equate the left-hand side of (5.3) to
zero. This yields 6 as a function of  and the flocculat-
ing concentration at specified 20is given by (5.4) and
(4.13). In the theory presented here, the simultaneous
equations (5;3)-(5.5) need only be solved (by an itera-
tion process) for moderate values of Td, since the H.P.
approximation is more accurate at high potentials.

6. Numerical Results and Comparison with
Experiment
From the results of the previous sections we can plot

the coagulating concentration of added electrolyte
against the surface potential YO for given values of the

(27)  S. Levine and A. Suddaby, Proc. Phys. Soc. (London), A4, 287, 431
(1951).
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relevant parameters. This coagulating concentration
has been expressed by the dimensionless parameter X
and at T = 25° (t = 78.54) this may be converted to
concentration in mole/l by using the relation k =
0.3291zVc X 108to give

logc = 2log KX/z — 16.6264 (6.1)

Experimentally it is not i/lo but the concentration or
activity of the potential-determining ion which is
measured; by the Nernst equation the natural loga-
rithm of this activity contains the term zse\po/KT. Ac-
cordingly, for a typical colloidal system, negative Agl
sol, we transform from Y0 to pi (minus the common
logarithm of the activity of the potential-determining
I- ion). From (5.4), (4.11), and (4.12), when 'I'd =
0, X = 0, r = 0and hence =0, YW—x'—0, and by
electrical neutrality <0(<») = Since experimentally
pi = 10.6 at the isoelectric pointBfor Agl we may write
the Nernst equation as

pi = 10.6 + 0.4343*0/25.71 (6.2)
where *0 is measured in millivolts. Since the isoelectric
points for AgBr and AgClI are at pBr = 6.9 and pCIl =
5.7,8 we may change to pBr or pCl, respectively, in-
stead of pi simply by shifting the log c-pl curves by
3.7 or 5.8 units to the left. Now Mirnik, et find
pi = 9.8, pBr = 6.0, and pCl = 3.3 at their so-called
negative stability limit, which we identify with the
condition *d = 0. One reason for these differences is
the dependence of the isoelectric point on the age and
mode of preparation of the silver halide crystals.
Several authors2"® find that the pBr increases with
crystal size at the isoelectric point for freshly prepared
AgBr sols. This may be related to the existence of a
Schottky or Frenkel defect diffuse layer inside the crys-
tal.3

In Fig. 2 and 3 we give log c-pl curves calculated
for the D.L.V.O. theory at A = 2 X 10-12 erg cm.2
The accuracy of the L.S. and H.P. approximations is
illustrated by comparing the results they give with exact
results derived by using various suitable expansionsZ’ 2
referred to in previous sections. From Fig. 2 it can be
seen that the L.S. approximation overestimates the
coagulation concentration which however tends to a
limiting value cm, proportional to z~6 on both the
exact and L.S. curves at small pi (large *0Q. In Fig. 3
the exact curves for z = 1and those given by the H.P.
approximation, the L.S. approximation, and its exten-
sion described in section 5 are compared. The L.S. and
H.P. curves cross at k = 0.79 (|Z0] = 64 mv.) and, as
would be expected, the H.P. approximation is better at
higher, and the L.S. at lower, potentials.

Typical log e-pl coagulation curves for the exten-
sion to the D.L.V.O. theory with the H.P. approxima-
tion (solid curves) and L.S. approximation (broken
curves) are shown in Fig. 4, 5, and 6, the relevant pa-
rameters being given in Tables I and Il. To reduce com-
putation Na has been chosen to give the same values of
b as in some of the results of 11.3 The constants B(z)

(28) H. R. Kruyt, “Colloid Science,” Vol. 1, Elsevier, Amsterdam, 1952.

(29) P. F. J. A. Julien, Thesis, Utrecht, 1933; G. H. Jonker, Thesis,
Utrecht, 1943.

(30) J. Barr and H. O. Dickinson, J. Phot. Sci.,
reference 9.

(31) T. B. Grimley and N. F. Mott, Discussions Faraday Soc., 1, 3 (1947);
T. B. Grimley, Proc. Roy. Soc. (London), A201, 40 (1950).

(32) S. Levine and G. M. Bell, Can. J. Chem., 38, 1346 (1960).

9, 222 (1961); see also
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for curves A, B, and C in Fig. 4 were determined by
choosing convenient values for the parameter k at the
maximum in |*d-

The Tezak-Mirnik (henceforward T.M.) rule is that
the flocculating value of log c¢ is a linear function of
z, making the log c-pl curves for z = 1,2, and 3 equi-
distant. In the present theory the T.M. rule can be
satisfied at one particular value of pi by proper choice
of the parameters; for example, the constants B(z).
This value of pi is marked with arrows, further details

f UMunttYmufi fmnntnfnnfi/
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Table I

Characteristics of Plots between Electrolyte Concentration and Surface Potential at Critical Coagulation

K, pfal'ad/em2 |Q$d mv. 7a,pcoullcm 2, c, mOIEI?SSi = r<rR°; ?4: 22(%93 Qerg cm.2; Va = (3/8) X IO]Scm."Z; T :250;

y y/d =

High potential approf(irgﬁation

Maximalm : ]

Cuve - g ) [ -10 e
Fig. 4(solidcurves) A 1 2 139 3 3 084 00514 16%1 1057 115 669  1.004
B 2 3 129 2 1028 .008% O. 600 6 33 60 1086 8 419 0.967
C 3 5 1097 =20 068 00380 267 716 58 1108 62 241 .95
D 3 5 875 . 0685 00380 267 716 5% 1108 % 18 964

Tezak-Mirnik form of Schulze-Hardy rule ,

Curve k r —ko —log ¢ Curve Kk r - kd —o —fog ¢

Fig. 4 (solid curves) é 0.705 0031 99 34 130 A 074 888%0 a 3 L

003 08 78 394 276 B 610 .
C 13 136 q 3% 421 C 70 106 2 3

Linear superf)osmon approximation

p@ = e + 2INAV2—929 log. - 2log (0.910 X 10 /422 + 4log
Tve 2 oo : Max'”’a”‘ Lo oarameters

Fig.4 E ! 8.92 1.057 666 A Parameters having same values are—

F 2 1244 1.086 79 417 B (Fig. 4) D k. b, ergo, o
, G 3 12.07 1.108 60 235 C
Figs  F 2 8.89 1.086 10 3 B (Fig. s)

G 3 13.03 1.108 63 263 C

Table ”

Characteristics of Plots between Electrolyte Concentratlon and Surface Potential at Critical Coagulation

Same units as in Table |. = /4 for curves H and | of Fig. 5
i &1 RCK }/ 'for all other Ve v

High potential approximation

Cur\/e K 3 b & n k MaXi_fl'kU&“' - | 0 h\
Fg5 H 919 16 0685 000380 0334 147 05%5 1108 %29 0%
S 1 546 16 068 00380 34 147 Bl .10 DI 95
P=% 1 72 N 108 oM 178 593 1173 57 0 %
e e R . A-'JkT ble | ﬁw%]m_m 070 0(323;|aw'7'l§d 418
ame as 1or curve A In fanle 10]. , ,
CB L3 04w 10 ooet s RP e pinTee Lol o 0D 00 16
C 35 1193 » 0685 0080 267 716 476 1108 6 26 95 70 142 % 48
B 35 1193 15 0514 00285 3% 581 585 1078 60 260 %57
Tezak- Mirnik form of Schulze-Hardy rule
O e 06 oY W R ok odos B 1 S0ris 00090 9 39 138
. . 1 - 138
I B g1 122 B M 275 B 68 0013 16 41 783 B 60 0000 % 3m 278
5 H 70 u. D 06 4B T 70 555 2 Ul L18 7 T e B 3B 418

being given in Tables | and Il. Curve D (for 2= 3) this difference is not quite constant, taking the values

in Fig. 4 was obtained by changing the constant B(3)
used for curve C in such a way that the T.M. rule holds
for curves A, B, and D atk = 0.71. It is of interest to
investigate whether the. T.M. law can be satisfied near
the maximum in [id since it should then be valid over
a larger range of pi. A typical calculation in Table
I11, in which some of the parameters have been so
chosen that the maximum is confined to a narrow range
of pi for all three valencies, demonstrates that this law
can be approximately satisfied near the maximum.
The quantities log ¢, r, k, and T,j are evaluated at a com-
mon pi = 6.11 where the maximum of curve C (z = 3)
is located. The units and the parameters A, g, y/d, p,
and V aare the same as for curves A, B, and C in Fig. 6.
It is seen that for z = 1 and 2, r is reasonably near the
value rm at the maximum. In Tables | and Il the
constant differences A log c expressing the T.M. law lie
in the range 1.36-1.48 and in the two examples cal-
culated in I1,3A logc = 156 and 1.74. In Table IIlI,

1.14 and 0.96. The experimental results by the “statu
nascendi” method quoted by Mirnik3 for silver halide
sols and given in Table IV also obey the T.M. law only
approximately.

Table III

Tezak-M irnik Law near Maximum

3 B(2) K k —kd —ko —oge r rn
1 450 30 00514 0.78 69 266 164 1.180 1.057
2 905 30 009%3 6L 76 206 2.78 0.834 1.137
3 1193 20 00380 576 65 266 3.74 1.108 1.108
Table IV

| Values of A |0g C

Aglw AgBr  AgCl Agl
K-Ba 191 144 088 K-Ba 162 elog 2= 181
Ba-La 177 162 118 Ba-Al 111 elog 15 - 1.06

(33) M. Mirnik, private communication.
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Table V
Corrections to High Potential and Linear Superposition
. Approximations' . .
(Corrections denoted by letter s, itd in millivolts)

H.P. approximation

Curnve 7 0B(2) k ey oi -log C  .piy .(—logo)
A (Fig.4 1 -0.08 067 115 -0.70 117 0.10 0.006
and 6) 72 92 499 1.36 17 .02
B'(Fig.4 2 -0.05 6 8 351 275 04 .002
7 50 876 3.09 .02 .01
7 50 067 3.09 12 - o

C(Fig.4 3 -0.02 58 62 654 3.75 .004 .002
82 18 1024 473 - 06 .01
.82 18 265 7.73 22 - 04

L.S. approximation

Curve z 5D(z2)  Hd -+4 pi -log C oy (—ogo)
E(Figg4 1 -0.08 15 39 963 247 0.03 0.08
and 6) 4 103 239 116 1.08 15
F(Fig.4 2 -0.05 10 26 100 3.83 0.04 11
2.5 64 7.06 278 .38 .15
2.5 64 181 278 - .23 .15
G (Fig. 4 3 -0.02 0.8 21 1018 463 - .08 13
0.8 21 288 463 - .18 15

Mirnik ® claims that as well as obeying the T.M.
rule, the flocculating concentration is constant over a
wide range of pi. (Experimental results of Mirnik,
et al.,u are shown in Fig. 3a.) In our theory (see 113
the slope of the log c-pl curve on the low pi (high
potential) side decreases with y/d and thus a reduction
in y/d gives better agreement with Mirnik’s condition.
This is illustrated for z = 3 in Fig. 5 where for curves
H and | the ratio y/d has been reduced from ‘/4to */»
As g = d/8, this means that g has been reduced from
43to Vi- The capacity K is adjusted to keep b un-
altered and the constants B(z) are so chosen that the
T.M. rule (marked by arrows) applies at assigned values
of pi. The other parameters and conditions relating
to the above rule are given in Table Il. The result of
correcting for the decrease in g with increase in r is
similar. In the particular case where « >> « and the
dielectric constants of the inner region and particle
medium are equal, it may be shown (I11)6that

d

1- 2- + ... 1_

2y (™M N\ +
L n J 8L /

\ ze
=-[1- 008 (/VA)T+ mmml (6-3)

if 7 = 1A. and oV is measured in yucoul./cm. Such a
decrease in g with increasing r will also increase the
value rh defined by (3.19) at which, (hpd/dh = 0, and
indeed this point may not be observed in practice.

To illustrate the effect of varying the capacity K.
curve J in Fig. 5 which differs from curve D in Fig. 4 by
an increase in K from 20 to 30 pfarad./cm.2 has been
drawn. The constant 5(3) in curve J has been so
chosen that J intersects D at k = 0.71 (marked by an
arrow) where the T.M. law is obeyed. Apart from a
shift in the position of the maximum, it is observed that
there is little change in the log o-pl plot.

The well known rule that the flocculating concentra-
tion is proportional to z(z~6law) is also only obeyed at
isolated values of pi. From (4.6), (4.9), and (4.10), in
the H.P. approximation XK has the functional form
z~%(k) and hence from (4.13) n has the form z~&(K).
If the z~6law applies then k must have the same value
for z = 1,2, and 3 at a given rjOor pi. This isillustrated
in Fig. 6 where the parameters for curves A, B, and C are
the same as for A, B, and C, respectively, of Fig. 4 except
for the constants 5(2) and 5(3) which are fixed by as-
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suming that the z~6law holds at k = 0.70; further de-
tails are given in Table Il. Curve D differs from C in
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Fig. 6 only in the change of the capacity K from 20 to
15 pfarad./cm.2 There is no value of pi at which the
z~6law is obeyed exactly between the curves A, B, and
C in Fig. 6. Finally, in Fig. 7, the three curves A, B,
and C and the corresponding L.S. plots have been re-
drawn to show the variation of zFd with 'LI.  The
z~6law is obeyed at the point of common intersection.

By decreasing the van der Waals constant A all the
curves can be displaced parallel to the log ¢ axis with
no change in shape and in the direction of increasing c,
provided the capacity K and the density of adsorption
sites A/ are simultaneously increased so that INA and
K/Na remain constant. From (4.6), (4.9), and (4.10)
the product KX depends only on A and « and it follows
from (4.13) that if k (or Fd) is unaltered, a change in
In n and therefore log ¢ depends only on a corresponding
change in A. To ensure that no and hence pi are un-
affected in this operation, it is seen from (4.11) and
(4.12) that, as well as Md, the quantities b, X, and y/d
must not vary and this is achieved by keeping KA and
KZ/A\ fixed.

Figures 2 and 3 suggest that the maximum in the log
c-pl plot becomes flatter as the potential Fd increases.
Indeed, for the smaller values of Fd considered in 11,3
steeper maxima than those shown in Fig. 4, 5, and 6 were
obtained, particularly on the low potential (large pi)
side. Although the agreement with the experimental
results for Agi (Fig. 3a) is improved by increasing Fd
our theory still predicts a larger slope in the (log c-pl)
curve at small pi.

Since the corrections to the H.P. and L.S. approxi-
mations derived in Fig. 4 and 5 will be small it is suffi-
cient to indicate their magnitudes with the aid of a few
typical examples in Table V. The corrections are found
to be consistent with those illustrated in Fig. 3 and with
differences between the H.P. and L. S. curves in Fig. 4
and 6.

We have concentrated on the experiments of the
“statu nascendi” schools and on their interpretations of
the Schulze-Hardy rule for silver halide sols. However,
the z~6law is consistent with Ostwald’s empirical “ac-
tivity coefficient” ruleAwhich seems to predict approxi-
mately the coagulating concentration in a number of

(34) W. Ostwald, J. Phys. Chem,, 42, 981 (1938).
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sols. Our theory indicates a range of flocculating con-
centrations, having a complicated dependence on a
whole number of factors. One aspect of coagulation
worthy of comment is the relation between the potential
Fdand the valency z. If the z~6law is obeyed, then for
both the H.P. and L. S. approximations, Fd is propor-
tional to z“ 1 With the T.M. law Fdis not simply related
to z, although it does decrease with increasing valency.
Now according to Ghosh and his school® coagulation
occurs at a definite /-potential irrespective of the val-
ency of the counterions. If the /-potential may be
equated to Fd this means that Fd is independent of z
at flocculation. This is approximately true in the cal-
culations of Table Ill, but not in the other examples
given here and in 11.3 Furthermore, the corresponding
values for A log ¢ obtained by Ghosh and shown in
Table 1V indicate that JRdJshould diminish with increase
in z.  The situation may be summed up by saying that
from the theory presented in this paper none of the
simple rules which have been proposed for the variation
of coagulating concentration with valency can be
generally valid. This applies to the T.M. law that
A log c is independent of zand pi, to the z 6law, and
to the rule of Ghosh that the /-potential is independent
of z.

7. Discussion

Our theoretical results agree better with the “statu
nascendi" experiments on AgBr and AgCI (see 113 than
on Agi in respect to the values of A log ¢, the maximum
in log ¢, and the limited range of pBr and pCl over
which the T.M. law holds. Mirnik¥maintains that the
interpretation of the “statu nascendi" flocculating experi-
ments on AgBr and AgCl is uncertain because of other
processes, such as recrystallization® competing with
coagulation, but the difference between Agi and AgBr
may be partly explained in another way. A maximum
in the /-potential of AgBr sol under variation of pBr
at constant ionic strength89implies a maximum in the
(log c-pBr) coagulation curves. However, a maximum
in the /-potential of Agi is not definitely established
experimentally9although a very shallow maximum from
the low pi side is indicated on the experimental coa-
gulation curves in Fig. 3a,3awhich is consistent with the
results of Kruyt and Ivlompé.¥ Lijklema3 has sug-
gested that the Stern (univalent) ions may be located
at some distance from the Agi surface so that y/d
would be small. Indeed our present form for 4=
vanishes when y/d = 0 and for p = 1 the theory re-
duces to the classical Stern one, where the 1.H.P. and
O.H.P. coincide and the potential at the O.H.P. has no
maximum. However, the expression for $pis only a
first approximation (111§ 3®and a more accurate treat-
ment will yield 4a small but different from zero at
y/d = 0. It should be noted that our theory predicts

(35) B. N. Ghosh, S. C. Rakshit, and D. K. Chattoraj, Trans. Faraday
Soc., 90, 729 (1954); Kolloid z., 154, 48 (1957).

(36) R. H. Ottewill and A. Watanabe, ibid., 171, 33 (1960).

(36a) Note Added in Proof.—Recently Lyklema (Trans. Faraday Soc.,
30, 418 (1963)) has calculated a minimum in the surface excess of co-ions for
the negative Agl-simple 1-1 electrolyte system when the pi is changed at
constant ionic strength, particularly at 0.1 M. This indicates a maximum
in the potential ['kd[ at the O.H.P.

(37) H. R. Kruyt and M. A. M. Klompé, Kolloid Beih., 54, 484 (1943).

(38) J. Lijklema, Kolloid z., 175, 129 (1961).

(39) Compare V. G. Levich, V. A. Kiryanov, and V. S. Krylov, Dokl.

Akad. Nauk S.S.S.R., 135 1425 (1960); V. G. Levich and V. S. Krylov,
ibid., 140, 518 (1962).
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that the maximum becomes more pronounced as the
valency of the counterion increases.

A number of other factors ignored or inadequately
treated in this paper need to be included in a more de-
tailed comparison with experiment. For example, the
function R(r) would be affected by the non-uniform
distribution of so-called active spots on which the
potential-determining ions are adsorbed, and various
corrections to the Gouy-Chapman theory of the diffuse
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layer should be considered. Apart from the inade-
quacies of our double-layer model, the theory has been
developed for two parallel plates, whereas the “statu
nascendi” experiments apply to particles with mean
radius comparable with the double-layer thickness,
particularly with polyvalent counterions. This should
not affect the general shape of the (log c-pl) coagulation
curves but there will be some relative displacement
between the different valencies.5
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Introduction

Contact angles are a measure of the degree to which a
solid is wet by one liquid in preference to 'another.
Such measurements find application in fields such as
ore flotation, detergency, and lubrication. At Pan
American contact angles are used to determine whether
or not a reservoir rock is oil-wet. This information is
applied in reservoir engineering to obtain more complete
oil recovery from the porous rock in which the oil is
stored.1 Unfortunately the interpretation of wet-
tability in terms of contact angles is not entirely cer-
tain, for the numerical value of the contact angle de-
pends on the way it is formed. Further progress in the
application of contact angles as a measure of wettability
will be aided by a better understanding of the way con-
tact angles approach equilibrium.

The purpose of the present work is to examine the
reasons for the existence of an advancing contact angle
which differs from the receding angle. The relationship
between the contact angle d, the solid-liquid interfacial
tensions y® and yws, and the liquid-liquid interfacial
tension yowis stated by Young’'s equation.23

Tow

Since all of the quantities on the right-hand side of
ed. 1 are thermodynamic free energies, their values are
determined by the state of the system, consequently 6
is uniquely defined. But a unique value of 6 is not
found when contact angles are actually measured.
Almost every investigator has found two contact angles

(1) R. O. Leach, 0. R, Wagner, H. W. Wood, and C. F. Harpke, J. Petrol.

Tech., 14, 114 (1962).
(2 T. Young, Phil. Trans., 54, (1805); Works (Ed. Peacock), Vol. I,

p. 432.

(3) A. Dupree, “Theorie Mechanique de la Chaleur,” 1896, p. 393.

M e
in termE Oafr He %trugtures

—an advancing angle and a receding one. Moreover,
the value of the angles in any particular system has
varied with the investigator. Harkins4 is one of the
few workers to claim a single value for the experi-
mentally measured contact angle.

A number of explanations have been advanced to
account for this discrepancy between Young's equation
and experiment. Among these are surface roughness,
lack of surface cleanliness, and surface heterogeneity,
but none has been adequate. An answer to the dis-
crepancy between theory and experiment could be ob-
tained if measured values for the interfacial tensions
could be substituted in Young's equation so that 6
could be calculated. Unfortunately, except for a few
special cases, solid-liquid interfacial tensions cannot be
measured. Experimental verification of Young's equa-
tion does not exist and Newman'’s triangle, which may
be viewed as a generalized case of Young’'s equation,
has been verified only once.5 Another attempt at a
verification of Newman’s triangle was not entirely
satisfactory.6

Since interfacial tensions cannot be measured be-
tween solids and liquids, a three-phase liquid system
in which all the interfacial tensions could be measured
was chosen for this investigation. This system was
mercury, water, and benzene. The equilibrium con-
tact angle in this system can be calculated from the
measured interfacial tensions and compared with the
experimental angle. Such a comparison will help
differentiate among the many possible causes for the
existence of an advancing angle different from the

en explaine

(4) W. D. Harkins, “Physical Chemistry of Surfaces,” Reinhold Publ.
Corp., New York, N. Y., 1952, pp. 278-281.

(5) C. A Smolders, Doctoral Thesis, University of Utrecht, Netherlands,
1961.

(6) D. J. Donahue and F. E. Bartell, 3. Phys. Chem., 56, 480 (1952).
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Results

The interfaeial tensions between mercury and pure
water and between mercury and pure benzene are
presented in Tables | and 11, respectively. The inter-
facial tensions did not change with time during the 24-
hr. period over which most of the measurements were
made. The first data point which was taken within 3
min. after the drop had started to form was the same
within the limits of error as the last data point which
was taken some 1300 min. later. Tables I and Il also
show that the interfacial tensions have no temperature
coefficient within limits of error in the measurements.
The interfacial tensions between mercury and water
saturated with benzene are given in Table IlIl at a
number of temperatures. Similar data for the inter-
facial tension between mercury and benzene saturated
with water are given in Table IV. Again there was no
variation of interfaeial tension with time at any tem-
perature. The first measurement, which was made
within 3 min. after the mercury drop started to form,
was the same within the limits of error as the last meas-
urement which in one case was made as long as 5116
min. later.

Table |

Interfacial Tension between Mercury and Pure Water
No. of Time over
pictures which drop Interfaeial
Temp., taken of  was measured, tension, Std.
°C. drop min. dynes/cm. dev.
15.6 10 1059 415.1 2.35
26.7 n 1338 415.8 1.92
38.4 1 1347 413.4 1.22
49.0 1 1365 412.5 1.86
Av. of ali values 414.2 2.29

Table V gives the interfaeial tension between water
and benzene at temperatures above 30°. Data below
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Table Il

Interfacial Tension between Mercury and Pure Benzene

No. of Time over

pictures which drop Interfaeial
Temp., taken of  was measured, tension, Std.
°C. drop min. dynes/cm. dev.
10.6 1 1160 358.5 1.00
21.1 10 293 356.7 141
311 u 959 3574 170
411 n 1359 359.3 2.66
Av. of all values 358.1 2.10

Table I I |

Interfacial Tensions between Mercury and Water

Saturated with Benzene

No. of Time over

pictures which drop Interfaeial
Temp., taken of  was measured, tension, Std.
°C. drop min. dynes/cm. dev.
10.2 13 997 403.6 1.75
6.4 11 1306 396.0 1.76
22.3 13 41% 396.3 0.75
21.8 12 132 394.3 1.56
4.1 12 1316 390.5 1.80
36.7 155 226 3919 1.62
39.3 12 1335 388.4 2.15
411 21 1313 388.9 147
49.2 22 5116 390.4 1.23
538 12 225 388.9 152

Table |V

Interfacial Tension between Mercury and Benzene
Saturated with Water

No. of Time over
pictures which drop Interfaeial

Temp., taken of  was measured, tension, Std.
°C. drop min. dynes/cm. dev.
11.8 23 4031 359 0 1.61
16.2 2 1331 358.8 2.35
20.7 29 1322 359.6 191
25.2 2 1314 359.3 1.30
28.5 3 1 357.9 2.32
3.7 4 2 359.1 2.80
42.1 19 968 358.3 2.20
50.0 2 1027 354.3 2.54
54.2 20 1142 355.3 2.10
58.7 19 131 357.0 2.54
62.9 5 356.3 1.89

Table V
Interfacial T ension between Water and Benzene
No. of Time over
pictures which drop Interfaeial

Temp. taken of  was measured, tension, Std.
°C. drop min. dyne”/cm. dev.
30.0 14 321 33.0 047
37.0 12 137 33.8 90
435 43 329 39
504 30 693 319 A4
511 23 1405 31.6 28
65.9 66 30.9 42

30° were taken from the work of Harkins and Cheng.14
The interfaeial tension between water and benzene did
not change with time.

The contact angle 6 should be calculated from the
interfaeial tension data by means of the equation

2712713
where yn is the interfaeial tension between mercury and
benzene saturated with water, 713 is the interfaeial
(14) W. D. Harkins and Y. C. Cheng, J. Am. Chem. Soc., 43. 49 (1921).
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tension between mercury and water saturated with
benzene, and 712 is the interfacial tension between
water and benzene. Actually 6 was calculated by
means of Young’s equation

723 — 713
cos (3;
712

but it differs insignificantly from the 6 calculated from
eq. 2. The calculated 8 is plotted against the tem-
perature in Fig. 3. According to the calculation the
benzene would spread on the mercury surface below 20°
and above 45°. Between 20 and 45° the calculated
contact angle falls to a minimum value of 154°.  Figure
4 shows plots of measured contact angles against time
at several temperatures. The calculated values and
the measured values do not agree.

Discussion

The interfacial tensions between mercury and ben-
zene and between mercury and water reported in this
paper differ markedly from those reported by Bartell
and Bardl¥ and Bartell and Bjorklund.® In no case
was any drift of the interfacial tensions with time ob-
served over periods of 24 hr. or longer. The interfacial
tension between mercury and water saturated with
benzene was measured over a period of about 72 hr. 'at
49.2°, but no change in interfacial tension with time
was detected. The value of the interfacial tension
between mercury and pure water, 414.2 dynes/cm. is
comparable with the 420 and 426 dynes/cm. reported
in the literature.6l7 The interfacial tension between
mercury and pure benzene is 358 dynes/cm. This value
is close to the value of 362 dynes/cm. reported by Har-
kins. 8

Regardless of the source of the 1 to 2% difference
between these values and the literature values, the
important point is that the interfacial tensions all
reached equilibrium in less than 3 min. The rapidity
with which the interfacial tensions reached equilibrium
led to the belief that contact angle equilibrium would
also be rapid. The actual experiment in which a ben-
zene drop was brought into contact with a mercury
surface which had previously been covered with water
showed that equilibrium was approached extremely

slowly. In fact equilibrium was reached in only one
case, and then only after a period of 60 hr. In that
case the angle initially formed was very high. In other

cases an angle which started at about 60° never got
much greater than 110°, yet the calculated equilibrium
value is 180°. These observations were made re-
peatedly at many temperatures and in at least three
different contact angle cells.

The discrepancy between the equilibrium contact
angle which was calculated from the interfacial tension
data and the experimentally measured angle cannot be
dismissed as being the result of surface roughness,
impurities, or surface heterogeneity. The mercury-
water-benzene system was chosen because such factors
were eliminated. Freedom from impurities has been
demonstrated by the stability of the interfacial tensions
over times as long as 72 hr. Some property of the

(15) F. E. Bartell and R. J. Bard, J. Phys. Chem., 56 532 (1952).

(16) F. E. Bartell and C. W. Bjorklund, ibid., 56, 453 (1952).

(17) D. C. Henry and J Jackson, Nature, 142, 616 (1938).

(18) W. D. Harkins, "The Physical Chemistry of Surfaces,” Reinhold
Publ. Corp., New York, N. Y., 1952, p. 29.
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TEMPERATURE °C.

Pig, 3—Contact angles calculated from the interfacial tension
9ear}1a|c?ebr turpeeans o“ Ygungqs equation anJ plotted against tﬁe

Fig. 4—Experimentally measHFTe]g contact angles plotted against

system must be responsible for the very slow approach
to equilibrium shown by the contact angles.

The structure of the surface at the mercury-water
and at the mercury-benzene interfaces can be inferred
from the interfacial tension data and some insight into
the behavior of the contact angle can be obtained from
the surface structure. Inspection of Table | and Table
Il shows that the interfacial tensions between mercury
and pure benzene and between mercury and pure water
have no temperature coefficients. By contrast the
interfacial tensions between mercury and benzene
saturated with water and between mercury and water
saturated with benzene do change with temperature.
These facts must mean that the variations in the sys-
tems in which the water is saturated with benzene and
vice versa are the result of a change of concentration of the
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benzene dissolved in the water and of the water dissolved
in the benzene rather than the result of the temperature
change. In other words the variation of the interfacial
tension is primarily a function of concentration. This
is not to say that the temperature has absolutely no
effect on the system, but rather that the overwhelming
effect is the result of the concentration change.

In Fig. 5 the interfacial tensions between mercury
and the solutions are plotted against the mole fraction
of solute. The solubilities of benzene in water1921
and of water in benzene were taken from the literature.2
Plotted in this way the shapes of the curves for the inter-
facial tension between mercury and water saturated
with benzene and for the interfacial tension between
mercury and benzene saturated with water are remark-
ably similar. These curves suggest that adsorption of
the solute is occurring in the regions where the slopes
are steep. The change in slope occurs between 10 and
35° for the case where mercury is in contact with water
saturated with benzene, and between 40 and 50° for the
case where mercury is in contact with benzene saturated
with water. The Gibbs adsorption isotherm cannot
be applied as such to obtain information about adsorp-
tion at the mercury surface, for any change in y is the
result of a change in both temperature and composition
of the solution. However, an equation which provides
a method for finding the composition at the mercury-
water interface can be derived.

The interfacial tension THg-mo between mercury and
water is a function of both the temperature T and the
activity a of the benzene dissolved in the water. There-
fore

dyHg-H.o = (dyHgHZ/d Ina)Td Ina +
(dyHE-Hio/dT)N dT  (4)
d7Hg-HX) _ / P7he—H,0\ | >THgHio\ AT
dIna \ 5Ilha /t \ &T /,dIna

According to the Gibbs adsorption isotherm

(19) D. M. Alexander, J. Phys. Chem., 63, 1021 (1959).

(20) R. L. 3ohon and W. F. Claussen, J. Am. Chem. Soc., 73, 1571 (1951).

(21) D. S Arnold, C. A. Planck, E. E. Erikson, and F. P. Pike, ./. Chem.
Eng. Data, 3, 253 (1958).

(22) A. Seidel, “Solubility of Organic Compounds,”
Co., Inc., Princeton, N. J., 3rd Edition, 1941, p. 368.
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/ O7he- h,o\

- RTI
\olna /t Y (6)

where 1V is the surface excess and R is the gas constant.
Substitution of RTTA in eq. 5 followed by rearrange-
ment gives

|
2 ~RT

O7Hg-H;0__V /~THg—h,0o\ dT
0lna + RTV OT )adlna

@)

The quantity In a which appears in eq. 7 can be
calculated. At each temperature at which yug-mo
was measured the water phase is in equilibrium with the
benzene phase. If the activity of the liquid benzene
phase can be calculated for each temperature, then the
activity of the benzene in the water phase is known at
once. The problem now becomes that of calculating
the activity of liquid benzene as a function of tempera-
ture. The effect of the dissolved water in the benzene
phase on the activity of the liquid benzene is so small
as to be negligible and is ignored in the calculation.

Let the standard state at which the activity is taken
as unity be liquid benzene at 278°K. and consider the
process in which the temperature of the liquid benzene
is raised from 278 to T°K. The change in activity
as a result of this process is given by the familiar equa-
tion.

dIna AH

dT = RT2 ®

The quantity AH is calculated from the relationship
between AH, Cp, and T and from an empirical equation
giving Cpas a function of T.2Z20 The integration of eq.
8 then gives an equation for In a as a function of the
temperature.

A plot of 7THg—d against the calculated values for In
a at the corresponding temperatures varies linearly
over the range 10-40° where adsorption is apparently
occurring at the mercury-water interface. The slope
of d 7Hg-Hd/d In a in this region is —55.6. Substitu-
tion of this quantity in eq. 7 gives

T, 670 (10-7) ,
T = T

1 /corHAd\  dT
+ RT\~d~” )adlIna (9

In eq. 9 the quantity dT/d In a is positive for In
a increases as T increases. The entropy term,
(dyng-mo/AT) is also positive as is shown by the reason-
ing which follows. The plot of yug-iiro against T
when no benzene is present has a zero slope. The
addition of benzene causes a decrease in yHg-mo, a
change indicative of adsorption of benzene at the
mercury surface. Imagine a case in which the tem-
peratures increase while The activity of the benzene in the
water remains constant. Under these circumstances
7Hg—HDO would, if it did anything, tend to increase
because the benzene adsorbed on the mercury surface
would tend to desorb as the temperature increased.
The entropy term would therefore be positive in sign.
That this reasoning is correct is borne out by the data

(23) “Handbook of Chemistry and Physics,” 40th Edition, Chemical
Rubber Publishing Co., Cleveland, Ohio, 1958, p. 2278.

(24) The equation used for Cp was: Cp = 3.31859 + 0.112684T —
0.000056646 T*.
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obtained by Kemball and Rideal® for the surface ten-
sion of mercury over a temperature range in the pres-
ence of a constant pressure of benzene. In this case
dd/dT is positive also. Since dT/d In a and the en-
tropy term are both positive in sign, their product is
positive.

Since the last term on the right-hand side of eq. 9
is positive, the 1V calculated without this last term will
be a minimum value. The reciprocal of the product of
1V and Avogadro’s number gives an area for the benzene
molecule of 6 to 7 A.2 an area which is a maximum for
the area of the benzene molecule. These areas are
much too small compared to the literature values. 8%
A benzene molecule on edge has an area of 24 to 26 A.2,
and a benzene molecule lying flat has an area of 40 A.2

Up to this point the deductions which have been
made are on an apparently sound basis. Unfortu-
nately attempts to explain the behavior of the system
in detail become more and more speculative. The
small area found for the benzene molecule could be
explained by multilayer adsorption of benzene. But
multilayer adsorption seems unlikely, for in this case
the mercury surface would be covered with a layer of
benzene two to six molecules thick. A drop of benzene
coming in contact with such a layer would certainly
form a near-zero contact angle, for the outermost ben-
zene molecules in the adsorbed layer would be expected
to behave much like those in liquid benzene insofar as
their attraction for other molecules is concerned.

Since the mercury surface at the mercury-water
interface is covered with a layer of benzene as is the
mercury at the benzene-mercury interface, why does
not the benzene-advancing contact angle rapidly reach
the calculated equilibrium value when a benzene drop
is placed on a previously water-covered mercury sur-

(25) C. Kemball and E. Rideal, Proc. Roy. Soc. (London), AlS7, 53
(1946).

(26) J. M. Robertson. Chem. Rev., 16, 417 (1951).

(27) N. K. Adam, “Physics and Chemistry of Surfaces.”
versity Press, London. Third Edition. 1941, p. 50.
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face? Regardless of the particular way the benzene
molecules are arranged on the mercury surface, a drop
of benzene placed on such a benzene covered surface
would be expected to wet the surface. In fact the
benzene might always be expected to form a zero con-
tact angle on such a surface. But it does not. The
behavior of the system might be explained by a layer
of water molecules attached to the adsorbed benzene
by #-bonds. A drop of benzene approaching such a
surface would come into contact with a layer of water
molecules. Since the benzene could not wet the surface
until the water left the interface, the slow approach to
contact angle equilibrium would be explained by slow
desorption of the adsorbed water.

In contrast to the mercury surface at the mercury-
water interface, no adsorption of solute takes place at
the mercury-benzene interface between 10 and 40°,
for the slope of YHgbenzene against the log of the
activity of the water in the benzene is zero. In this re-
gion the mercury surface must be covered with benzene
packed much the same way as it is packed at the water-
mercury interface. Since this surface is already cov-
ered with a layer of benzene, water coming into contact
with such a surface might be expected to rapidly come
to equilibrium with it. If this is the case, then a con-
tact angle formed by water advancing over a previously
benzene-covered mercury surface should reach equi-
librium rapidly. Experimental difficulties have so far
prevented this test.

One of the objectives of this work has been achieved.
The existence of a water-advancing contact angle
different from a water-receding angle has been explained
in terms of molecular structures at the interfaces.
Alternate explanations such as surface roughness, sur-
face inhomogeneity, and impurities were eliminated
in the system. Verification of Young’'s equation and
substantiation of the proposed surface structures await
further experimentation.
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Introduction
This paper continues a series2 in which the kinetics
of various aqueous oxidation-reduction reactions of
plutonium ions are described. The rate laws and the
thermodynamic quantities of activation are of interest
for sets of similar reactions in helping to learn about
the factors which influence these rates. The Kkinetics

(1) This work was done under the auspices of the U. S. Atomic Energy

Commission.
(2) Previous paper: T. W. Newton and H. D. Cowan, J. Phys. Chem., &4,

244 (1960).
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of the reduction of Pu(VI) by U(IV),3Pu(lll),4 Ti-
(1n, o Vv{l1l1),4& and Sn(l1)5have been reported pre-
viously. Fe(ll) is of interest in that it represents a di-
valent ion which is capable of reducing Pu(VI) at a
measurable rate in the absence of a complexing agent
such as chloride ion.

Fe(l1) was chosen also to see whether evidence could

(3) T. W. Newton, ibid., 62, 943 (19.58).

(4) S. W. Rabideau and R. J. Kline, 'a) ibid., 62, 617 (1958); (b) ibid., 63

1502 (1959); (c) ibid., 62, 414 (1958).
(5) S. W. Rabideau and B. J. Masters, ibid., 65, 1256 (1961).
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be found for a complex such as Pu(V)-Fe(l11) which is
analogous to the Np(V)-FeCm)67/and U(V) -0(111)7
complexes which have recently been reported.

Previous, fragmentary work on the reduction of Pu-
(V1) by Fe(ll) is summarized by Connick,8who states
that the reaction is rapid at room temperature.
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(6) J. C. Sullivan, 3. Am. Chem. Soc., 84, 4256 (1962).

(7) T. W. Newton and F. B. Baker, Inorg. Chem., 1, 368 (1962).

(8 R. E. Connick, in “The Actinide Elements:” edited by G. T. Seaborg
and J. J. Katz, National Nuclear Energy Series, Division 1V, Vol. 14A,
McGraw-Hill Book Co., Inc., New York, N. Y., 1954, Chap. 8, p. 265.

(9) L. H. Brickwedde, J. Research Natl. Bur. Std., 42, 309 (1949).

(10) It was later found that the amount of CI* produced could be greatly
reduced if the iron were dissolved in 0.3 M HCICh.
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extreme case of an a% discrepancy in the stoic |ometry

Experimental Results

Stoichiometry.—The oxidation potentials in HC104
solutions12 are such that a slight excess of Fe(ll) is ca-
pable of reducing Pu(V1) all the xvav to Pu(l11) accord-
ing to the reactions

Pu(Vvl) + Fe(ll) = Pu(Y) + Fe(lll) (1)
Pu(V) + Fe(ll) = Pu(lY) + Fe(lll) (2
Pu(lV) + Fe(ll) = Pu(lll) + Fe(lll) (3)

The equilibrium quotient for (1) in 1 M HC104is 1 X
103 This means that in the absence of (2) and (3) 99%
of Fe(ll) added to a 10% excess of Pu(VI) will be
oxidized to Fe(l11). Our experiments have shown that
at concentrations near .10“ 4M, reactions 2 and 3 are in-
(11) We are indebted to R. H. Moore for writing this program. It is
based on R. H. Moore and R. K. Ziegler, Los Alamos Scientific Laboratory
Report, LA-2367, October 15, 1959. Available from the Office of Tech-
nical Services, U. S. Department of Commerce. Washington, D. C.. 82.25.

(12) S. WI' Rabideau. .7. Am. Chem. Soc., 78, 2705 (1956), for Pu potentials,
and F. E. Connick and W. H. McVey, ibid., 73, 1798 (1951), for Fe potentials
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deed relatively unimportant. The ratio [Pu(VI) re-
duced]/[Fe (I1) oxidized] was determined and found to
be only slightly less than unity as long as Pu(VI) was
in excess; see Table I. The data show that the stoi-
chiometry is influenced by the HCIO4 concentration;
this means that the hydrogen ion dependences of the
other reactions are not the same as for reaction 1.

Table |

Effect of HC104 Concentration on

the Stoichiometry at

Initial X 105w Py(V1), 5 X 10~6w Fe(ll
nitial concentrations ; % _0250 8%9 5 0~6m Fe(ll),
SHCIOd 20 15 10 05 025 005

Feéﬁ)')orxe.ﬂffeedd 092 095 097 098 099 101

Preliminary experiments at 0° in 1 M HCIO4 in-
dicate that reaction 2 is about 0.04 as fast as (1) under
similar conditions. The value found for the apparent
second-order rate constant was about 16 M~I sec.-1.
This result is in reasonable agreement with the excess
oxidation of Fe(ll) shown in Table I. At higher re-
actant concentrations the situation is more com-
plicated in that the rate constants for (1) and (2) are
not sufficient to explain the results. Thus, Pu(VI) was
injected into a vigorously stirred solution of Fe(ll) at 0°
such that the concentrations in the mixture were 1.94 X
10-3 M and 7.52 X 10-3 M, respectively, in 1M HCIO4
The spectrum was determined as a function of time and
extrapolated to the time of mixing. At this time the
concentration of Pu(lV) was estimated to be 14 X
10-3 M and that of Pu(lll) to be zero. According to
the rate constant given above for reaction 2, only 0.54
X 10~sM Pu(1V) should have formed during the two-
second time of mixing. This suggests that a reaction
such as

Pu(VI) + 2Fe(ll) = Pu(lV) + 2Fe(lll) (4)

has a rate which depends on the square (or higher)
power of the Fe(ll) concentration and thus is important
at higher concentrations.

Pu(Vl) and Fe(ll) Dependences.—In the study of
the kinetics of reaction 1 the concentration of Fe(ll)
was kept below 10-4 M and all of the rate runs were con-
sistent with the assumption that the reaction is first
power in each of the reactants, [Pu(VI)] and [Fe(ll)],
that is —d[Pu(V)]l/di = fc'[Pu(vVD)][Fe(Il)]. The
least squares calculations described above give ab-
sorbance values in agreement with the experimental
ones and the deviations show no systematic trends. A
typical example is given in Table Il. Additional evi-

Table Il

pical Rate Run

Uk ) g * 0

Absorb-  Absorb- Absorb-  Absorb-

Time, ance ance Time, ance ance
sec. (obsd.) (ealed.) Sec. (obsd.) (ealed.)
0.0 0249 205 0136 0135
5.0 2110211 25.0 129 129
1.5 195 195 21.5 122 124
10.0 180 181 30.0 118 119
125 170 169 32.5 113 114
15.0 160 159 35.0 110 110
175 150 150 315 107 106
20.0 143 142 40.0 103 103

Kinetics oe the Reaction between Plutonium(VI) and lron(ll)
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Fig. 1—Apparept second-order rate constant, «-. v.. [H+]-L:
g PP soPd f| i [H+]

ne, eq. 5; dashed ling, eq. 6.

dence is provided by the results of a series of runs in
which the initial concentrations of Pu(VI) and Fe(ll)
were varied by factors of 2 and 4, respectively. These
data are shown in Table I11.

Table ”l
Apparent Second-Order Rate Constant, k', at Different

Initial Concentrations of PU(V') and Fe(”)

Conditions; 0.2° and 0.42 v HC104

Initial Initial k', Initial Initial \.
[Pu(viL  [Fe(1D)], [Pu(vD], [Fe(1D)], m
M X 10®8 M X 10s sec.-1 M X 16 M X 16 see.-l

157 125 210, 271 7.85 744 272

157 531 21 7.85 565 216

157 356 273, 265 785 307 2606

157 175 21 7.85 1.85 274

The equilibrium quotient for (1) is such that large
[Fe(l1D)]/[Fe(ll)] ratios will make the back reaction
important. An experiment in which the [Fe(ll1) JOwas
5 X10-31f and [Fe(ll)]Owas5 X 10-6 Hi indeed showed
the presence of the back reaction, but gave no evidence
for a Fe(l11) effect on the forward rate.

Hydrogen lon Dependence.—Series of rate deter-
minations were made in which the hydrogen ion con-
centration was varied from 0.050 to 2.00 M at constant
ionic strength and constant temperature. The hy-
drogen ion dependence was found to be quite compli-
cated; the simplest function capable of reproducing
the data satisfactorily contains three adjustable param-
eters. The function is

1
k A + B + C(H+) (5)

Figure 1is a plot of k' vs. (H+)-1 in LiC104solutions
of ionic strength 2.0 at 0.1°, the solid line is calculated
using (5) and the parameters listed in Table IV. These
were calculated from the experimental data using a
non-linear least-squares programi3in which the sum of
the squares of the per cent deviations between the ob-
served and calculated k' values is minimized. The
quality of the fit of the function is given by 100 [(1/n)
? (K'dB — fc'caic) 2(fc'obs)2]V! which may be called the
root mean square per cent deviation (r.m.s. % dev.).
For these data the value of this quantity is 1.57%. The
fit of the data to the function can also be described by

(13) We thank R. K. Ziegler and the Statistical Section of this Labora-
tory for providing this program.
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Table IVA
Apparent Second-Order Rate Constants at Various Temperatures and Hydrogen lon Concentrations; x — 200
LiCl0.i solutions — NaCKL solutions
o.r 9.8° 25.0° 0.1° 9.8° 25.0°
K, K, X, K't m K,
hcio4 M -i HC10<, M- HC104 M -~ HCIO4 M -1 HC104 1 HCIO)j, Af-i
M sec.-1 M sec. 1 M sec. 1 M sec._1 M sec.~1 M sec.-1
0.048 1208 0.050 2141 0.294 2658, 2609 0.043 1051 0.050 1670 0.294 2409
1215 2039 2707, 2716 1048 1685 2566
1212 2021 2612, 2820 1681 2345
2048 .050 1012 1667 2313
.050 1175 .075 1882 .343 2476 1003 2448
1221 1926 537 1999, 2071 172 804 172 1367
.075 1147 .100 1769 2096, 2166 794 1365 0.537 2008
1108 1697 2148, 2044 375 653 375 1079 2109
.100 1048 125 1637 2012, 2031 633 1109 2093
1035 1728 1.025 1618, 1610 420 658 419 1080 2038
125 1012 150 1584 1689, 1623 641 1073 2004
970 1589 1738, 1660 667 .700 938 1.025 1589
150 932 1543 1610 .700 561 931 1599
930 175 1478 1.512 1450, 1480 557 .975 834 1685
175 906 1574 1480, 1379 975 565 851 1633
877 .250 1347 1427, 1521 .982 534 1.025 866 1572
.250 787 1348 1469, 1550 1. 02> 529 843 1555
779 .500 1079 1.903 1372 534 1.35 807 2.00 1314
.500 642 1078 2.000 1314, 1362 1.35 503 802 1362
645 1.00 s 1357, 1295 515 1.70 766 1357
1.00 555 2.00 737 1376, 1301 1.70 516 763 1376
545 784 515 1.90 738
1.50 529 1.91 490 789
517 538 2.00 729
2.00 494 2.00 509 753
508 515
508
Table |VB
Summary of Experimental Results
¥ = A+ [B+ c (HH)] lor¥ = D AE (H+)1+ F (H+)
0.1 M CI*in
Hdtd QL o « ~NaCl0i soin., jx = 2=
0.1° 9.8° 25.0° 0.1° 9.8° 25.0° 0.1° 9.8°
é No. of runs, n 26 22 37 25 24 26 23 23
. A M-_ls 437 + 5a 627 + 17 1002 + 42 455+ 8 612 + 10 950 + 68 699 £ 10 1051 + 30
3. B X 10\ M sec. 917+ 02 531 %014 2.090.37 1262* 055 7.69+ 0.13 3.59t 0.37 8.36 + 201 6.23 * 0.99
4 CX C 753+ 032 343 +0.22 133+015 1008+ 094 337 +0.18 1.09+ 0.19 2484* 446 832% 195
5. rms. % Ve 157 2.20 2.95 2.58 157 2.85 2.94 4.75
bh b M-1sc 1 695 + 28 1202 + 49 1425 + 59 606 + 17 1031 + 31 1537 + 80
7. E sec—l 286+ 25  49.5% 382 +21 206+ 16 34.4%3.0 282+ 27
8 —F M 2sec 1 116 + 18 249 +33 141+ 29 62.8+ 123 167+ 20 171 + 4]
9. rms % dev6 =~ 650 6.30 .. 282 5.04 5.17 3.36 o
Tr|1/e u?ce@r]tle,ls IlsteYdA@r% the/lstandard deviations computed by the least-squares program. sRo0t mean square deviation =
100[( n) (k I,,,,IC) ( 0 32],
stating: 1.3% mean deviation and 5.9% maximum The relative quality of the fit provided by the two
deviation. functions is seen by comparing row 5 and row 9 (Table

An alternative three-parameter function was tried, it
is
k' =

D + 7%(H+) + F(H+) (6)

The best values for the parameters in this equation were
found as before and the resulting function is shown in
Fig. 1 as the dashed line. Using (6) and the values of
the parameters listed in Table 1VB, the experimental
data are reproduced with an r.m.s. % dev. of 6.50.

Temperature Dependence.—The effect of hydrogen
ion concentration on the rate was determined also
at 9.8 and 25.0° in NaCICh solutions as well as in LiCICh
solutions. The results of these determinations are
listed in Table IVA. The sets of data were fitted to
eq. 5 and to eq. 6. The results of these calculations
are summarized in Table IVB.

IVB) which give the r.m.s. % deviations for the two
functions. Except for the sets at 25° eq. 5 gives a
much better fit of the data. At this temperature the
rates are quite high; so acid concentrations below
0.29 M could not be used. The limited range of acid
concentration accounts for the fact that the two func-
tions are equally satisfactory for the 25° data. This
result demonstrates the necessity for varying concen-
trations as widely as possible in order to distinguish
between alternative functions.

Chloride lon Dependence.— A short series of experi-
ments was made in order to determine the magnitude
of the effect of chloride on the reaction rate. As
before, the rate was first power in each of the reactants
and the hydrogen ion dependence was given by eq.
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Table V

E ffect of lonic Strength on the Apparent Second-Order Rate Constant in 005 M HClO, at 010

(Units are v 15€C.-1)

July, 1963
Mw 0.05 0.25
« (in NaClo,) 159, 165 307
« (In LICL0<ij 1601,6%59, 332

5. The values determined for the parameters A, B,
and C are given in the last two columns of Table IV.

lonic Strength Dependence.—The effect of ionic
strength on the apparent second-order rate constant
was determined in 0.05 M HC104 solutions at 0.1°.
Both LiC104 and NaC104 were used to vary the ionic
strength between 0.05 and 2.0 M. The results of these
experiments are summarized in Table V. The ob-
served ionic strength dependence can be approximated
by a Debye- Huckel expression for which the product
of the charges on the reactant ions is +4 and the “mean
distance of closest approach” is 6.5 A. in NaC104 solu-
tions and 6.0 A. in the LiC104 solutions. For the
NaC104data the root mean square % deviation is 8 and
for the LiC104data it is 10. These deviations are out-
side the experimental error, but considering the com-
plexity of the mechanism and the ionic strength range
covered, approximate agreement is all that can be ex-
pected.

Interpretation and Discussion

Possible Medium Effects—The study of the hy-
drogen ion dependence of a reaction necessarily in-
volves a change in concentration of hydrogen ion and
it is usually replaced by lithium or sodium ions in
order to maintain constant ionic strength. Since
such a replacement changes the medium, possible
changes in the pertinent activity coefficients at con-
stant ionic strength must be considered. According
to the Brensted principle of specific interaction of ions4
the activity coefficients of the reactant ions, if positively
charged, will not be influenced by the concentrations of
other positive ions at constant ionic strength. The suc-
cess of this principle suggests that, at most, such me-
dium effects will be small. This is borne out by the work
of Zielen and Sullivan,’6 who studied the effect of sub-
stituting Li+ or Na+ for H+ on the formal potentials
of some oxidation couples. Essentially no effect was
found on the Fe+2F e+3couple, a small effect was found
on the Hg°-Hg2+2 couple, and a linear change in poten-
tial was found for the Hg2+2H g+2and NpO2+N p 02+2
couples. It is interesting that for the last couple the
effect was about 1/3 as large when Li+ was substituted
for H+ as when Na+ was used.

In oxidation-reduction kinetics it has been found that
substituting Li+ for Na+ at constant ionic strength has
a very small effect on the Pu(l1V)-U(1V) reaction®band
changes the rate by about 8% in the Pu(VI)-V(III)
reaction,0 by about 16% in the Pu(1V)-Fe(ll) reac-
tion,2and by about 20% in the Pu(VI)-Fe(ll) (pres-
ent study) and Pu(V1)-U (1V)8reactions.

In spite of these variations in the pertinent activity
coefficient quotients it is important to note that, with
only one or two exceptions, all oxidation-reduction

(14) (@) J. N. Bronsted, J. Am. Chem. Soc.., 44, 877 (1922), or (b) R. A.
Robinson and R. H. Stokes, “Electrolyte Solutions,” Butterworths Scientific
Publications, London, 1955, p. 425.

(15) A. J. Zielen and J. C. Sullivan, J. Phys. Chem., 66, 1065 (1962).

(16) T. W. Newton, ibid., 63, 1493 (1959).

0.65 120 2.0
013, 525 696 1011, 987, 997
54%6352, 178 1228, 1199, 1220

reactions show an empirical hydrogen ion dependence
of the form k' = A;,-(H+)i + Ai+i(H+)i+1 + ... where k'
is the apparent second-order rate constant and i is an
integer. Very often only one term in the series appears
and only very rarely are more than two terms signifi-
cant. In the cases of only one term, either the medium
effect is very small or there is a fortuitous cancellation
of medium effects with those due to an actual path.
In the other cases it is necessary that the medium
effect on an individual rate constant be given by

kt = %°(1 + a,[H+]) @)

This expression is the one to be expected if the activity
coefficients of all the species involved in the net ac-
tivation process obey Harned's rule.Z From this rule
we expect Inkt = In kt® + a, [H+], which for reasonably
small values of a, reduces to (7).

From this discussion we conclude that it is safe to
assume that for a reaction among positive ions, the ef-
fect of substituting H+ for Na+ or for Li+ at constant
ionic strength is given by (7). It also seems reasonable
that a, is probably less than 0.1, at least for Li+.

Mechanism.—The increase in rate with decrease
in hydrogen ion concentration suggests that hydrolyzed
species such as FeOH+ or PuO2H + may be the reac-
tive ions. The extent of hydrolysis in the experimental
solutions is small enough, however, so that the stoichio-
metric concentrations of Pu(VI) and Fe(ll) are essen-
tially identical with the concentrations of the un-
hydrolyzed ions, Pu02+2 and Fe+2.88 Since the form
of a rate law gives the formulas of the activated com-
plexes involved in the reaction, but tells nothing about
the actual species which react, we have chosen to for-
mulate mechanisms in terms of net reactions of prin-
cipal species, one for each distinguishable activated
complex. If rapid equilibria are established either be-
fore or after the actual rate-determining steps they are
included in these net reactions. This procedure avoids
the writing of Kinetically indistinguishable steps, but
requires that the rate of each net reaction be explicitly
stated. Such a mechanism is

Pu02+2+ Fe+2= Pu02+ + Fe+3

rate = fO[PuO2+2][Fe+2] (8)

Pu02+2+ l'e+2= PuO,+ + Fe+3

rate = fcl[Pu02+2][Fe+2]/[H +] (9)
The net reaction in (9) is the same as that in (8) because
equilibria which occur before and after the actual rate-
determining step effectively cancel. According to this
mechanism the apparent second-order rate constant,
k', is given by k' = kO+ fcd[H+]. Allowing for pos-

(17) See, for example, ref. 14b, Chapter 15.

(18) J. Bjerrum, G. Schwarzenbach, and L. G. Sillén, “Stability Con-

stants. Part Il: Inorganic Ligands,” Special Publication No. 7, The
Chemical Society, London, 1958.
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sible effects of the medium change as discussed in the
previous section gives

k' = fecdl + oO[H+]) + m i + ai[H+])/[[H+] =
(fo® + kidi) + fi0 [H+] + /aSdo[H+] (10)

This equation has the same form as the alternative
rate law (6), and if it may be assumed that a0 — ai the
experimental values of the parameters D, E, and F
lead to fc,” = 700 M ~1sec.” 17ci° = 28.6 sec.-1,and a0=

= 0.166, for LiCIOi solutions at 0.1°.  Although this
value for a0and a4is not unreasonable, we believe that
the mechanism given by eq. 8, 9, and 10 is unsatisfac-
tory because, as shown in Fig. 1, the associated rate
law, (6), fits the experimental data quite poorly. This
lack of fit cannot be attributed to a medium effect with-
out the assumption of a severely non-linear one. An-
other argument for rejecting this rate law is that the
temperature dependences of the parameters D, E, and
F appear unreasonable. Plots of their logarithms vs.
I/T are quite non-linear.

Since rate law (5) does fit the data satisfactorily, a
plausible mechanism consistent with it was sought.
The form of the rate law suggests the operation of an
inhibiting back reaction similar to that which was found
in the Pu(VI1)-U(1V) reaction.3 A mechanism in terms
of net reactions, as discussed above, which leads to a
rate law in agreement with the experimental observa-
tions is

PuO2+2+ Fe+2= Pu02+ + Fc+3
rate = /O[PuO2+2][Fe+2] (8)
Pu02+2+ Fe+2 Pu02-Fe+4
rate = 72[Pu02+2][Fe+2] — A[Pu02-Fe+4] (11)
PuO2-Fe+4 = Pu02+ + Fe+3
rate = fA[Pu(VFe+] (12)
PuO2-Fe+4 = Pu02+ + Fe+3
rate = f6[Pul2-Fe+4]/[H+] (13)

The usual steady-state approximation for the concen-
tration of the intermediate leads to

= —d(Pu02+3/d7 = m
(Pu02+) (Fe+2?

+ 7MgH+)-1
+ h + h +
This expression can be rearranged to give
o koks + (8o + Kijki
~ L h + h J +
1
ko T ki (k3+ A2
kicd | Kkkds

(14)
(F1+)

which, as long as kO and f4 are not both zero, has the
same form as the empirical rate law, eq. 5. If it is as-
sumed that the medium effects on these rate constants
are given by (7), the resulting rate law is complicated
by the presence of the at terms; however, the form of
the rate law is unaltered providing certain reasonable
conditions are met.

The activated complexes indicated by reactions 8,
11, and 12 all have the same formula: (Pu02-Fe+4*.
They differ from each other in the substances from

T. W. Newton and F. B. Baker
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which they are formed (reactants or intermediate) and
the substances to which they go (products or intermedi-
ate). Since the form of (14) is unchanged if either ka
or ki is zero, the experimental rate law requires an ac-
tivated complex of the above formula which decom-
poses to Fe+3and Pu02+, but gives no information as to
whether it is formed from Pu02+2 and Fe+2 by reac-
tion 8, or whether it is formed from the intermediate by
reaction 12, or both. For comparison with other reac-
tions, it is convenient to consider the net processes for
the formation of these activated complexes from the
original reactants whether they are actually formed in
this way or not. Table VI shows the apparent rate
constants associated with each of these net activation
processes in terms of the experimental parameters
under each of the two limiting assumptions: ka= 0 and
ki = 0. It is seen that the values of the apparent rate
constants, and also the thermodynamic quantities of
activation, depend on which substances are assumed to
form the activated complex.

Table VI

Evaluation of the Effective Rate Constants from the

Experimental Parameters

—AssUNMpt-gn-== —========- .
Net activation process* &=0 D=0
(a) PUeoizt Fesz = ko = A hh/h =A(1+AB)
EPquFehh*
(b) Pulz+2+ Feso = h = /B = (1+ AB)/B
%JUOEehe]b*
C 2+2+F+2+ hh/Kk3 = hh/k3:(1+ABY/C
H 0 = QZ‘ 1/7c
F OH+ 0~
Atlvated complexes (a) and (h) haye ame formula put
; ?](Prmer dgc)o %s) tot lPna roducts 8

differ In tha
ané Fe+§ wtve the latter goe to the mtermedlate Pudz-Fe

This situation differs in an important way from the
common one in which the rate law is not affected even
though an activated complex with a particular formula
can be formed by more than one path from different in-
termediate species which are in equilibrium with the
principal reactants. In such a case, the AF* for the
formation of the activated complex from ‘he principal
reactants does not depend on which species are assumed
actually to form the activated complex.

The postulation of the intermediate, Pu02 Fe+4,
seems quite reasonable to us in view of the evidence
recently presented for the similar ions NpG2-Cr+46and
U02-Cr+47 Also, reaction 4 can readily be explained
as the reaction between Pu02-Fe+4 and excess Fe(ll).

Thermodynamic Quantities of Activation—The
thermodynamic quantities of activation have been
calculated under the assumption of the mechanism
8, 11, 12, and 13. The medium effects, which are
probably small, have been neglected, as has been done
in all previous calculations of the activation parameters
for other reactions. The mechanism indicates that
the reaction involves at least three different activated
complexes which are produced in as many different
net activation processes. The values calculated for
AH* and AS* for these processes will depend on the rela-
tive importance of the kQand /&4 paths in the mecha-
nism. Therefore, calculations were made for both the
LiC104 and NaClOi solutions under the two limiting
assumptions, /4= 0and 70= 0.
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Tabte VI
Thermodynamic Quantities of Activation
Lk _A Ejumptlon Assumption
o pr%Eé;S%E) 2'%?3‘ o A AS* oo AH* ’ As*-Average- AH*
a -28.34 491 -31. 60 3.83 —29.97 4.37
o (0634 (0.18) (0.1 (0,20 9 6 (054
LicICi (b) -10.48 931 1473 7.95 8.63
31.64) (0:46) (l12)  (031) S 0.69)
) i RN ) ! 1%
(a) 28 53 (288 4I81 i 9 - "
a -28. : -32.61 347 -30.62 4.14
(0.88) (0.25) (1.02) (0.29) %1 99) (0.67;
NaCIo, (b) 1441 8.41 1791 7.20 -16.16 781
A
C -9, , -10, . -8.16 10.83
(281) on (0.80) (2.74) o) 073) (2.56) (0.89)
The net activation Rroc%ss s and the eff?cuve r?te constan}s are Ihsted in Table VI. _4ln the f%st four columr?]s the ﬂuant Ities in
H?erern}n esseg/oa dee Vtrgi gﬁa dard deviations. clIn the fast two columns they are the deviations from the mean ese quantities are
Since the rate constants A, 1/B, 1/C, etc., cannot be Tabte VIII
determined independently, their individual tempera_ Formal lonic Entropies of the Activated Complexes
ture coefficients were not used in the calculation of the 'Somp> e,
thermodynamic quantities of activation. Rather, the Activated complex In IACIO In NaCIOi
AS* and AH* values for the three net activation proces- Fﬁg(ﬁiab* %% f_ 5 705 $ %
ses were determined simultaneously from the experi- I (Ut
mental k' values at all three temperatures and all of the PuOZe0H «JA -50 £ 2 45 +3

hydrogen ion concentrations. The expression, k( =
(kB/h)T exp(ASt*/R) exp(AHt*/RT), from Eyring’s
absolute reaction rate theoiy, was substituted into eq.
14 for 0, fc2 and kF¥ask3for the assumption fct = 0, and
for k2and hki/k3for the assumption kO= 0. The data
were fit to the resulting function of [H+]and T using a
non-linear least-squares program which minimizes the
square of the per cent deviations of the calculated k'
values from the observed ones.1l An important ad-
vantage of this procedure, based on all the data simul-
taneously, is that it provides objective estimates of the
precision of the activation parameters, A%* and AH*.
The results of these calculations are summarized in
Table VII.

Significantly different values for A$* and AH* were
obtained under the two limiting assumptions; how-
ever, the actual values probably lie within the ranges.
The effect of substituting NaCICh for LIiCICfi is seen
to be primarily on the AS* values for activation proces-
ses (b) and (c).

The AH* for activation process (a) is quite low, very
close to that reported4 for the analogous reaction be-
tween Pu02+2and Pu+3 The other heats are in the
range found for simple electron exchange reactions such
asPu+3Pu+419%e+2Fe+32prPe(CN)6- 4Fe(CN)6- 32

The AS* values have been used to estimate the formal
ionic entropy of the three activated complexes; these
are given in Table VIII. Activated complex (b) is
normal in that its entropy is in the range of values
found for other complexes with a charge of +4. The
entropies for activated complex (c) are somewhat more
negative than the values for other +3 activated com-
plexes.®2

(1ft) T. K. Keenan, J. Phys. Chem, 61, 1117 (1957).

(20) J. Silverman and R. W. Dodson, ibid., 56, 846 (1952).

(21) A. C. Wahl and C. F. Deck, quoted by F. Basolo and R. B. Pearson,
“ Mechanisms of Inorganic Reactions,” John Wiley and Sons, Inc., New
York, N. Y., 1958, p. 318.

For the hypothetical process of changing activated
complex (b) into activated complex (a) in NaCICh, we
calculate AH* = —3.7 + 0.5 kcal./mole and A$* =
—145 = 1 e.u. In LiCIOi the corresponding values
are —4 kcal./mole and —17.4 e.u. It is interesting to
compare these values with those for the conversion of
an inner-sphere to an outer-sphere complex. For the
process

Co(NH3604+ + HD = Co(NH38HD-S04+ (15)

Posey and Taube2ZBreport AH = —3.95 kcal./mole and
AS = —13 e.u. in 1 M NaCICh. The similarity be-
tween the heat and entropy changes for these two
processes strongly suggests that activated complex (a)
is outer-sphere, such as [OPuO-H2D-Fe+4]*, and (b) is
inner sphere, perhaps [OPuOFe+4]*.

Chloride lon Dependence.—The effect of chloride
ion on the rate appears to be quite complicated; Table
IV shows that a concentration of 0.1 M increases the
parameter A, decreases B, and increases C. An
approximate explanation of this can be given in terms
of reactions 4-8 by assuming that kO and A are unaf-
fected by CI“, ki and f2 are each increased by about
50% in 0.1 M CI-, and that fc3is zero in the absence of
Cl- but becomes equal to about 1/3 of f2in 0.1 M
solutions. If, for the chloride solutions, B is taken
as its best value plus one standard deviation and C as its
best value minus one standard deviation, values of A
are calculated which are 23 and 6% high at 0.1 arid 9.8°,
respectively. The size of these deviations makes it ap-
pear likely that an additional reaction path operates in
chloride solutions, the rate of which has a hydrogen
ion dependence other than 0 or —1.

(22) T. W. Newton and S. W. Rabideau, J. Phys. Chem., 63, 365 (1959).
(23) F. A. Posey and H. Taube, J. Am. Chem. Soc., 78, 15 (1956).
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In recent years nearly every technique used to study
aqueous solutions has been applied to the study of fused
salt solutions. One such technique is solvent extrac-
tion using a fused salt as one or both of the liquid
phases. Isaac, Fields, and Gruen have studied the dis-
tribution of solutes between fused nitrates and tributyl
phosphate,1 while our studies have concentrated on
using two immiscible fused salts.2 Belyaev3listed some
two phase fused salt systems, and during the present
investigation others were found (AgClI/KBF4NaBF4
and PbCI2ZKBF4NaBF4. AgCI/KNO3 AgBr/KNO3
AgCI/IKBD 7 AgCI/IKHS04 AgCI/KBF4NaBF4 and
PbCI2ZKBF4NaBF4 were well defined two phase sys-
tems with low mutual solubilities (ca. 1% by weight),
and the distribution of various solutes between the two
phases is being studied.
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(1) N. M. Isaae, P. R. Fields, and D. M. Gruen, J. Inorg. Nucl. Chem,,
21, 152 (1961).

(2) J. H. Kennedy, J. Phys. Chem., 65, 1030 (1961).

(3) 1. N. Belyaev, Uspekhi Khimii, 29, 899 (1960).

a = 0.02

Results

Lead Chloride.— During the study of the distribution
of thallium chloride between silver chloride and potas-
sium nitrate it was shown that the observed distribu-
tion coefficient depended on two equilibria2

Ko = K + K/k[C1-]kno3

where K was the true distribution constant and k was
the association constant for TiCl in KNO3 Thus, by
plotting KO vs. [CD]- IknOn one could determine K
from the intercept and K/k from the slope.

In the present study, it was found that the distribu-
tion of lead chloride between AgCl and KN O03at 480°
was also affected by the addition of KC1. The results
are given in Table I, and Fig. 1 shows a plot analogous
to the thallium chloride case. At high chloride con-
centrations the distribution approximated a straight
line indicating that the predominant species are

kl

PbCI2— » PbCD + CD

h = [PbCD][CD]/[PbCI2]

However, at low chloride concentrations, the frac-
tion of lead found in the potassium nitrate phase de-
viated from the straight line indicating the existence
of another lead species, Pb++

ki
PbCl2—*mPb++ + 2CD
f2 = [Pb++][CD]V [PbCIZ]
The observed distribution coefficient was
= (PbCI2+ PbCD + Pb++)KNo2(PbCl,) Ago
Ko = K + UK[CD]-1+ UK[CD]-2
where K is the distribution constant

K = [PbCIZIKNIG [PbCIZ]Agci

The chloride ion concentration was determined from
the total chloride found in the potassium nitrate phase
and subtracting the concentrations of AgCl and twice
AgCIl2 which were present in molten potassium ni-
trate. These values were calculated from published
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Table |

Distribution of Lead Chloride
50 g. KNOs, 50 g. AgCl, 200 mg. PbCL, 480°

Lead concn.,

mg. PbCk/g. soln. Chloride concn., KNO3

Total, KC1 Total
mg. added, Cl, [CI-].
KNOs  AgCl PbCh Ko g molai molai [ci-j-i
2.22 1.67 206 1.3 6.0 0.830 0.533 1.9
2.24 1.61 203 1.4 5.0 667 .423 2.4
2.26 1.52 197 15 4.5 .556 .349 2.9
2.50 1.37 201 1.8 4.0 AT7 295 3.4
2.75 1.23 205 2.2 3.0 .345 .206 4.8
3.14 0.88 206 3.6 2.5 .257 . 147 6.8
3.16 .83 205 3.8 2.5 .239 .135 7.4
3.16 .80 202 3.9 2.0 .210 115 8.7
3.30 .61 199 5.4 1.5 .189 101 9.9
3.34 .53 196 6.3 1.2 162 .083 12.1
3.48 .48 200 7.2 1.0 141 .068 14.6
3.56 .39 199 9.1 0.5 . 130 .061 16.4
3.64a 27 196 13.5 0.2 .109 .047 21.4

° This point was not used in the least squares calculation
since the uncertainty in both KOand [CD]-1 was much greater
than in the other experiments.

Table Il

Distribution of Lead Bromide
50 g. KNO3, 50 g. AgBr, 200 mg. PbBr2, 450°

Lead concn.,

mg. PbBn/g. soln. Bromide concn., KNOs

Total, KBr Total
mg. added, Br,
KNOa AgBr PbBrs Ko g. molai [Br"] IBr-]-
1.75 2.07 203 0.85 6.0 0.461 0.365 2.74
1.78 2.07 202 0.86 5.0 .384 .304 3.29
2.03 1.83 199 111 4.0 .316 .250 4.00
2.26 1.64 200 1.38 3.0 227 179 5.59
2.47 1.56 205 1.59 2.5 .186 . 146 6.85
2.64 131 201 2.02 2.0 .167 .131 7 62
2.98 0.94 199 3.16 15 .106 .082 12.2
3.27 .70 200 4.68 1.0 .084 .064 15.6
3.71° .28 201 13 0.5 .050 .037 27
BaBr2
3.25 .78 204 4.16 1.0 .075 .057 17.5
2.65 1.19 196 2.23 2.0 .140 .110 9.10
1.94 191 200 1.02 4.0 .228 181 5.52
(100g.) (5049.)
1.69 0.65 201 2.56 2.0 115 .090 111
(100 g.) (254.)
1.84 1.09 211 1.69 2.0 176 .139 7.20
(50g) (100 g)
2.74 0.82 217 3.34 2.0 .104 .081 12.4

° This point was not used in the least squares calculation
since the uncertainty in both KOand [Br- ]-1 was much greater
than in the other experiments.

constants and the solubility of AgCl in these systems
(see section on solubility of silver halides).

K, ki, and k2 were determined by the method of least

squares for the equation type
y = a+ bx + cx2
and the constants are summarized in Table I11.

Table 111

Distribution and Dissociation Constants for PbCL and
PbBr2in KNOs

ki ki kiZki 1/ki

(mole/ (mole/ Ist 2nd

kg-) kg.)'1 K assoc. assoc,

PbCh (480°) 0.39 0.02 0.72 20 2.6
PbBr2(450°) 0.15 0.02 0.55 7.5 6.7

It should be noted that the correction for AgCIl and
AgCI2_ was large, affecting the calculation of ni and es-
pecially k2 markedly. For example, the values of the
constants determined from the line drawn through the
uncorrected points (curve A in Fig. 1) were K = 063,
ki = 0.73 mole/kg., and k2 = 0.08 (mole/kg.)2 The

Distribution of PbCl2between KNO03ana AgCI 1433

Pig. 1.—Plot of PbCl2distribution in KNO3AgCI system, 480°:
A, (total chloride)-1, =; B, (chloride ion)-1, o.

distribution constant was affected slightly, fd changed
by afactor of two, while k2 changed by a factor of four.

If anion complexes were formed at high chloride con-
centrations, the distribution coefficient should increase
with increasing chloride concentration. No such evi-
dence was found, but certainly anion complexes would
be possible at higher chloride concentrations than were
studied, and especially in fused chlorides. It has been
assumed that PbCl2 was the predominant species in
AgCI although no difference in the results would be ob-
served if only a certain fraction of the lead existed as
PbCIl2 The addition of AgBr to AgCl (up to 40 g. of
AgBr; 10 g. of AgCI) did not affect the lead chloride
distribution appreciably, which supports the idea that
the changes in distribution coefficient which were ob-
served were due to changes in the lead species present
in potassium nitrate.

Lead Bromide—The distribution of lead bromide
between potassium nitrate and silver bromide at 450°
was also studied. The attainment of equilibrium was
checked as was done for thallium chloride.2 In one ex-
periment PbBr2was added to molten KNOt, then AgBr
was added; in a second, lead bromide was added to
molten AgBr and then KN O03was added; while in the
third, PbBr2was added to the mixture of solvents. The
distribution coefficients were 1.98, 1.94, and 2.02, re-
spectively, indicating that equilibrium was achieved.

The same type of an approach was used for PbBr2
distribution as PbCI2 using KBr as the added solute
instead of KC1. The results are given in Table Il and
Fig. 2 is analogous to Fig. 1. Table I11 is a summation
of the various constants determined from these experi-
ments including the values for the association constants
since these are more often quoted from e.m.f. experi-
ments.

The triangle points in Fig. 2 refer to experiments
where the solvent ratio was other than 50-50 g. (i.e.,
50/100, 25/100, 100/50 AgBr/KNO03, and the results
show that even though the total lead concentration
varied (200 mg. of PbBr2and 1g. of KBr used in all three
experiments), the distribution coefficient depended on
the bromide ion concentration in the potassium nitrate
phase.

The square points in Fig. 2 refer to experiments
where barium bromide was substituted for potassium
bromide. Although barium resides entirely in the
potassium nitrate phase, bromide is transported across
the boundary as potassium bromide.
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Fig. 2.—Plot of PbBr2distribution in KNO3AgBr system, 450°:
A, (total bromide)-1, «: B, (bromide ion)-1, O.

(BaBr)KNos + lyNOz o>
[Ba(NO3IZKNDs + (KBi)kNOj——-(KB)ags:

Thus, the systems were not too different from those
containing only potassium bromide as the added solute,
but the results show that the presence of barium in the
potassium nitrate phase has little effect on the lead
distribution.

Discussion

Braunstein, Blander, and Lindgrens have recalculated
and tabulated various association constants which have
been reported in nitrate melts determined from e.m.f.
studies and other methods. Although no work was
done at 480°, the first association constant for lead at
300° was 60 moles of solvent/mole of lead and decreased
with increasing temperature

Pb++ + Cl- —> PbCl+
k = [PbCI+]/[Pb++][CI-]
Combining Al and k—i, one obtains the relation
ki/h = k = 0.39/0.02 = 20 kg./mole
Since the molecular weight of k N 03 is 101

k = 20 kg./mole X 10 moles of solvent/kg. =
200 moles of solvent/mole of lead

Thus, the value for the first association constant ob-
tained from these experiments appeared high. The
second association constant was reported to be 3 by
Duke and Iverson from solubility studies at 300°.5 The
value of 2.6 reported here appears to be in agreement
since Duke and lIverson reported little temperature de-
pendence.

The first association constant for lead bromide was
measured by Duke and Garfinkel at temperatures be-

(4) J. Braunstein, M. Blander, and R. M. Lindgren, J. Am. Chem. soc.,

84, 1529 (1962).
(5) F. R. Duke and M. L. Iverson, J. Phys. Chem,, 62, 417 (1958).
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tween 250 and 319° in mixed NaNO3KNO3; at 319°
it was 11 and decreased with increasing temperature.6
The second association constant was reported as 6.2.
Thus, the constants calculated from distribution coef-
ficients are in fair agreement with the values obtained
from other methods.

It should be noted that in these experiments that
the second association constant is determined from the
first deviation from simple distribution law while in the
e.m.f. experiments the first association constant is de-
termined from the first deviation from the Nernst
equation. Thus, the two methods are complementary,
although both methods can be used to determine both
association constants.

Solubility of Silver Halides in KNO;.—The mutual
solubility in any liquid-liquid system is important for
theoretical calculations because of possible change in
solvent nature and for practical calculations because
of possible loss or contamination of solvent. In the
fused salt systems studied the solubility of silver halide
in KNO3 was even more important since any extra
halide ion in the KNO3 phase would affect the lead
distribution.

The solubility of AgCl and AgBr in KX03was de-
termined in KNO3 containing various amounts of
potassium halide, and the results are shown in Fig.
3.

Only the silver halide which dissociates will increase
the halide ion concentration. AgX will not affect the
halide ion concentration and AgX2_will decrease the
halide ion concentration. The total solubility is

s = [Ag+] + AgXJI+ [AgX*-]
In terms of the equilibrium constants
Ap = [Ag+][X-]
AT = [AgX]/I[Ag+][X-]
AT = [AgX*-]/[AgX] [X-]
the solubility is

S = Lt KiKg+ AIATASpP[X (1)

When no excess halide ion is added to the KNO3
phase, the concentration of [AgX2-] will be small, and
the solubility is approximately

Xs APA+ ATATP @)

In the determination cf halide ion concentration,
total halide was found by addition of excess silver ion
and filtering off the silver halide. From this value must
be subtracted the amount of halide complexed as AgX
and the amount of halide complexed as AgX2 which
was present originally.

Although not all the constants have been measured
for these systems, approximations can be made from
published values for some of the constants and the solu-
bility given here.

Flengas and Rideal give the value of X &for AgClI at
248° as 4.89 X 10-6 and AH = 18.3 kcal .7

Extrapolating this to 480°, a value of 1.2 X 10-3 is

(6) F. R. Duke and H. M. Garfinkel, ibid., 65, 1627 (1961).

(7) S. N. Flengas and K. Rideal, Proc. Roy. Soc. (London), 233, 443
(1955).
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obtained. Using this in equation 2 a value of 60 for
AT was obtained from the solubility of 0.107 M with no
added halide ion. This value is high compared to the
e.m.f. value of Alvarez-Funes, Braunstein, and Blander
(20 on molality basis).e Actually, using the value of 20
for Ai leads to A = 2.7 X 10~3 which is not unreason-
able considering the 220 ° extrapolation and change from
NaNOxKNOs to KNOs solvent. AT was estimated
by solving eg. 1 and 3 simultaneously for [CI-Jand A2
The values for AT ranged between 4 and 9. However,
using these constants it can be seen that [AgCI2 ]
cannot be neglected even when no excess chloride is
added. This would mean that A pwas actually smaller
than 2.7 X 10-3. For calculating the chloride ion con-
centrations the following approximate values were used :
Kep=2x 10-3,KI = 20, A2 = s.

The total chloride concentration (found by analysis)
was

total = [CI-]+ [AgCI] + 2 [AgCI24
total = [CI-]+ [ATATP] + 2ATA:AICT J ()

total — /G AT,,
1 + 2ATATATp =

total — 0.040

1 . 1+ 048

The final equation was used in calculating the chloride
ion concentrations in Table |. Equation 3 neglects
complexation with lead, but the lead concentration in
KNOs never exceeded 0.013 M. In addition, when the
halide concentration was so low that 0.013 would be
appreciable, the fraction of lead complexed with halide
was low.

In the case of AgBr, AT has been measured at various
temperatures,s and at 450° the value is about 73. From
the solubility reported here K$) = ¢ X 105 and A2 =
30. Alvarez-Funes, Braunstein, and Blander report
A2 = 27 at 452° -which shows good agreement for this
constant. Their published value was used for calculat-
ing bromide concentrations. The equation used for

()] A. Alvarez-Funes, J. Braunstein, and M. Blander, J. Am. Chem.

Soc., 84, 1538 (1962).
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Fig. 3.—-Solubility of AgCIl and AgBr in KXG3

obtaining bromide ion concentrations from the total
bromide found by analysis was

total — AIATp
1 1+ 2A,ATAT,, =

total — 0.004
-4

Thus, the correction for bromide was much less than
for the chloride system, and slight errors in the con-
stants would have less effect on the calculation of the
lead halide dissociation constants. In fact, the con-
stants for the line drawn through the uncorrected points
in Fig. 2 (curve A) were A = 057, kX = 0.15, and fo
= 0.038. Only &«2was changed appreciably by this cal-
culation. Obviously, it would be more satisfying to
measure the halide ion activity directly in the molten
KN O3 phase, and hopefully, measurements of this type
will be made in the future.
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The vapor pressures of hydrazoic aeid solutions have been measured from 0 to 50°.

Tire free energies of

solution have been determined at 0.0, 24.42, 35.95, and 49.46° and the free energy, enthalpy, and entropy of

solution at 25° have been calculated.

The free energies and enthalpies of formation and absolute entropies
for gaseous hydrazoic acid, aqueous hydrazoic acid, and the aqueous azide ion have also been calculated.

The

results for hydrazoic acid together with other measurements indicate that the structure of the cavity around
strong hydrogen bonding solutes is different from the structure around non-polar solutes and involves hydrogen

bonds between the solute and the water molecules.

Introduction

Except for the calorimetric determination of the heat
of solution by Gunther, &t al .1 there are no thermo-

1) P. Gunther, P. Mayer, and F. Muller-Skjoki, Z. phf/sik. Chem., A175,
154 (1935).

dynamic data on the reaction of gaseous hydrazoic
acid with water to form a solution. The thermody-
namics of this reaction are of interest for two reasons.
First, these measurements, together with certain other
known thermodynamic values, allow the calculation of



143«

the free energy and enthalpy of hydrazoic acid gas and
the free energy and entropy of aqueous hydrazoic acid
and the azide ion. Second, solutions of non-electro-
lytes in water show some unusual characteristics. In
the case of the inert gases the model of Eley2 seems to
predict the behavior fairly well.  Franks has shown that
the polar gases obey a Barklay-Butler correlation that
is quite different from the correlation for the non-polar
gases. Powellshas shown that the entropies of solu-
tion of gaseous non-electrolytes in water are much lower
than, the entropies of solution in benzene. However,
some polar molecules (HF,6 HCN, H:S, H:Se§ have
entropies which are higher than the predictions of
Powell’s correlation while other polar molecules (NH3
and H20) obey Powell’s correlation. In trying to find
an explanation for this anomalous behavior it became
evident that more data on the entropies of solution of
polar gases in water would be useful.

Experimental

A. Preparation of HN3 Solution.—A 22% solution of reagent
sulfuric acid was slowly added to a boiling 14% reagent sodium
azide solution in a 500-cc. flask fitted with a 6-in. Vigreux
column. The hydrazoic acid solution coming over was collected
in glass and stored in the dark. It was found that preparations
of the hydrazoic acid solution7 without the Vigreux column con-
tained small amounts of sulfuric acid probably due to local distil-
lation or physical entrainment in the distillate vapors.

B. Vapor Pressure Measurements.-—The vapor pressure
measuring apparatus consisted of a 145.8-ml. flask fitted with a
dropping funnel, an outlet for evacuating the flask, and a short
oil manometer which was connected by way of a pressure reser-
voir to the main mercury manometer. All connections were
made with ground glass joints. At 0° only the vapor pressure
chamber was thermostated, but at all other temperatures the
whole vapor-containing system was thermostated. The small
oil manometer was used because it allowed the vapor-containing
system to be compact and separated from the rest of the system
which was, of course, too large to be conveniently thermostated.
The pressure of the mercury manometer was kept equal to the
pressure in the system by adjusting both arms of the oil manom-
eter to the same height. This was easily done by leaking air
into the pressure reservoir through a fine thermometer capillary.
The oil levels were adjusted to within 1 mm. of each other. The
over-all pressure measurements were accurate to within * 0.2
mm.

A sample of the prepared hydrazoic acid solution was diluted
and introduced into the vapor pressure chamber. The sample
was degassed by repeated freezing, chamber evacuation, and
thawing at reduced pressures. It was found that water could be
degassed to less than 0.1 mm. pressure of residual gases by simply
freezing at —80°, pumping, thawing under the reduced pressure,
refreezing, and pumping down again. On this basis it was de-
cided to repeat this procedure at least three times for each sample
of hydrazoic acid solution to ensure degassing to at least the
detectable limit of 0.1 mm. pressure.

The vapor pressures were measured at several temperatures
after the system reached complete equilibrium. It took about
120 to 150 min. for the pressure readings to reach their final
values. In order to ensure complete equilibration the final
pressure readings were taken 30 to 60 min. after the pressure
stopped changing. The whole procedure generally consumed 3
to 4 hr. Temperatures were measured with a thermometer
calibrated at the ice point and the transition point of sodium
sulfate decahydrate (32.38°).

(2) D. D. Eley, Trans. Faraday Soc., 36, 1281 (1939); D. N. Glew,
J. Phys. Chem., 66, 605 (1962).

(3) H. S. Frank and M. W. Evans, J. Chem. Phys., 13, 507 (1945).

(4) R. E. Powell, J. Phys. Chem., 68, 528 (1954).

(5) The entropy of solution of HF was calculated from the data of J. C.
Rrosheer, F. A. Lenfesty, and K. L. Elmore, hid. Eng. Chem., 39, 423
(1947).

(6) F. D. Rossini, et al.. National Bureau of Standards Circular 500,
“ Selected Values of Chemical Thermodynamic Properties,” U. S. Government
Printing Office, Washington, D. C., 1952.

(7) L. F. Audrieth and C. F. Gibbs, Inorg. Syn., 1, 77 (1939);
Kemp. C'iem. Edur... 37, 142 (1960).
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C. Analysis of HN3.—The total hydrazoic acid in the chamber
(gas and solution) was analyzed by adding an excess of standard
sodium hydroxide solution to the system while under reduced
pressure by means of a dropping funnel fitted to the chamber.
About 5 min. was allowed for the hydrazoic acid vapor to diffuse
back into the solution and be neutralized. The solution was
then brought to atmospheric pressure and back titrated with
standard sulfuric acid. As a duplicate check the resulting solu-
tion was analyzed for azide ion by precipitating and filtering
silver azide, dissolving the washed precipitate in ceric am-
monium sulfate solution, and precipitating silver chloride.
The two results checked to within experimental accuracy which
was +1 mg. of HN3.

The partial pressure of the hydrazoic acid was calculated by
subtracting the water vapor pressure from the total pressure.
The water vapor pressure was corrected for the vapor pressure
lowering of the solution. The vapor pressure lowering of the
solution was quite small and, therefore, any deviation from ideal
behavior contributes negligible errors to the calculation. The
amount of hydrazoic acid in the gas phase was calculated from
the pressure and volume of the vapor. The molality of the solu-
tion was calculated from the difference between the total hydra-
zoic acid and the acid in the gas phase and was corrected for the
dissociation of the acid using the ionization constant, K = 1.91
X 10-6, reported by Yui.8 Other values of the ionization con-
stant have been reportedObut the accuracy does not seem to be
as good.

Results

In Table I, the measured pressures and concentra-
tions are tabulated along with the calculated free
energies for the solution reaction. The free energies
extrapolated to infinite dilution for each temperature
are also shown in Table I. The error limits are a
rough estimate of twice the standard deviation. An
accurate error analysis was not carried out because of
the possibility of systematic errors which are as large
as the random errors. The free energies of Table |
yielded the equation

log if = -12.6173 + 2.6657 log T + 2116" Db

when using the method of least squares with appropriate
weighing factors. The choice of equation is quite
arbitrary. This equation was chosen because Valen-
tinerio has shown that it represents solubility data very
accurately. The data were not sufficiently accurate to
evaluate any higher terms which would allow for
changes in_heat capacity with temperature. The free
energy (AF = —1.47 + 0.03 kcal./mole), enthalpy
(AH = —810 + 0.3 kcal./mole), and entropy (AS
= —223 + 1.1 cal./mole-deg.) of solution at 25° were
calculated from the equation.

The results of the recalculation of the thermodynamic
properties of hydrazoic acid and the azide ion are given
in Table Il. These values were calculated from the
heat of formation (65.53 kcal./mole) and heat of neu-
tralization 3.60 kcal./mole) of the aqueous azide ion
given by Gray and Waddington,i: the entropy of
gaseous hydrazoic acid (57.083 cal./mole deg.) given
by Dows and Pimentel,12 and the ionization constant of
the acid given by Yui.s

(8) N. Yui, Bull. Inst. Phys. Chem. Res. (Tokyo), 20, 390 (1941).

(9) A. Hantzsch, Ber., 32, 3066 (1899); C. A. West, J. Chem. Soc., 77,
705 (1900); E. Oliveri-Mandala, Gazzetta, 46, 298 (1916); W. S. Hughes,
J. Chem. Soc., 491 (1928); H. T. S. Britton and R. A. Robinson, Trans.
Faraday Soc., 28, 531 (1932).

(10) S. Valentiner, z. Physik, 42, 253 (1927).

(11) P. Gray and T. C. Waddington, Proc. Roy. Soc. (London), A235, 106
(1956).

(12) D. A. Dows and G. C. Pimentel, .7. Chem. Phys., 23, 1258 (1955).
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Tabite |
Results op Solubility Measurements
Temp., +hn,,“
°C. ChNs moles/kg. mm. Ar o (soin.), kcal./molel
0.00 1.807 33.3 -2.02 + 0.02
9473 16.8 -2.04 + .02
.3964 7.0 -2.04 + .02
.1023 1.8 -2.04 = .07
0 (extrapolated) -2.05 % .05
24.42 1.651 101.0 -1.490 £ 0.013
0.9020 55.6 -1.485 =+ .009
.3922 24.5 -1.479 = .007
.1019 6.3 -1.484 =+ .018
0 (extrapolated) -1.47 + .03
35.95 1.541 153.1 -1.250 .013
0.8675 87.2 -1.243 + .009
.3893 40.1 -1.227 * .006
.1013 10.9 -1.203 =+ .015
0 (extrapolated) -1.20 # .02
49.46 1.397 228.8 -0.982 + .02
0.8187 134.8 - .981 =+ .009
.3848 64.9 - .965 dh .005
.1008 17.7 - .939 .011
0 (extrapolated) - .94 + .01

“patii = p total — (P°HD — Ap) where Ap is the vapor pres-
sure lowering of water and j>°HD is the vapor pressure of pure
water. bAF° is the standard partial molal free energy change.
The standard states are 1 atm. for the gas and the hypothetical 1
molal concentration for the solution.

Tabte Il

Heat, Free Energy, and Entropy op Formation of

Hydrazoic A cid

AFf°, AAfO,
kcal./mole kcal./mole S, e.u. ASF, e.u.
H N 3(g) 78.3 70.0 57.08 S27.17
HN3(ag., 1 m) 76.8 61.93 34.8 -49.5
N3~ (ag., 1 to) 83.2 65.53 25.4 -58.9
Discussion

Gunther’s values for the enthalpy of solution: varied
from —9.73 kcal./mole at a dilution of 0.16 molal to
—8.48 kcal./mole at 0.68 molal. These measurements
give a heat of dilution of 1.25 kcal./mole from the
highest to the lowest concentration. This value is an
order of magnitude higher than the usual values for the
heat of dilution of a non-electrolyte.i3

Gray and Waddington estimated the entropy of
solution of hydrazoic acid from a knowledge of the
entropy of vaporization of liquid hydrazoic acid and an
estimate of the entropy of mixing the liquid with water.
Their estimate, 25.83 e.u., is close to the present result
(22.3e.u.).

On a Barklay-Butler plot (heat VS. entropy of vapor-
ization) aqueous solutions of the non-polar gases have a
much higher entropy of vaporization for a given heat of
vaporization than solutions in non-polar solvents.s
Hydrazoic acid and the other polar gases in water fall
fairly close to a straight line which lies between the two
extremes for the non-polar gases in water and in non-
polar solvents.

A comparison of the change in heat capacities (AC/)
for solution of a series of gases is instructive. In Table
111 the change in heat capacity using Eley’s model2
is given for those cases where the partial molal volume
of the solute is known. From Table |11 it is clear that
the change in heat capacity for the non-polar gases is

(13) See, for instance, the heats of dilution of agueous ammonia, acetic
acid, and ethanol, ref. 6
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generally smaller but fairly close to the value predicted
by Eley. For the polar gases the experimental values
are markedly lower than the predicted values, in fact,
for those polar gases which form strong hydrogen bonds
(e.g., CHs30H, H20, HN3 HF, HCN), agreement is
quite poor and the experimental values are very low.
The temperature dependence for the heat of solution
calculated according to Eley’s model arises from the
large change with temperature of the energy required to
form a cavity. The results suggest that as the ability
to form hydrogen bonds with water increases, the
mechanism of solution changes to one which uses hy-
drogen bonds between the water and solute. This isin
contrast to the simple cavity model where the water is
restricted to bonding to itself and distorts to form a net-
work surrounding the gas cavity.

Tabite Il
Change in Heat Capacity on Solution op Several Gases in
W ater
ACP (soln.),6 cal./mole deg.

Gas V,aml. Eley model Experimental
A 38 + 8i,!
CH/ 35.6 57.8 55+ 5
Cco 36' 64 41 = 3¢
h?2 267 46 26 + 3M
GH/ 51.2° 75 66 + 6*'1
ch3F 35.9'"* + 0.4 69 35 £ I'
ch&i 46.2h+ 0.5 82 43 = |'
CH3r 53.0*+ 0.8 91 44 + 11
CHJ 63.7h+ 0.2 115 86 + F
CHjOH 38. O* 69 28 + 1!
N2 33 + 5mJ
H2Se 0+ 25"
H2S 36 = 10°"
h 2 18 32 10.0P
hn3 5+ 10
HF 0 + 53
HCN 0 + 15r
Partial molal volumes. 6AC, = [AH soin. (35°) - A

soln. (15°)]/20°. Thus ACPis the average change in heat ca-
pacity between 15 and 35°. c All methane data from D. N.
Glew, J. Phys. Chem., 66, 605 (1962). d ACP calculated for
the range 20 to 35°. eThe limits of error are very rough esti-
mates of the accuracy of the determination of AC,. f I. Khritch-
evsky and A. llinskaya, Acta Physicochim. URSS, 20, 327
(1945). gW. L. Masterson, J. Chem. Phys., 22, 1830 (1954).
hH. G. Holland and E. A. Moelwyn-Hughes, Trans. Faraday
Soc., 52, 297 (1956). *T. J. Morrison and N. B. Johnstone,
J. Chem. Soc., 3441 (1954). 31.. W. Winkler, Ber., 34, 1408
(1901). kT. J. Morrison and F. Billett, J. Chem. Soc.., 3819
(1952). 1D. N. Glew and E. A. Moelwyn-Hughes, Discussions
Faraday Soc., 15, 150 (1953). mA. E. Markham and K. E.
Kobe, 3. Am. Chem. Soc., 63, 449 (1941). 7A. J. McAmis and
W. A. Felsing, ibid., 47, 2633 (1925). OR. H. Wright and O.
Maass, Can. J.Res., 6, 94 (1932). pSeeref. 6. sJ.C. Brosheer,
F. A. Lenfesty, and K. L. Elmore, Irul. Eng. Chem., 39, 423
(1947). TJ. Horuichi and K. Tanabe, J. Res. Inst. Catalysis,
U. Hokkaido, 1, 117 (1951).

A similar conclusionwas reached by Frank and Wen, 14
who inferred from the entropies of vaporization of
ammonia and methanol from aqueous solutions that,
“hydrogen bonding solutes, or groups like NIl2 or
-OH, do not alter the water structure much if at all.”
In the case of the non-polar substances in water Frank
and collaboratorssi4a have shown that a large degree of
order (ice-likeness) is induced in the water around a
non-polar solute. Claussen and Polglaseis proposed

(14) H. S. Frank and W. Wen, Discussions Faraday Soc., 24, 133 (1957).

(15) W. F. Claussen and M. F. Polglase, 3. Am. Chem. Soc., 74, 4817
(1952).
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that the extra order is due to the formation around the
solute of cages which are similar to the cages observed
in the non-polar gas hydrates.

Another line of evidence that leads to the conclusion
that the hydrogen bonding, solutes have a different
effect on the structure of water is furnished by the fact
that the hydrogen halides and ammonia do not form
clathrate-type gas hydrates. Instead only the stoichio-
metric one, two, or three hydrates are formed.is17
It is interesting to note that hydrogen sulfide forms a
clathrate type hydrates and also has a high change in

(16) J. Il. van tier Waals and J. C. Platteeuw, “Advances in Chemical
Physics,” Vol. 11, Interscience Publishers, New York, N. Y., 1959, p. 4.

(17) J. W. Mellor, “A Comprehensive Treatise on Inorganic and Theo-
retical Chemistry,” Longmans, Green and Co., London. 1922.
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heat capacity (Table Il1). The position of hydrogen
selenide is apparently anomalous since it is less polar
than hydrogen sulfide, forms a clathrate type gas hy-
drate,1s and yet has a very low change in heat capacity
between 15 and 35°. This apparent anomaly will
probably disappear when more accurate data become
available.

In summary, the evidence indicates that for hydrogen
bonding solutes only a minimum distortion in the
structure of the water occurs and that the solute is
hydrogen bonded to the water. However, the non-
polar solutes act to promote in the surrounding water a
more ordered (ice-like) structure in which the water is
hydrogen bonded to itself.

(18) M. V. Stackelberg and H. R. Muller, Z. Electrochem., 58, 25 (1954).
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The electron spin resonance of Cr(l11) solutions in nitric and perchloric acids was studied in the range of acid
concentration of about 10-5 to 22 M. In the pH range of 0 to 3 the spin intensity of the resonance is constant
and maximum; its absolute value corresponds to about three spins per Cr(l11), and the resonance is attributed
to the hexaaquo complex, Cr(HD)6+3. At higher pH values the spin intensity decreased to as little as 17%
of its maximum value as a result of hydrolysis of the hexaaquo complex and formation of a polynuclear complex.
Evidence that a dinuclear species is formed in weak acid solutions is provided by the low spin intensity observed
for the dinuclear Cr(l11) complex prepared by oxygen oxidation of Cr(ll), and also by the similar slow rate of
increase of spin intensity resulting from dissociation of the complex when these solutions are made strongly acid.
Further evidence is provided by the abrupt decrease of spin intensity which occurs upon addition of concen-
trated alkali. The spin intensity of Cr(l11) in concentrated nitric acid decreased to less than one-half of its
maximum value; in concentrated perchloric acid the intensity decreased less. The possibility that inner-
coordinated Cr(l11) nitrate or perchlorate complexes account for the decrease of spin intensity is ruled out by
experiments in which liigh concentrations of Mg(C104)?2 and Ca(N032were added. The optical spectra of the
strong nitric acid solutions suggest that a dinuclear species is present to account for the decrease of spin intensity.

Evidence of outer-sphere complex formation is.'provided by line width measurements.

The relaxation mecha-

nisms which account for the observed line widths are discussed.

Introduction

Electron spin resonance (e.s.r.) measurements of
aqueous solutions of chromic ions, Cr(l11), have been
included as part of studies of transition metal ions in
solution.1-4  The principal emphasis in these studies
has been on the dependence of the line width of the
resonance on such parameters as type of ligand, con-
centration, and temperature, and on comparison with
the resonance of the solid.

We observed a strong dependence of the observable
spin intensity upon the acid concentration of solution
of Cr(l1l) nitrate and perchlorate, and this dependence
was studied in terms of various possible complexes.

Experimental

The e.s.r. spectra of various solutions at 15-20° were measured
in a 0.5-ram. i.d. quartz capillary with a Varian V-4502 X-band
spectrometer with a multipurpose cavity whose Q is approximately
7000, and employing 100-fec. field modulation and a modulation
amplitude of about 7 gauss. The e.s.r. spectrum was taken the
same day the solution was prepared, except where noted. The

(1) R. G. Hayes, Lawrence Radiation Laboratory Report UCRL-9873,
Sept. 29, 1961.

(2) B. R. McGarvey, J. Phys. Chem., 61, 1232 (1957).

(3) V. L. Avvakumov, N. S:-Garifyanov, B. M. Kozyrev, and P. G. Tish-
kov, Soviet Phys., JETP, 37, 1110 (1960).

(4) L. S. Singer, J. Chem. Phys., 23, 379 (1955).

absolute spin intensity of a solution was determined by compari-
son with a sample of 0.1% pitch in KC1 (Varian Associates) of
known spin intensity <t20% ) with the appropriate filling-factor
correction applied.

Solutions of chromic nitrate of various acid concentration were
prepared by dissolving Cr(N03s-9HD in aqueous solutions of
nitric acid of preadjusted concentration of 21.6 to 10~3M, and
NaOH was added to obtain less acidic solutions. A set of solu-
tions of chromic perchlorate in HCIO, was prepared in similar
fashion. The pH of solutions containing less than 1 M acid was
determined with a pH meter, a suitable glass electrode, and a
salt bridge for HC1Q, solutions. Solutions which are believed
to contain Cr(l11) predominantly as the hexaaquo complex,
Cr(H2)6+3, were provided in three ways: (1) by H2D 2reduction
of Cr03in 10 M HC104 (2) by dissolving in 1 M HCICh the
crystals of Cr(C104)3crystallized from (1); and (3) the first frac-
tion of chromic perchlorate eluted from a cation-exchange resin.6

A solution which contained predominantly the Cr(lll) di-
nuclear species was obtained by zinc reduction of 0.04 M chromic
perchlorate in 0.5 M HC104or by electrolytic reduction at a
mercury cathode, followed by oxidation with oxygen. The ab-
sorption spectra of these solutions measured with a Cary spectro-
photometer (Model 14) were in agreement with those reported
for the dimeric species.67

Mg(C104)26HD and Ca(N03)26H2D were used for the studies
of ionic strength. All chemicals (Baker) were of reagent grade.

(5) A. L. Phipps and R. A. Plane, ./. Am. Chem. Soc., 79, 2458 (1957).
(6) J. A. Laswick and R. A. Plane, ibid., 81, 3564 (1959).
(7) M. Aidon and Q. Stein, J. Chem. Sor., 2095 (1956).
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Results

The results of the dependence of 2 , the spin intensity
of the Cr(lll) resonance, upon the concentration of
HNOs and HCIOs and upon the concentration of
NaOH solution used to reduce acidity are listed in
Table I. The value of the 2 of Cr(ll1l) was calculated
mainly by the product 7(Ah)=—where | is the peak-peak
height of the derivative curve and Ah is the line width
in gauss between derivative peaks—and also calculated
by the first moment of the derivative curves. The
results of these methods were consistent within =+ 10 %.
The values of spin intensity were corrected for the
gain setting of the e.s.r. spectrometer and for the Cr(l11)
concentration, which was in the range of 0.01 to 0.04 M.
A solution marked in the table by an asterisk was ad-
justed successively to the next lower acid concentration
with a given solution of NaOH. The maximum ob-
served spin intensity of Cr(l111) solutions was arbitrarily
set at 2 = 100; the resonance absorption of such a
solution was found in preliminary work to be about
three unpaired spins per Cr(l11), by comparison of
first moments with that of the pitch sample. The
experimental error of 2 is within +10%, and that of
AR less than +5%. Within these errors, the sensitivity
of the e.s.r. spectrometer was unaffected by the acidity
of the solutions in the capillary.

Table |
E ffect of Acid Concentration on Spin Intensity 2 and Line
W idth Ah of Cr(l11)°

------------- Cr(NO.)i + HNOj-—-e—.  Cr(C10i)3+ HC10(
j ye

o
—log -M NaOH"*— Ah M NaOH™ Ah
[acici ] & 0.05 2 10 (gauss) 0.0 0.5 (gauss)
- 1.33  38(2) 310
- 120 72(3) 195
-1.07 78 165
-1.03 88
-1.00  79(3) 160  85(3) 115
-0.83 752 165 93
- .65 79 145
50 89(2) 140 85(3) 115
35 83 140 90
.00 100(3) * 140  97(2) 130
25 78 155 100
50  97(2) 57 155  100(2) 140
1.00  100(2) 45 155 95(2) 140
2.00 100 96 34 155 100(2) 145
2.60 97 * 150 97
3.00 97 100 74 24 155 96 93 150
3.40 95 160
4.00 76 60 170 66 150
4.50 41 41 155
4.75 40 170 35 150
4.9 17 17 180

“ Concentration in range 0.01 to 0.04 M. 1 Molar acid concen-
tration, [acid]; pH measured at [acid] < 0. 'Values of 2
normalized to maximum observed value, arbitrarily set at 100;
values in parentheses are number of results averaged (in excess
of one). dConcentration of NaOH used to raise pH.

The results for the Cr(111)-HNOs system— studied
in greater detail than Cr(l11)-HCi04 because HNOs
could be obtained in higher concentration than HC104—
are plotted in Fig. 1. The solid points represent data
obtained for solutions prepared by dissolving Cr(No 33
of preadjusted HNOs concentration; the open points
represent data obtained when aqueous NaOH was
added to decrease the acidity of a given Cr(l11) nitrate

Electron Spin Resonance of Cr(ll1l1) Complexes in Aqueous Solution
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1

a-

) 0 2
-LOG [ACID],

Fig. 1.—Spin intensity, 2, of 0.04 M Cr(N033in HNOs as a
function of acid molarity and with Ca(N032 added to make
ionic strength 10. Different sets of data are indicated by dif-
ferent symbols, and the open points indicate solutions to which
NaOH had been added to raise pH.

IR
o

solution. The value of spin intensity dropped abruptly
when 10 M NaOH was added to reduce acidity (tri-
angular points). The decrease of spin intensity oc-
curred less abruptly when weaker alkali was added to
less acidic solutions (square points for 2 M NaOH and
circular points for 0.05 M NaOH). Chromic hydroxide
precipitated locally when concentrated alkali wes
added, but the precipitate did not persist. At pH
values greater than 4.75, the e.s.r. parameters became
dependent upon the history of the solution, and data
at pH 4.9 are included in Table I and Fig. 1 to indicate
possible values of the parameters.

The decrease of spin intensity resulting from the
addition of alkali occurred very rapidly. Even the
largest changes occurred within 3 min., the time re-
guired to make the measurements. The spin intensity
then increased slightly over a period of days as the pH
was observed to decrease slightly, presumably as a
result of polynucleation. Upon addition of concen-
trated acid to weak acid solutions the spin intensity
increased slowly. For example, when a solution which
was originally adjusted to a pH of about 4.8 was acidi-
fied with 10 M HNOs to pH 1, the value of 2 increased
in three days from 30 to 48. About the same rate of
increase of the spin intensity was observed for the
dinuclear species (prepared by oxygen oxidation of
Cr(I1)) at about pH 1. In order to account for the
decrease of spin intensity which occurred when the
acid concentration was less than 1 M, two complexes
which may contribute to the observed effect were pre-
pared and their e.s.r. spectra measured. In the range
1to 10 1M acid, the predominant Cr(l11) species is
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100 gauss

Fig. 2.—First derivative of resonance Cr(H20)6+3 (curve A)
and dinuclear species (curve B). For the same Cr(l11) concen-
tration a factor of 10 greater gain was necessary for curve B.

-LOG [ACID],

Fig. 3.—Effect of acid concentration and addition of salts on
the line width Ah for solutions of Cr(N03)3in HNO3 with and
without Ca(NOa)2 and of Cr(C104)3in HC104and with and without
Mg(C104)2. Salt concentrations were adjusted to maintain ionic
strength of solution at 10, assuming complete acid dissociation.

probably the hexaaquo complex ion, Cr(H20)6+3
The es.r. of each of three solutions in which this
complex is believed to predominate (see Experimental)
contained a resonance with 2 = 100 and Al = 140
to 150 gauss, which are also the same values as those
observed for Cr(l11) solutions in the 1 to 10-3 M acid
range (Table I).

Among the possible hydrolysis products of Cr(H20)6+3
is a dinuclear complex. The e.s.r. of a solution con-
taining a dinuclear complex, prepared by reaction of
Cr(Il) perchlorate with oxygen and measured within
2 hr. of preparation, consisted of two observable reso-
nances: one with Ah = 140 gauss and 2 = 7, and the
other with ~ 700 gauss and 2 ~ s, both at about
the same «/-value (2.00). The first derivative curve
of this absorption line is compared in Fig. 2 with that
of the hexaaquo Cr(l1l) (different vertical scales).
Upon storage of this solution at room temperature, the
spin intensity of the 140-gauss line increased while
that of the 700-gauss line decreased. After about 20
days the values of 2 and of the resulting resonance
resembled those of Cr(H20)6+3.

It seemed that the weak resonance (line width of
140-150 gauss), which was observed for the solutions
of small acid concentration and for the solution con-
taining the dinuclear species, was due to the presence
of a small amount of Cr(H20)6+3 However, Cr(H20)6+3
could not be recovered from these solutions by cation
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exchange (Dowex 50W-12X eluted with 0.1 M Ilan-
thanum perchlorate in1 M HC104.

A series of measurements was made in order to
evaluate whether the decreased spin intensity which
occurred when the acid concentration exceeded 1 M
was due to increased ionic strength, to complex forma-
tion involving nitrate or perchlorate ions, or to un-
dissociated acids. Solutions of 0.04 M chromic nitrate
were prepared with Mg(C1042 in 1ICIOt and Ca(NOs3)2
in HNOs in the acid range 3.3 to 10-3 M, so that ionic
strengthswas 10, equivalent to that at 10 M acid assum-
ing complete acid dissociation. The results of the
determinations of 2 for Ca(NO3:2 are presented in Fig.
1 by the “X” points. With the addition of Ca(NO3:
to the most concentrated acid solution the [NO3 ] =
7.7 M, assuming complete dissociation of HNO3 No
significant decrease of 2 was produced by addition of
these salts. When the nitrate ion concentration was
further increased by addition of 10 M Ca(NO32 to a
solution of 0.04 M~ cr(111) nitrate in 1 M HNO3 no
significant change in spin intensity occurred; the re-
sults of line width measurements are plotted in Fig. 3
for the HC104 and HNOs solutions. No change in the
e.s.r. properties over a period of three months could be
detected for these solutions.

The possibility was considered that the reduction
of spin intensity of concentrated nitric acid solutions
was due to oxidation of Cr(I11). However, no oxidized
species were found in these solutions by adding a known
amount of ferrous sulfate and titrating with permanga-
nate. The effect of the NO2 impurity in 15 VM HNOson
spin intensity was determined by comparison of the
e.s.r. of Cr(lll) nitrate in colorless nitric acid and in
deeply orange nitric acid, and the spin intensities were
found not to be significantly different.

The optical absorption spectra of Cr(l11) solutions
were measured in order to determine whether the spe-
cies present in concentrated acid solution could be
identified. For the two visible bands centered approxi-
mately at 4150 and 5800 A., the data on wave length
of the peaks and molar extinction coefficients, e are
listed in Table 11 for nitric and perchloric acid solutions.
The spectral data reporteds for Cr(H20)e+3 and the
dinuclear species are also included for comparison.

Table Il

Effect of Acid Concentration on Spectrum of Cr(lll) in
HC104 and HNO3 Solutions

P —— 4100 band--—--- - e 55C)0 band-------- .
—log X €1 X Cl-
[acid] (A)  emu mole-1) (A) em._1 mole-1)
HC104 -1.0 4100 15.5 5800 13.1
0 4070 15.5 5750 12.8
2 4060 15.5 5780 12.8
3 4070 16.8 5780 13.1
4 4120 19.8 5800 14.5
4.75 4150 23 5800 16.8
HNO3 -1.33 Cut-off 5825 24.7
- 1.2 4110 19.5 5760 17.6
0.65 4050 15.1 5730 12.8
Dinuclear* 4180 22 5820 18.9
Cr(H20)6+3“ 4080 15.6 5740 13.4
“ Reference 6.
Discussion

The hexaaquo chromic complex, Cr(H20)e+3, is as-

(8) lonic strength computed from expression, ij = 1/zZChm2
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sumed to be the species in solution in the pH range O to
3 which gives rise to the maximum observed spin
intensity of 2 = 100 (Fig. :). The line width of this
resonance, 150 gauss, is in agreement with that reported
by Hayes.: The value of 210 gauss found by Mec-
Garvey: for solutions of KCr(S042 may be higher be-
cause he studied higher concentrations of Cr(lll).
Also, we have found that the line width of Cr(lll) is
greater for the sulfate thau for the nitrate or perchlo-
rate.

The reduction of spin intensity which occurred at
pH values greater than 3 when 0.05 M alkali was used
to adjust pH suggests an equilibrium with a pK of
about 4. This is also the value for the first acid
hydrolysis of Cr(H20)6+3 and therefore it is reasonable
to assume that the reduction of spin intensity results
from the hydrolysis. Among the hydrolysis products
which may be present are the species Cr(H20)BDH +2,
Cr(H20)4(0H)2+., and dinuclear or polynuclear species
including olated or oxolated complexes. The complexes
Cr(H20)®H+2 and Cr(H20)4(OH)2+1 do not account
for the observed decrease in spin intensity because they
react rapidly with acid,e and the sphi intensity in-
creased very slowly when acid was added to a solution
at pH 4.75.  On the other hand, these complexes may
contribute to the observed resonance.

There is strong evidence that a dinuclear or poly-
nuclear species is responsible for the decreased spin
intensity observed in weakly acidic solutions or when
concentrated alkali was added to Cr(l1l) solutions.
The low spin intensity (2 = 7) of solutions containing
predominantly dinuclear species, prepared by reaction
of oxygen and Cr(ll), supports this view. Also the
optical spectrum of a Cr(lll) perchlorate solution at
pH 4.75 strongly resembled that of the dinuclear
species (Table II). Furthermore, upon storage at
20° an approximately equal rate of increase of spin
intensity of the 140 gauss line was observed for the
dinuclear solution (at pH 1) and for the Cr(l1l) solu-
tion at pH 4.75 made acid to pH 1; this rate is very
slow as reported for the dissociation of the dinuclear
complex.7 Finally, the abrupt decrease of spin in-
tensity which occurred upon addition of concentrated
alkali (Fig. 1) is also attributed xo a nucleation process
which may be expected to proceed more rapidly at
higher values of pH and temperature, conditions which
prevail locally upon addition of the alkali. The
properties of such solutions have been shown to depend
upon the method of addition of alkali.1o

Several different types of polynuclear Cr(lll)
species have been postulatedereii and the es.r.
results also suggest the existence of more than one
type. For example, two such species may be inferred
from the e.s.r. of the solution of the dinuclear complex
prepared by reaction between 02 and Cr(ll) (Fig. 2).
First, the narrow line where = l40gaussand 2 = 7
is probably due to Cr(H20)s+3 which was incompletely
converted during the oxidation-reduction reaction or
which resulted from dissociation upon storage. One
polynuclear species is believed responsible for the
“missing” spin intensity, 2 ~ 85, and the missing
spin intensity is due either to a very broad (and hence
undetectable) resonance or to a complex in which spin

(9) M. Ardon and R. A. Plane, J. Am. Ckem. Soc., 81, 3197 (1959).
(10) H. W. Kohlschutter, Angew. Chem., 49, 865 (1936).
(11) H. T. Hall and H. Eyring, J. Am. Chem. Soc., 72, 782 (1950).
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pairing has occurred. Another polynuclear species is
probably responsible for the observed broad resonance
of A = 700 gaussand 2 ~ s.

The es.r. measurements further suggest that the
type of polynuclear species depends upon their mode of
preparation. The species responsible for the low spin
intensity upon addition of alkali to a Cr(lll1) solution
evidently forms within minutes at room temperature.
In contrast, the polynuclear species previously studied
are formed in appreciable amount only after long aging
or boiling the solution for at least 10 min. and fre-
qguently for many hourss7-91: Application of es.r.
may be useful to identify the various possible types of
polynuclear species.

The decreased spin intensity which occurs in the
concentrated acid solutions is not due to an ionic
strength effect or to an inner complex with nitrate or
perchlorate ions, because the addition of large quantities
of Mg(C1042 or Ca(NOs2 did not decrease the spin
intensity. Furthermore, there is no evidence for the
existence of complexes containing coordinated nitrate. it
It was also shown that the effect was not a result of
impurities in nitric acid, or to reduction in the con-
centration of Cr(l1l1) by nitric acid oxidation. The
decrease in spin intensity seems to correlate with the
concentration of undissociated acid.

The results of the optical spectra suggest that a
dinuclear species is formed in the strong acid solutions
(Table 11). Polynucleation, which results in formation
of a molecule of water and a proton for each ol-type
bridge, will occur in solutions of concentrated un-
dissociated acid if the reaction between the undis-
sociated acid and water is favored over the reaction
which reverses polynucleation due to sufficiently high
activities of protons and water. This explanation,
similar to that forwarded by Hall and Eyringu to
explain the greater facility for oxygen bridge formation
of Cr(l11) in the presence of ethanol, would account for
the greater effect on spin intensity of nitric acid which,
at a given concentration, is much less dissociated than
perchloric acid.i2 A non-specific solvent effect may
contribute to our observed change of extinction co-
efficient, but probably would not account for the
wave length shift since a shift had not been observed
previouslyis nor would it explain the pronounced
decrease of spin intensity.

To the extent that spin pairing occurs the results of
the reduction of spin intensity can be accounted for.
In this connection Mulayi4 observed that the magnetic
moment of Cr(l1l) in chromic perchlorate solutions
corresponds to the theoretical value (spin-only) up to
pH 3 and at higher pH values decreases about 15%,
which corresponds to a pairing of less than one spin
per Cr(I11). However, Mulay reportsis no significant
difference between the magnetic susceptibility of
Cr(H20)6+3 and the dinuclear species (prepared accord-
ing to Ardon and Plane9, which argues against the
presence of this type of dinuclear species in his solutions

(12) O. Redlich, E. K. Holt, and J. Bigeleisen, ibid., 66, 13 (1944): O.
Redlich and J. Bigeleisen, ibid., 65, 1883 (1943): G. C. Hood, O. Redlich, and
C. A. Reilly, J. Chem. Phys., 22, 2067 (1954).

(13) E. L. King, M. J. M. Woods, and H. S. Gates, J. Am. Chem, Soc.,
80, 5015 (1958).

(14) L. N. Mulay, American Chemical Society, 140th National Meeting,
September 1961.

(15) L. N. Mulay, in “Advances in the Chemistry of the Coordination
Compounds,” S. Kirschner, The Macmillan Co., New York, N. Y., 1961, p.
532.
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at pH > 3for which he observed reduction of magnetic
moment. There appears to be a discrepancy between
Mulay’s observations and ours. We observe similar
e.s.r. properties for the dinuclear species and for the
species present in weakly acidic solutions, €.0., pH 4.75,
and differences are attributed principally to dissociation
of the latter upon aging. A comparison of the mag-
netic susceptibility and e.s.r. properties of these solu-
tions, taking into consideration possible changes upon
aging, will perhaps clarify the question of whether more
than one dinuclear species is involved.

It is unnecessary to postulate spin pairing for some
Cr(I11) complexes and we have observed no spin
resonance for aqueous solutions of Cr(l1l) acetate,
oxalate, and ethylenediaminetetraacetic acid in which
spin pairing probably does not occur. Two relaxation
processes may contribute to the substantial line
broadening and hence to the undetectability of the
resonance of the polynuclear Cr(l1l1) complex. The
first is due to the anisotropy of the ligand field, resulting
in zero-field splitting of the ground state, as discussed
by McGarvey.2 Also, Hayes: has attributed the
broad resonances in two Cr(111) complexes (unspecified)
to distortion of the octahedral configuration. A
second relaxation process may arise from orbital
interactions between the Cr(l11) ions Vld the oxygen
bridge. The latter mechanism has been proposed to
explain spin pairing in crystalline basic rhodo com-
plexes.ie17  The relative contributions of each of the
two relaxation processes will depend upon the molecular
configuration of the complex, the presence and number
of -ol and -oxo bridges affixed to a Cr(ll1) ion, and the
extent of polynucleation.

There is evidence of second coordination interaction
from the results of line width. For example, upon
increasing the concentration of nitric acid, the line
width passed through a minimum of about 140 gauss
and then increased to 310 gauss; for perchloric acid
solutions the line width decreased in the same acid
concentration as nitric acid but remained at a low
value of 115 gauss (Table | and Fig. 3). This behavior
is interpreted as evidence of a second coordination
interaction (outer-sphere) with the hexaaquo ion.
The anions NO3~ or C104~ present in these solutions
are believed to orient about the Cr(l1l) at positions
corresponding to the center of the faces of the octahe-
dron. As the anion concentration is increased, the
electric field about Cr(l11) due to this outer-sphere
coordination becomes more symmetrical and results in a

(16) A. Earnshaw and J. Lewis, J. Chem. Soc., 396 (1961).
(17) W. K. Wilmarth, H. Graff, and S. T. Gustin, 3. Am. Chem. Soc., 78,
2683 (1956).
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reduction in line width. However, as the nitric acid
concentration exceeds 3 M (—log [HNOs] = —0.5),
the line width of the observable resonance increases
because protons in solution tend to interact with the
outer-sphere coordinated NO3 to form undissociated
HNO3 This results in a fluctuation of the electric
field about the Cr(Ill) at a frequencyis approaching
the microwave frequency, and provides a relaxation
process adequate to broaden the line to 310 gauss.
In perchloric acid solutions the concentration of un-
dissociated HCIOs is not adequate to provide this
relaxation process; however, it is adequate to reduce
spin intensity slightly, presumably by formation of a
polynuclear complex.

The line width also depends upon the type of anion
associated with chromium in the salt used to prepare
the solutions. With solutions of pH > 0.5 and of
comparable Cr(I11) concentrations, the line width was
greater for NO3~than C104~ (Table I and Fig. 3), and
in preliminary work the line width was even greater
for S04-2 solutions, obtained from Gr2(S043-16HD.
Typical values of line width observed for 0.04 M
chromic salt solutions at pH 1 are 140, 155, and 180
gauss for C104~, NO3~ and SO042, respectively. This
broadening suggests a second coordination effect which
depends upon the electric field about Cr(lll) as af-
fected by the charge distribution on the anion.

Evidence of another type of second coordination
interaction appears from a preliminary study made of
the effect of non-paramagnetic salts on the line width
of Cr(l1l). The results (Fig. 3) show that for a given
molar concentration of the two salts, the line width was
increased significantly more by Ca(NOs:2 than by
Mg(C1042 The additional line broadening in the
presence of these salts is due principally to the effect of
the metal cation, since comparable concentrations of
NO3- and C104~ provided by the corresponding acids
did not provide such broad lines. The inechanism
of line broadening here is postulated to be due to ion-
pair formation between the cations Ca+2 and Mg-2
and the anions in the second coordination sphere.
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(18) M. Eigen, Discussions Faraday Soc., 17, 194 (1954).
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A semi-empirical theory based on ASMO-CI method is applied to the electronic structure of a- and /3-naphthol.

The calculated results are, on the whole, in satisfactory agreement with the experiment.

In spite of the absence

of D 2hsymmetry, the nature of the electronic spectrum of a-naphthol is well correlated with that of naphthalene.
The effect of substitution at the «-position of naphthalene causes a substantial red shift in the BAiband, and a

rather small shift in the BaJ- band.

On the other hand, in /3-naphthol the characteristics of the naphthalene

spectra are completely destroyed, because the configuration corresponding to naphthalene’s BAJband interacts
strongly with the configuration corresponding to the Bsu~band. Our calculation can also explain other molecular
properties, such as hydrogen bond forming power and dipole moments in the various electronic states.

Introduction

In a previous paper,2 a semi-empirical theory was
applied to the calculation of the electronic spectra and
electronic structure of phenol to study the effect of
substitution on the parent hydrocarbon. According
to the calculation, the polarizations of the excited
states of benzene are still preserved by the sub-
stitution of a hydroxyl group, accompanied with the
considerable change in the intensities and frequencies
of the electronic transitions. Our next interest is to
study the effect of substitution on the electronic struc-
ture of a more complicated molecule, such as naphtha-
lene.

In naphthalene derivatives, the effect of substitution
on the electronic spectra of naphthalene depends con-
siderably upon the position where the substituent is
attached to the molecules-z  The near-ultraviolet
spectra of naphthalene have three absorption maxima.s
The high frequency band in the region of 45,300 cm.-1
has the greatest intensity; the medium intensity band in
the 36,400 cm.-1 region is assigned to B2y and the weak-
est band near 32,200 cm.-1, to B3-,, The substitution
at the «-position of naphthalene causes a substantial red
shift in B2, band and a rather small shift in Bs,- band.
On the other hand, the substitution at the /3-position
leads apparently to slight blue shift in the former band
and a rather larger red shift in the latter. The band in-
tensities have a tendency to increase as band shifts to
the red.

Recently, a theoretical study has been made by Baba
and Suzukis to elucidate this interesting phenomenon.
The electronic spectra of a-naphthol were successfully
explained by their theory, but those of /3-naphthol were
still open to question. In this paper, a semi-empirical
calculation will be applied to the electronic spectra of
naphthols to make clear this problem. In addition,
some molecular properties, such as hydrogen bond
forming power and dipole moments in the various elec-
tronic states, of naphthols will be discussed.

The Calculation

In this paper the following approximations are used:
First, differential overlap is neglected.sio Second, the

(1) Presented in part at the Symposium on Electronic States in Molecules
held by the Chem. Soc. of Japan, Oct., 1961.

(2) K. Nishimoto and R. Fujishiro, Bull. Chem. Soc. Japan, 31, 1036
(1958).

(3) R. A. Friedel and M. Orchin, “Ultraviolet Spectra of Aromatic Com-
pounds,” John Wiley and Sons, New York, N. Y., 1951.

(4) D. M. Hercules and L. B. Rogers, Spectrochim. Acta, 393 (1959).

(5) H. Baba and S. Suzuki, Bull. Chem. Soc. Japan, 34, 82 (1961).

(6) C. J. P. Spruit, Rec. trav. chim., 68, 309 (1949).

(7) C. Daglish, J. Am. Chem. Soc., 72, 4859 (1950).

(8) American Petroleum Institute Research Project 44, Ultraviolet Spec-
tral Data, Serial No. 640, 654.

integrals over atomic orbitals (AO) are estimated by a
semi-empirical procedure. Finally, the core structures
of the naphthols are assumed as indicated in Fig. 1.
All nearest carbon-carbon distances are assumed to be
1.390 A., and the carbon-oxygen distance to be 1.460 A.
These values of interatomic distances are the same as
those used in the study of phenol.2

The procedure of calculation is as follows

(1) We set up Hiickel MO'’s, using the same param-
eters as those of phenol. The Hiickel MQ’s, are
expressed in the form

I =Yjcrsa ()

where #Mis the yuth 2 pr AO and is the coefficient
to be determined by variational procedure. A secular
equation of the eleventh degree must be solved.

() The configurational wave functions, XU are
built up as antisymmetrized products of these MO'’s.
The wave function and the corresponding energy for the
ground state are denoted by xo and HO; respectively.
The excited configuration which arises from the excita-
tion of an electron from an occupied orbital \p, to a
vacant orbital i/v is written as 1x;-k' or 3Xi-kK» where
the superscripts 1 and 3 are associated with singlet and
triplet, respectively.  The configurational energy
H ;& associated with Xi-K' is calculated by two methods
described in our previous papers. One (Method 1)
is given inref. 2. Another one (Method I1I) is found in
ref. 11. Electron repulsion integrals are calculated by
the methods proposed in our previous papers.2i2

(3) The electronic state functions, 'Fa’s, are repre-
sented by the linear combinations of configurational
wave functions

= Y daiXi )

where da, is a coefficient to be determined by the varia-
tion principle. In the present calculation, the excited
state functions are expressed by the linear combina-
tions of the four lowest singly excited configurations,
Xi—, X-2', Xxi-2', and Xxe-i'- We must therefore
solve a secular determinant of fourth degree, in which
the matrix elements have the form

it =f Xi-kHXi-i' 0> (3)
where H is the total Hamiltonian for the system.

(9) R. Pariser and R. G. Parr, J. Chem. Phys., 21, 466, 767 (1953).

(10) R. Pariser, ibid., 24, 250 (1956).

(11) K. Nishimoto and R. Fujishiro, Bull. Chem. Soc. Japan, 35, 905
(1962).

(12) K. Nishimoto and N. Mataga, Z. physik. Chem. (Frankfurt), 12, 335
(1957).
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+ +
Fig. 1.—Core structure of naphthols.
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Fig. 2.—Molecular diagrams of naphthols.

In the case of naphthalene, the secular determinant
is factorized into two determinants of second degree,
owing to the IRh symmetry of the molecule. More-
over, the configurations xi-2' and X-:', which both
belong to the irreducible representation B3y are de-
generate. The allowed electronic state energies, E (B&),
associated with the B3u electronic states can be cal-
culated, therefore, as

[E+(BZ) = -1.6180/3«, + 1183 + 0.810 + Hoe.v.
@

hence

IHj 2= tH "V = —16180/3« + 1.183 + Hoe.v.
2-r = 0.810 e.v.

where dec means a core integral associated with the
nearest carbon-carbon neighbors. As pointed out by
many workers,13-15 the weakest band of naphthalene
near 32,200 cm.-1 should be assigned to 'B/- species.
Using this frequency, we obtain the semi-empirically
estimated value of ATas

o = —2.236 e.v.

Calculated integrals over MO’s employing our param-
eters are collected in the Appendix.

(4  According to the method described by Mulliken
and Rieke s the oscillator strength, /, associated with
the transition of an electron from 'Fo to 'Fais calculated,
that is

/ = 1.085 + KTToa (Doa 2 ®)

where i@ is the frequency of the transition in cm.-1.

A ais the transition moment vector defined by
Aa =/ io0E eirtadv 6)
1

(13) J. A. Pople, Proc. Phys. Soc. (London), A68, 81 (1955).

(14) R. Lefebvre and C. Moser, J. Chem. Soc., 1557 (1956).

(15) N. Mataga, K. Nishimoto, and S. Mataga, Bull. Chem. Soc. Japan,
32, 395 (1959).

(16) R. S. Mulliken and C. A. Rieke, Rep. Progr. Phys., 8, 231 (1941).
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where €, and [, are the charge and the position vector
of the i-th particle, respectively.

Discussion

(A) Hiickel MO’s and Molecular Diagrams.—
Calculated orbital energies and the corresponding
MOQ’s are given in the Appendix. As a result of the
calculation, eleven orthonormalized MO’s for the
molecule are obtained. In the ground state of the
molecule, the lowest six are doubly occupied by elec-
trons. As pointed out in our previous paper 17 the
molecular diagrams of the aromatic derivatives can be
found from their vacant orbital sets, so that the
lowest excited states of the molecule can also be es-
tablished from their set and a few occupied highest
orbitals..:  Calculated molecular diagrams of the naph-
thols are shown in Fig. 2. In the Appendix, only the
orbitals to be used in the present calculation are col-
lected. Referring to the Appendix one finds that the
effect of substitution on the naphthalene MQO'’s depends
entirely upon the position where the substituent is
attached to the molecule. That is, «-substitution
exerts the most potential influence upon Pl and PY of
naphthalene, whereas Zand Y are not affected at all.
On the other hand, ~-substitution has the greatest
effect on Pl and Py and on PZ and PY to some extent.
This situation may be essentially connected with the
various spectral changes caused by the substitution.

(B) Near-Ultraviolet Absorption Spectra—-A main
purpose of this paper is to elucidate the nature of the
two lowest excited states of the naphthols. The nature
of the excited state can be characterized by its transi-
tion moment vector given by eq. s, which determines
the direction of polarization of the transition. The
calculated results for the naphthols are summarized in
Tables | and Il. For comparison, the results for
naphthalene are also shown in the tables. Calculated
electronic state functions are summarized in the
Appendix. As indicated in Table 1, the calculated
spectra of the naphthols are in satisfactory agreement
with experimental values in general. From the present
calculation we can draw the following conclusions:

(1) In spite of the absence of D2 symmetry, the
direction of polarization of the electronic transitions
in a-naphthol coincides practically with that of naph-
thalene. That is, substitution at the «-position creates
no interaction between the '‘B2iand 'B3ubands.

(2) In the case of /3-naphthol, the characteristics of
the naphthalene spectrum are completely destroyed, be-
cause the configuration corresponding to naphthalene’s
1B species interacts strongly with the configuration
corresponding to its T A - species. As indicated in the
Appendix, the excited state corresponding to the
intensified band in the region of 30,470 cm.-1 contains
the configuration corresponding to the 'B2, species to
the extent of about 30%, and is polarized approxi-
mately in the direction perpendicular to the oxygen-
carbon bond. The excited state near 36,600 cm.-:
includes the configuration corresponding to the IBs,-
species to the extent of about 35%.

(3) The lk state of /3-naphthol is polarized in nearly
the same direction as the \ki state.  Therefore, it will be
difficult to assign the excited states of /3-naphtho! on

17) K. Nishimoto and R. Fujishiro, Bull. Chem. Soc. Japan, 32, 699

(1959).
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Table |
Excited States of Naphthalene and Naphthols (Singlet States)
—Excitation energy (e.v.)- -Oscillator strength (/)- -Polarization6-
Excited —Caled- ememeeeeeeee Caled.- e Caled.-
state Method | Method 11 Obsd.*“ Method | Method 11 Obsd.® Method | Method
Naphthalene
*1 (3.991) 3.99 0 0.002 X
2 4.260 4.51 0.294 0.11 y
5.611 5.62 2.097 1.70 X
6.165 0.810 y
a-Naphthol
+1 3.928 3.881 3.86 0.013 0.019 0.016 X X
+2 4.010 3.933 4.29 0.332 0.332 0.102 y
'U 5.490 5.456 5.80 1.949 1.928 0.892 X X
‘a 6.169 6.165 0.802 0.792 y y
/3-Naphthol
+1 3.880 3.732 3.78 0.066 0.076 0.0211 116° 126°
~2 4.233 4.195 4.54 0.195 0.174 0.0811 104° 111°
5.414 5.310 5.53 2.037 1.945 1.06 190° 195°
+a 5.896 5.745 0.763 0.802 76° 115°

“ Reference 5. 6 Numerical value gives an angle between the transition moment vector and z-axis of the molecule.

Table Il

Excitation Energies of Naphthalene and

Naphthols (e.v.) (Triplet States)

Calculated

moment of a-naphtbol in 4,i state is in a direction
nearly perpendicular to that of the ground state,
whereas the x-moment of /3-naphthol in that state isina

Excitd  Naph-  '—-——a-Naphthol— - —----/3-Naphthol--------* direction approximately parallel to that in the ground

state thalene Method | Method 11 Method | Method 11 state. If we assume that the dipole moments of ex-

2.277 2.197 2.117 2.273 2.232 cited states in the equilibrium configurations are the

. .487 3.388  3.327 3388 3.243 same as those of the Franck-Condon states, the solvent
U 3.991 3.955 3.928 3.792 3.627 .

b 4076 4 080 4 084 4200 4109 arrangement around an a-naphthol molecule in the

the basis of polarization experiments of the absorption
spectra.

Theoretical results (1) and (2) conform to the experi-
ment published by Padhye, 6t al.ls They reported
that for both d- and /3-naphthalene derivatives the
longest wave length absorption bands were polarized
perpendicular to the direction of the dipole moment
vectors of the molecules. Our calculation indicates
that both d- and /3-naphthol have the dipole moments
nearly along their oxygen-carbon bond axes, as shown in
Table I11.

Table Il

Calculated "-Moments of Naphtholsin Various Electronic
States” (in D)

ground state should be inadequate to maximum inter-
action between the solvent molecules and an a-naphthol
molecule in the fluorescent state. Therefore after the
excitation, rearrangement of solvent molecules would
take place in this case. The excited states of the
naphthols are calculated to polar than their ground
states. Therefore the polar effect of the solvents
leads to the red shifts.

(D) Hydrogen Bond Forming Power.— It is a well
known fact that the hydrogen bond forming power of a
X-H bond increases with increase in the electronega-
tivity of the X atom.w21 The electronegativity of
oxygen atom in the naphthols should increase with
decrease in x-electron density on the atom. The
calculated net charges on the oxygen atoms for various
electronic states of the naphthols are given in Table IV.

Elec-
tronic a-Naphthol (3-Naphthol----------
state Method | Method, Il Method | Method 11
Table IV
*0 1.34(91°) 1.19(13°) ) ) )
Bi 2.71(21°) 2.75(22°) 3.75(21°) 3.83(20°) Calculated Net Charge on Substituent (in Units of e)
. ° o o o Elec-
P2 .3'70(18 ) 8.71(18%) '3'31(33 ) 8.31(337) tronic - a-Naphthol /3-Naphtho] ]
“ Numerical value in parentheses gives an angle between the state Method | Method 11 Method | Method 11
dipole moment vector and the z-axis of molecule. o +0.071 +0.065
(C) Dipole Moment—We usually partition the +1 +0.113  +0.116 +0.142  +0.146
42 +0.135 +0.135 + 0.120 +0.127

total dipole moment of a molecule into a c-moment and
a x-moment. Unfortunately, we have no precise
information about the <r-moments of the naphthols.
At first approximation, it is, however, reasonable to
assume the <r-moment of a molecule is independent of
the wr-electronic states. Here we calculate only the x-
moments of the naphthols in the various electronic
states. The calculated results at the Franck-Condon
states are shown in Table I1I.

It is interesting to note the Tr-moments in Tj states
which correspond to the fluorescent states. The X-

(18) M. R. Padhye, N. R. Rao, and K. Venkataraman, Proc. Indian Acad.

Sci., 38A, 297 (1953).

Based on this table, we can expect the following
consequences: (1) In the ground states, the hydro-
gen bond forming power of a-naphthol should be
almost the same as that of /3-naphthol. This expectation
agrees with the experiment of Baba and Suzuki.z
(2) The naphthols should form stronger hydrogen

(19) E. G. McRae, J. Phys. Chem., 61, 562 (1957).

(20) L. Pauling, “The Nature of Chemical Bond.” 2nd Ed., Cornell
Univ. Press, Ithaca, New York, 1940.

(21) G. G. Pimentel and A. L. McClellan, "The Hydrogen Bond,” W. H.

Freeman and Co., San Francisco, Calif., 1960.
(22) H. Baba and S. Suzuki, J. Phys., Chem. 35, 1118 (1961).
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bonds when they are in the fluorescent state than
when they are in the ground state. The experiments re-
ported by Wellerzzzand Mataga, 6t al.,u support this
conclusion. Present calculation indicates that in the
fluorescent state /3-naphthol forms stronger hydrogen
bonds than a-naphthol.

Kiciiisuke Nishimoto
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We hope to discuss the reactivity of aromatic hy-
droxyl derivatives in a separate paper, using various
reaction indices.
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Appendix. Numerical Results for Naphthalene and Naphthols
Table IAa
Huckel MO's for «-Naphthol
i *| M= 1 2 3 4 5 6 7 8 9 10 u
5 -2.3152 0.3208 -0.2383 0.2307 -0.2959  -0.2959 0.2238  -0.2250 0.2973  -0.4633 0.4544  -0.0589
4 -1.6302 0.2945 -0.4279 0.4030 -0.2290 0.2835 -0.4325 0.4217 -0.2548 -0.0062 -0.0296 -0.0658
3 -1.3310 0.4047 -0.1407  -0.2172 0.4300 0.3706 -0.1379  -0.1869 0.3866  -0.3277 -0.3351  -0.1000
2! -1.0000 0 -0.4083 0.4083 0 0 0.4083 -0.4083 0 0.4083  -0.4083 0
1 -0.6583 0.4118 -0.2165  -0.2692 0.3938  -0.4393 0.2792 0.2556  -0.4474 0.0390 0.0100 -0.1336
1 0.5265 0.4047 0.3391 -0.2262  -0.4582 0.3725 0.2112 -0.2614  -0.3427 0.0777 -0.0150 -0.2910
2 1.0000 0 0.4083 0.4083 0 0 0.4083 0.4083 0 -0.4083  -0.4083 0
Table 11A°
Hiuckel MO's for /3-Naphthol
i ki M= 1 2 3 4 5 6 7 8 9 10 1
5 -2.3102 0.3064 -0.2496 0.2382  -0.3005  -0.2951 0.2254  -0.2258 0.2961 -0.4583 0.4562 0.0459
4 -1.6486 0.2665 -0.4579 0.4172  -0.2298 0.2744  -0.4140 0.4081  -0.2589 0.0186 -0.0383 0.1019
3 -1.3082 0.3856 -0.1793  -0.1823 0.4177 0.3839 -0.1380 -0.2033 0.4040 -0.3252  -0.3642 0.0446
2' -1.0318 -0.0302  -0.3983 0.3641 0.0227 -0.0523 0.4415 -0.4031  -0.0255 0.4294 -0.3874 0.1101
1 -0.6324 0.3981 -0.2374  -0.3024 0.4286  -0.4340 0.2431 0.2803 -0.4204 -0.0144 0.0313 0.0776
1 0.5731 0.4789 0.3087 -0.1389  -0.3883 0.3745 02982 -0.2036 -0.4149 -0.0342 -0.0836 -0.2330
2 0.8815 0.0288 0.3198 0.5067 0.1268 -0.1805 0.2358 0.3883 0.1066  -0.2944  -0.3947 -0.3622
° mand i label the AO’s and the MO's according to eq. 1. Columns 3-13 list the AO coefficient CiM The orbital energy, i,
associated with Y\is given by = a + k$.
Tabie IIHA
Calculated Intehconfiguhational Matrix Elements for Singlet States (in e.v.)
B a-Naphthol------ Benmnemn n jmemmme——————aee /3-Naphthol-
Naphthalene Method | Method 11 Method | Method 11
‘ih-I''M*' - HO 4.365 4.109 4.028 4.232 4.180
IHi-i"2-2" -0.434 -0.451 -0.451 -0.441 -0.441
2' 0 0.001 -0.001 0.072 0.068
0 0.001 0.001 -0.138 -0.228
H2222 - HO 6.060 6.070 6.070 5.777 5.608
0 0.004 0.004 0.036 -0.054
312-2/ 2-1/ 0 0.000 0.000 -0.083 -0.087
Hi-2U2" - ilo 4.801 4.575 4.498 4.773 4.715
IHu2'2-1' 0.810 0.769 0.769 0.703 0.703
H2121 - Ho 4.801 4.843 4.839 4.641 4.478
Table IVA
Excited State Wave Functions for Naphthalene and Naphttiols (Singlet States
Excitation Excitation
energy (e.v.) Excited state wave function energy (e.v.) Excited state wave function
Naphthalene
/3-Naphthol (Method 1)
3.991 =0.7071("-4% »-1") 3.880 = 0.5580xi_i' + 0.1667x2-2' + 0.6129X2-i'
4.260 = 0.9721X1-C + 0.2345x2-2" : - 53:(')-'_ o xe : e
. XI-
5.611 its = 0.7071(xi_2 + xj-i') - : ,
. = . - + . -=' - . -+
6.165 = 0.2345x1-1' - 0.9721x2-2' 4.233 0.7886X%,-i 0.1936x2 0.4097x2
0.4156xi-2'
a-Naphthol (Method 1) 5.414 4 = 0.0441x1-' + 0.0275x2-=' + 0.6745x2-,' +
3.928 = 0.7654xi-2 - 0.6435x2-1' 0.7365xi-2'
4.010 N =0.9768x1-1'+ 0.2140x2-2' 5.896 *4 = 0.2528x1-:' - 0.9662X2-2' + 0.0475x2-," +
5.490 433 = 0.6435x1-2'+ 0.7654xj-i' 0.0149x,-2'
6.169 Si4 = 0.2140x1-1'- 0.9768x2-2'
/3-Naphthcl (Method 11)
a-Naphthol (Method I1)
3.732 St, = 0.5510x1-:' + 0.1455x2-=' + 0.6540x2-1'M-
3.881 = 0.7799x1-2' - 0.6259X2 i’ 0.4976x1-="
3.933 ~ = 0.9784xi—+ + 0.2066x2-2' 4.195 *2 = 0.7808x,-i' + 0.2370x2-2' - 0.3797x2-1" +
5.456 = 0.6259xi-2"'+ 0.7799x2-1' 0.4359xi_2'
6.165 ¥4 - 0.2066x1-1' - 0.9784X22 5.310 Xs = 0.1346x1-," + 0.1238x2-2' + 0.6481x=-,'m+
(23) A. Weller, Z. Elektrorhem., 56, 662 (1952). 0.7392xi_2'
(24) N. Mataga, Y. Kaifu, and M. Koizumi, Bull. Chern. Soc. Japan, 29, 5.745 4>4 = 0.2604x1-," - 0.9520x2-=' + 0.0934x2-," +

115 (1956).

0 1310xi-2'
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DETERMINATION OF THERMODYNAMIC
IN MIXED SOLVENTS

COORDINATION COMPOUNDS. VI.
DATA FOR ACETYLACETONE

ByPhilip S. Gentile, M ichael Cefola,

Department of Chemistry, Fordham University, Bronx 58, N. Y.

and Alfred Y. Celiano

Department of Chemistry, Seton Hall University, South Orange, N. J.
Received November 19, 1963

Thermodynamic data for acetylacetone have been determined in mixed solvents by standard methods. On
the basis of a mathematical model, functions of the stability constant at constant temperature and constant
dielectric constant have been defined and evaluated. The thermodynamic data obtained by both methods are in

good agreement.

Introduction

In a previous communication: the thermodynamic
dissociation constants of acetylacetone in two and three
component solvent systems at 25° were reported.
It was found that these dissociation constants were
related linearly to the reciprocal of the dielectric con-
stant of the solvent and were independent of the nature
of the solvent in the dielectric range 80-30. In this paper
the dissociation constants of the same ligand in metha-
nol-water and dioxane-water mixtures are reported, as
well as a method of evaluating the standard free energy,
enthalpy, and entropy of ionization.

It has long been recognized that the effect of tem-
perature on the ionization constants of acids is not only
related to the energy required to break the chemical
bond and the energy of solvation but is also related to
the work done in separating the solvated charged prod-
ucts to their equilibrium distances. The latter elec-
trical work was considered by Bornz on the basis of ele-
mentary electrostatic theory.

Another approach may be found in the Bjerrum-
Fuoss ion-pair model.s4 Denison and Ramseys have
simplified the original concept by assuming that two
oppositely charged ions exist either in contact as an
associated ion-pair, or at such a large distance apart
that the coulombic force between them is negligible.

In evaluating the thermodynamic quantities as-
sociated with ionization, both the chemical and elec-
trical factors must be taken into account. Much of the
work done up to the present has involved the determina-
tion of ionization constants in a single solvent or solvent
system. The variation of pK with temperature is
then employed to calculate the total AF°, A//Q and
AS and the electrical parts of these quantities are then
calculated on the basis of a theoretical model, more or
less complex. Such an approach has been considered
invalid by Harned and Owen,e primarily because the
solvent in a system containing ions is not a uniform
medium of unvarying dielectric constant. It is con-
sidered in this paper, however, that if the dissociation
constants were determined at various temperatures and
in mixed solvents of varying dielectric constants, then
both the chemical and electrical thermodynamic

(1) P. S. Gentile, M. Cefola, and A. V. Celiano, J. Phys. Chem., 67, 1083
(1963).

(2) M. Born, Z. Physik, 1, 45 (1920).

(3) J. Bjerrum, Kgl. Danske Videnskab Selskdb., 7, No. 9 (1926).

(4) R. M. Fuoss and C. A. Kraus, J. Am. Chem. Soc., 55, 1019 (1933).

(5) J. T. Denison and J. B. Ramsey, ibid., 77, 2615 (1955).

(6) H. S. Harned and B. B. Owen, “The Physical Chemistry of Electro-
lytic Solutions,” Reinhold Publ. Corp., New York, N. Y., J95%,

quantities might be determined without consideration
of a particular model, i.e., on the basis of a purely
mathematical separation of these terms.

Such information would be useful for the correlation
of data already present in the literature on the stability
of chelates, where choice of solvent system so often
depends on the solubility of chelating agents, metal
salts, and the resulting chelate compound.

The approach outlined above, i.e., the purely mathe-
matical separation of thermodynamic quantities, is
based on two assumptions; first, that the change in
solvent composition does not appreciably change the
basic strength of the mixed solvent employed in this
study. This assumption seems warranted when we
consider the linear relationship between pK and 1/D
at a given temperature. Second, that as solvent
mixtures vary there is no preferential solvation by the
solvent present in excess. Fuoss? considered the same
problem in dealing with the purely electrostatic
factors affecting ion pair formation and concluded
that constancy of solvation appears to be a safe as-
sumption.

Experimental

The experimental procedure and the data obtained at 25°
for acetylacetone in various mixed solvents have been de-
scribed elsewhere.l Additional data for the same systems for
use in this paper were obtained at 0 and 40°.

Results

The solvents used were methanol-water and dioxane-
water mixtures because activity coefficients are givens
only for these particular mixtures at three different
temperatures (O, 25, and 40°).

Representative values of pK for acetylacetone (pK
— —log Ka), which will be used in the discussions are
listed in Table I, and these plus additional pK values
are plotted against 1/D in Fig. 1. The equations for
the linear portions of the lines in Fig. 1, i.e., from
values of 1/D between 0.01 and 0.03, determined by
the method of least squares are

pK = 104.7(1/D)+ 7.89at 0° 1)
pK =  77.0(1/D)+ 7.99 at 25° ©
pK =  67.9(1/D)+ 800 at 40° ©)

These equations represent the experimental data within
+0.02 log unit.  All subsequent discussion is limited to
the region of linearity between pK and :/D. The

(7) R. M. Fuoss and C. A. Kraus, J. Am. Chem. Soc., 79, 3304 (1957).
(8) Reference 6, p. 726 £~
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Table 1
pK op Acetylacetone in Various Solvent Systems
System Weight, -0°%-—- - s -25°— R —  40°-

no. Solvent system 0% 1/0 rpK /D pK 1D pK

i Water 0.00 0.01135 9.07 0.1273 8.97 0.01367 8.90
ii Methanol-W ater 35.98 .01440 9.40 .01623 9.22 .01757 9.15
in Methanoi-W ater 45.66 .01557 9.51 .01763 9.38 .01904 9.27
v Methanol-Water 54.15 .01669 9.62 .01897 9.47 .02061 9.40
\Y Methanol-Water 65.82 .01862 9.82 .02118 9.63 .02320 9.57
Vi Dioxane-W ater 21.36 .01481 9.41 .01672 9.25 .02631 9.75

Fig. 1.—pK values plotted against 1/D: O, water; “methanol-
water; A, dioxane-water.

method of least squares was utilized in all calculations.
All thermodynamic values are for the process of ioniza-
tion.

Evaluation of AHO—A plot of pK Vs, 1T for a
particular solvent system (I, Il, etc.), the classical
method for evaluation of AH0, proves to be non-linear
between 0 and 40°.

For an exact calculation of AH0, one may employ the
treatment of Douglas and Crockford.s The resulting
equation is

RT,T2In (A/AY

A#HL® = @
T2 - T,
Waldew has developed an equation to include higher
powers of Thus, it was shown that whether
AHo is a linear, guadratic, cubic, or quartic function of
the temperature, equation 4 can still be used to calculate
AHo from the values of K and the two corresponding
temperatures.

The data in Table | were treated in this manner.
Values of pK at 0 and 40° were employed since any
other combination would decrease the accuracy of
the calculated AH0. The AH T’ values calculated from
eq. 4 are those for the temperature, T = 292.3°K,,
and are listed in Table IV. They are reliable only to
+400 cal. mole-1. Since AH® is only known at this
temperature with any degree of accuracy, it is impossible
to calculate ASO, since AF° can only be calculated if
the constants in Walde’s equation are known. This
approach can, therefore, only yield a limited amount of
thermodynamic data for an individual solvent system.

(9) T.B. Douglas and H. D. Crockford, J. Am. Chem. Soc., 57, 97 (1935)-
(10) A. W. walde, J. Phya. Chem., 43, 431 (1939).

At first glance one might suspect that AHo is a func-
tion of temperature because ACP is a function of tem-
perature. However, according to Pitzeri and Everett
and Wynne-Jonesi2 ACP is independent of temperature
for many acid dissociation reactions. If such be the
case for the dissociation of acetylacetone, one might
then explain the observed non-linearity of pK VS. ﬁT
solely on the basis of the temperature coefficient of
the dielectric constant and its effect on pK. This,
however, is equivalent to stating that in the present
case pA is a function of temperature and dielectric
constant and is independent of the nature of the solvent
system. Therefore

pK =¢(D,T) ©)

Dividing through by dT
dpK _ /opK\ daD /dpK\
dl ~\op/Tdr+\or)D
isobtained. But
dpA  —AH°
1ttt ~ 2303rRT2

where AH® is the standard enthalpy change and R is
the gas constant. Equation s therefore becomes

—AHo = 2303RT2 °PKN 9P
op /tdt +

2.303A:‘I'2‘ A UOTA }'d )

An examination of eg. 9, which results from a purely
mathematical treatment and is independent of any
theory, reveals that the AHo of a reaction consists of
two heat terms, AQT°and AQD’, which we shall define as

AW=12 .3 03 (1 0)
and
AQd= 23087212 (12)
and
AH® = AQT + AQUP 1

It is, therefore, possible to evaluate the influence of
temperature or dielectric constant alone on the heat of
(11) K. s. Pitzer, J. Am. Chem. Soc., 69, 2365 (1937).

(12) D. H. Everett and W. F. K. Wynne-Jones, Trans. Faraday Soc., 35,
1380 (1939)»
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reaction, by employing eqg. 10 and 11, the sum of which
should give the same value for AH’, as that determined
by Crockford’s method.

Evaluation of AQT°—Tor a given temperature and
given solvent system, D and AD/AT can be ob-

tained from the data of Akerlof and Short.isi4 The
expression (0pK/0D)T is obtained by differentiation
of equations similar to eq. 1, 2, and 3, with respect to

The derivative will be —C/D 2 where C is the ap-
propriate coefficient of IID. AQT® approaches zero
as U approaches co.

Evaluation of AQD’.— Since the term (0p/i/6?"),, in
eg. 11 is a function of the dielectric constant, it is neces-
sary to calculate isodielectric pK values of acetylacetone
at several different temperatures. This may be done
visually by drawing a vertical line at any desired di-
electric in Fig. 1 and evaluating pK values from curves
I, 11, and I1l. A more accurate method, and the one
used in these calculations, is to solve eq. 1, 2, and 3
for the pK value by substituting the same dielectric
constants into the three equations. Representative
FK values are listed in Table Il and are plotted against

in Fig. 2 From the calculated slopes of these
lines (OpA/0T)D may be evaluated and substituted
into eq. 11 to give the AQDnvalues. Since in Fig. 2
pK is linear with respect to |/T for isodielectric sol-
vents, it follows that aga-, the heat of the reaction at
a given dielectric constant, is invariant over the tem-
perature range O to 40°. This implies that ACP is
in fact independent of temperature over the same tem-
perature range, as predicted earlier.

Table Il

pK Values or Acetylacetone at Representative Dielectric

Constants

PA- pA pX

1/D GD) (25°) (40°)
0.01135 9.08 8.87 8.77
.01440 9.40 9.10 8.98
.01557 9.52 9.19 9.06
.01669 9.64 9.28 9.13
.01862 9.84 9.42 9.26
.01481 9.44 9.13 9.01
.02109 10.10 9.62 9.43

AQd° and its Relationship to Dielectric Constant.—
Values for AQd were calculated as described above
and are themselves linearly related to IID. The equa-
tion for this line which is independent of temperature
for O to 40° was determined to be

AQd°® = 3.684 X 10s - 1155 cal./mole (13)
The value —1155 cal. per mole is a AQd°® extrapolated
to infinite dielectric constant and is the value of the
standard enthalpy change at infinite dielectric constant,
since AQt°->0when D A1 « This experimental fact
supports the assumption of Baughanis and Gurneyis
that (AR®°)d _,, is independent of temperature.

Table 111 lists the aope, AQt° and AH(, calculated
from eq. 9, for solvent systems | through VI. These
values are reliable to 100 cal. mole-1.

Reliability of AH® Values.— In order to determine the
reliability of AHo values calculated by eq. 12 one must

(13) G. Akerlof, J. Am. Chem. Soc., 54, 4125 (1932).
(14) G. Akerlof and O. A. Short, ibid., 58, 1241 (1936).
(15) E. C. Baughan, J. Chem. Phys., 6, 499 (1938).
(16) R. W. Gurney, ibid., 7, 951 (1939).
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i r [ L T 1

31 32 33 34 35 36 37
I /T X 104.

Fig. 2.—Isodielectric pK values plotted against 1/7’ (values
given are those for I/D): 0,0.01135; 0,0.01440; =, 0.01557;
A, 0.01669; A, 0.01862; [,0.01481; m,0.02109.

compare the values determined by Crockford’s method,
6., A//t° at 292.3°K., with those determined by eq.
12.  In order to accomplish this, AQT® and AQd° must
be evaluated for the solvent systems studied and for
the temperature 292.3°K. Since AQD’ is independent
of temperature, this term may be evaluated directly
from eqg. 13, using the dielectric constant of solvent
syste(r)ns I-VI at 292.3°K.

is evaluated by constructing a graph of pK Vs,
|/D for 292.3°K. This curve was not determined ex-
perimentally but was evaluated from the isodielectric
curves in Fig. 2 at the appropriate temperature. The
resulting curve of p/i VS. [/D is linear, as those in Fig.
1, and obeys the equation

pK = 847 + 796, at | = 292.3°K. (14)
AQt° was then calculated from eqg. 1o0.

The values of AHo determined by the two methods
are compared in Table IV. The excellent correlation
between AHo values determined by the two methods
lends support to the feasibility of separating AHo into
the terms AQd° and AQT".

Evaluation of AiS’—AF° is related to the pK by the

equation
AF° = 2.303RT pK (15)

Since it has been shown that pK is linearly related to
|/D (eq. 1-3), ABFO is similarly related to IID. The
equations for AF° are

AF°273.2 m(S) + 987 X 103 cal. mole 1

(16)
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Table HT
Standard Heat op lonization op Acetylacetone (kcal, mole %)
Solvent T 0% ] Z 40°-------
system AQt° AQd" AH° AQt° AQd0 AHb AQt° AQdO AHO
1 1.9 3.0 1.1 -1.8 3.5 1.7 -1.9 3.9 2.0
i 2.3 4.2 1.9 -2.5 4.8 2.3 -2.9 5.3 2.4
hi 2.5 4.6 2.1 -2.8 5.3 2.5 -3.2 5.8 2.6
v -2.8 5.0 2.2 -3.2 5.8 2.6 -3.7 6.4 2.7
\Y, 3.3 5.7 2.4 -3.7 6.7 3.0 -4.3 7.4 3.1
Vi 2.4 4.3 1.0 -2.7 5.0 2.3 -3.1 5.5 2.4
Tabte IV AS d(AF)  'O(AF°)~ "d(AFcy dD
- 0=
Standard Heat op lonization, AH (kcal.-1) of dT aT _p * oD .tdT
Acetylacetone at 19.1°
Sol- Wi d fi
vent 1/D AQe° a0’ (AH°)° (AHO 6 € aerine
[P !
1 0.01240 1.9 3.4 15 15 ASO* = o(AF() 22)
i .01575 -2.5 4.6 2.1 2.1 a'|' D
m .01706 -2.8 5.1 2.3 2.3 o
v .01841 -3.2 5.6 2.4 2.4 ASrO = O(AF) D
\% .02053 -3.7 6.4 2.7 2.5 r=- OD d (23)
Vi 01623 -2.7 4.8 2.1 2.1
. o .

° Calculated from eq. 9.  Calculated from Crockfordl The evaluation of A$d°and AT is completely analo-
method. gousto that of AQd°and AQT°. AIXis independent of
Table V
Standard Entropies (cal. mole ldeg.-1) of lonization op Acetylacetone

Solvent T (S e 40°---mnem
system ASO ASch ASOtoE ASE AS> ASOtotd ASt ALD® AL o
1 6.9 30.4 -37.3 6.1 -29.3 -35.4 6.1 -28.5 -34.6
i - 8.3 -27.8 -36.1 8.5 -26.3 -34.8 9.2 -25.1 -34.3
m - 9.2 -26.8 -36.0 9.5 -25.1 -34.6 -10.2 -23.9 -34.1
v -10.4 -25.9 -36.3 -10.8 -23.9 -34.7 -11.8 -22.5 -34.3
\Y, -11.9 -24.2 -36.1 -12.4 -22.1 -34.5 -13.8 -20.3 -34.1
Vi - 8.8 -27.5 -36.3 9.0 -25.9 -34.9 - 9.8 -24.7 -34.5
temperature and bears a linear relationship to the re-
AP°298.2 1051 1- )+ 109 X 10scal. mole-: ciprocal of the dielectric constant, expressed by the
equation
(17)
ASF = 8517 - 401 ew. (24)
AP°313.2 X 103 cal. mole-1

[ 97.41 D

+ n

(18)

AfS° may be calculated from the temperature coef-
ficient of AF°

_ d(AF)

- SO
A dT

(19
Just as AHomay be separated into two terms, AQd°and

AQt °, so AS0may be treated in the same fashion
AF° = £(T, D)

(20)

It is evident that extrapolation to infinite dielectric
constant yields a value of gAED")_*,, = —40.1 e.u.
Table Y is a list of Asa°, A T°, and AiSQ@otai for the
solvent systems studied. A$D° and A$T are reliable to
+0.2 e.u., rendering ASQotai reliable to 0.4 e.u.

It is of interest to note that the standard entropy of
ionization of acetylacetone is constant at a given tem-
perature being independent of solvent system and di-
electric constant.

Acknowledgment.—We are grateful to Miss M. V.
Orna for helping us obtain this data. This research
was supported by the Atomic Energy Commission under
Contract AT(30-1)-906.
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Extension of the study carried out previously on K2NbO3J has resulted in the preparation of SrZFe03, another

oxyfhioride with the K2NiF4structure.
exhibits a Seebeck coefficient of 22.7 pv./deg.

Electrical measurements show that it is a p-type semiconductor which
A comparison of its c/a ratio and anisotropic thermal expansion

with some ternary oxides having the K2NiF,, structure gives some indication that the fluoride ions may be pref-
erentially located at the apical positions in the anion octahedra surrounding the small cations.

Introduction

Recently the preparation of K:NbOsF, an oxy-
fluoride with the tetragonal K:NiFs structure, was
reported by this Laboratory.: Linlike ternary oxides
and fluorides reported as having this structure, K 2N b-
OF exhibited a larger ¢/a ratio than the 3.41 value
which satisfies the geometrical conditions of touching
spheres. A study of the properties of this compound
leads to the conclusion that the elongated <«c” axis
may be caused by the fluoride ions being located pref-
erentially in the apical positions of the octahedra
surrounding the small metal ions in the unit cell (Fig. 1).

Continuation of this research has resulted in the prep-
aration of another oxyfhioride Sr2FeQsF, with the K2Ni-
Fa structure. The purpose of this report is to present
the structural data and properties of this new oxy-
fluoride, in comparison with K:NiF4type strontium
ternary oxides and with K2NbOsF.

Experimental Investigations

Preparation of Sr&e03.—Powder samples of SrZe03F were
prepared by heating mixtures of strontium oxide or carbonate,
strontium fluoride, and ferric oxide in a 3:1:1 molar ratio in a
platinum crucible in air. After firing at 1000°, the sample
was reground, pressed into a pellet, and sintered at 1200°.
The compound dissociated when heated above 1200°.

Chemical Analysis.—Samples of the compound were analyzed
by Ledoux and Company of Teaneck, New Jersey, for strontium,

iron, and fluorine content. Anal. Calcd. for SrZFeO3F:
Sr, 58.79; Fe, 18.74; F, 6.37. Found: Sr, 57.60; Fe, 18.80;
F, 6.78.

X-Ray Analysis.—Powder X-ray diffraction photographs were
taken of the SrFe0F samples using a 114.6 mm. diameter
Philips powder camera with copper Ka radiation. Since these
X-ray patterns were similar to that of KNNbO3, one of them
was indexed on the basis of the body-centered tetragonal unit cell
witha = 3.84 andc = 12.98 A. Atomic positions were adopted
from space group I-4/mmm (No. 139), as originally determined
for KNiF4 however, the fluoride ions were considered to be
randomly distributed only in the 0,0,zx, etc., positions: two
iron ions at 0,0,0 and '/D A,1A; four strontium ions at 0,0,zsr;
0,0,2sr; V2JA.V2 + 22U 'A,IA»IA — 2srl two fluoride and two
oxygenions at0,0,z.x; 0,0,zx; '‘A/A/A + ‘AJATA —zx; and
four oxygen ions at V»,0,0; 0,'/2,0; 0,1,,Y,; 'AJVA- The relative
intensities of the powder diffraction lines were calculated with
25 = 0.352 and zx = 0.151, neglecting temperature and absorp-
tion effects. Table I presents calculated and observed indexing
and relative intensity data.

Property Measurements. Thermal Expansion.—High tem-
perature X-ray diffractometer tracings were made between 25
and 1000° using a Noreleo diffractometer with an attached Tem-
Pres heater. Figure 2 presents the “a” and “c” axes expansion
for SrFe0F and SrZri04 It was found that the thermal
coefficient of Expansion is nearly' the same in the “a” and “c”
directions for SrZrio4 and in the “a" direction for SrFe0F,
while expansion along "c” in the oxyfhioride is greater. For
SrFe0F aa= 145 X 10~5 <, = 1.93 X 10“6 and for SrZrio4
a» = 1.46 X 10-6,«0 = 1.44 X 10-6.

Electrical Resistance.—Pellets for resistance measurements
were prepared by compacting powdered SrFe0F in a 1.59 cm.

(1) F. Galasso and W. Darby, J. Phys. Chem 66, 1318 (1962).

die under 710 kg./cm.2 followed by sintering at 1000°. The
pellets were sanded to flatten the surface and then plated with
evaporated gold.

Table |

Powder X-Ray Diffraction Data for SrFe0F

sin26 sin26 / /
hkl (obsd.) fcalcd.) (obsd.J (calcd.)
002 0.0141 0.0141 5 [
101 .0440 .0438 5 4
004 .0566 .0565 5 6
103 .0719 .0720 100 100
110 .0805 .0805 100 90
112 .0944 .0946 <5 2
006 .1280 1271 25 19
105 .1285 6
114 1372 . 1370 25 22
200 1611 .1610 40 36
116 .2075 .2076 10¢ 19
107 2131 .2132 5 4
204 .2175 .2175 5 4
008 .2258 .2259 <5 3
213 .2333 .2330 40 36
206 .2885 .2881 20 17
118 .3065 .3064 <5 3
220 .3219 .3220 10 10
217 .3743 3742 5 4
208 .3863 .3869 5 5
303 .3943 .3940 8 7
310 4031 .4025 10 10
1,1,10 .4353 4335 5 4
226 4493 4491 8 8
314 .4589 .4590 5 5

° Diffuse.

Direct current resistance vs. temperature measurements were
obtained using a two-probe method. The sample, which was
inserted in a holder consisting of platinum electrodes, platinum
lead-in wires, and a thermocouple in contact with one of the
electrodes, was placed in a heater. The voltage was monitored
using a Kintel microvolt-ammeter, Model 203A-R. Current
through the pellet was measured with a Keithley 410 micro-
microammeter. A plot of log pvs. 1/T for two samples (Fig. 3)
shows that SrFe03F exhibits typical semiconductor behavior
over the temperature range of 25 to 319°. While the curves
are not superimposable, they are parallel. The difference in the
resistivities of the two samples can probably be attributed to
slight variances in preparation conditions of the polycrystalline
pellets. From an analysis of these curves using the equation
p = poexp(E/ZKT), it was found that the conduction activation
energy for SrFe0F equls 0.18 e.v.

Seebeck E.m.f.—Seebeck e.m.f. vs. temperature data were ob-
tained under vacuum on the same pellets as were used for resist-
ance measurements. The sample was placed between copper
electrodes surrounded by a radial heater. Holes were drilled
through each electrode 0.025 cm. away' from the sample face.
Thermocouples were threaded through the holes and held in
intimate contact with the electrode by a set screw. Quartz
tubing was used to insulate the thermocouple wires inside the
electrodes. Power was supplied to the heater by a Kahn & Co.,
Inc., KC-208 variable d.c. power supply. A Leeds & Northrup
K3 potentiometer measured the e.m.f. using one arm of each
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Fig. 2—Thermal expansion data—SrZFe03F and SrZri04

thermocouple. Results indicate that SrFe03F is a p-type
material. A plot of Seebeck e.m.f. vs. AT (Fig. 4) shows a
linear function and a Seebeck coefficient of 22.7 my./deg.

Tabte Il

Lattice Constants for Strontium Compounds moth the

KNiF4Structure

o (A) c (A) c/a Ref.
Srsn04 4.04 12.53 3.10 2
SrZrio4 3.88 12.60 3.25 3,4
Sravin04 3.79 12.43 3.28 5
SraM 004 3.92 12.84 3.28 5
SrRu04 3.87 12.74 3.29 6
Srar04 3.89 12.92 3.32 7
Sr.RhO, 3.85 12.90 3.35 6
SrFe0F 3.84 12.98 3.38

R. Weiss and R. Faivre, Compt. rend., 248, 106 (1959).

S. N. Ruddlesden and P. Popper, Acta Cryst., 10, 538 (1957).

K. Lukaszewicz, Roczniki Chem., 33, 239 (1959).

D. Balz and K. Plieth, Z* Elektrochem., 69, 6, 545 (1955).

J. J. Randall and R. Ward, J. Am. Chem. Soc., 81, 2629 (1959).
J. J. Randall, L. Katz, and R. Ward, ibid., 79, 266 (1957).

0 25 50 e 100 15 150
AT - °C,

Fig. 4.—Seebeck e.m.f. for SrFe03F.

Discussion of Results

In Table Il are listed the lattice parameters reported
for the strontium K:NiF4type compounds. It can
be seen that the C/a ratio for Sr:FeOF is largest and
therefore approaches the ideal value of 3.41 as deter-
mined from the geometrical conditions of touching
spheres more nearly than do the oxides. The fact that
it does not exceed this value, as was found for K:Nb-
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03, is reflected in its expansion coefficients; the rate
of expansion in the “C” direction is only 1.3 times as
large as that in the “a” while the K NbOF expansion
in the “C” direction was more than twice that in the
“a”. However, it should be noted that there is a
difference between the strontium titanium oxide and
the strontium iron oxyfluoride expansion data. This,
when coupled with the fact that SrFe03F does exhibit
a large C/d ratio, indicates that the fluoride ions may
be preferentially located at the apical positions in the
anion octahedra surrounding the iron ions.

The results of the electrical measurements show that

RARE EARTH OXIDE SYSTEMS.
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SrFe0F is a p-type semiconductor exhibiting a nega-
tive temperature coefficient of resistance from 25 to
319°. It is interesting that K2NbO3JF also showed a
drop in resistance with increasing temperature at low
temperatures but at higher temperatures it exhibited a
positive coefficient of resistance.l This difference in
the resistance behavior of the two compounds in ceramic
form may be caused by the more marked anisotropic
behavior exhibited by K2NbOJF-.

Acknowledgment.— The authors wish to thank Ber-
narr Jacob and Salvatore Fiorentino for their work
in taking electrical measurements.
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The composition-pressure diagram of the Pr-0 system has been studied between 10~5and 150 mm. oxygen

pressure using a quartz beam microbalance.
PrOi-so and PrOi.8 as the pressure varies.

The isotherms between 400 and 500° show hysteresis between
At 465° a hysteresis loop extends over the entire pressure range.
Everett’s theory of hysteresis is compared to the Pr-0 isotherms at 465°.
Everett are cited and discussed with reference to the Pr-0 data.
ties of Everett's theoretical model of a domain system and the properties of the Pr-0 system is good.

The seven theorems proposed by
In general, the agreement between the proper-
Results

of a preliminary study of the region between loop boundaries indicate that more than two domain states are

present.

of the oxygen pressure.

Introduction

During an investigation of the phase diagram of
praseodymium oxide,3 hysteresis effects were observed
between adjacent, stable, non-stoichiometric composi-
tions. The stable compositions are essentially the
same ones that were observed by Eyring, 6f al.
The hysteresis loops studied appear between 400 and
1000° and 10 5to 150 mm. oxygen pressure. At 465°
a rather broad hysteresis loop appears for the Pr-0
system between PrOi.go and PrOi.&8and exists over most
of the pressure region investigated in this study. Other
loops were observed at higher and lower temperatures
but none was so broad or lent itself to investigation so
conveniently as the loop at 465°. Most of the other
hysteresis loops observed extended over only a 70-80
mm. pressure range; the loop at 465° extended about
150 mm.

Although several theories of hysteresis have been
proposed, they are usually specific for certain processes
(adsorption, magnetism, etc.). The subject in general
is not well understood. By considering a collection of
the different types of stimuli which produce hysteresis
effects, Everett4 arrived at a general theory of

(1) (a) Presented in part at the 138th National Meeting of the American
Chemical Society in New York City, N. Y., September, 1960. (b) This
research was supported by the United States Air Force through the Air
Force Office of Scientific Research of the Air Research and Development
Command, under contract No. AF 18(603)-45. Reproduction in whole
or in part is permitted for any purpose of the United States Government.

(2) Department of Chemical and Metallurgical Engineering, The Univer-
sity of Michigan, Ann Arbor, Michigan.

(3) (a) J. M. Honig, A. F. Clifford, and P. A. Faeth, Inorg. Chem., in press;
(b) R. E. Ferguson, E. D. Guth, and L. Eyring, J. Am. Chem. Soc., 76, 3890
(1954).

(4) (@) D. H. Everett and W. I. Whitton, Trans. Faraday Soc., 48, 749

(1952); (b) D. H. Everett and F. W. Smith, ibid., 50, 187 (1954); (c)i1D. H.
Everett, ibid., 60, 1077 (1054); (d) ibid,, 51, 1551 (1055).

The behavior of the praseodymium oxide system is thought to be a result of its being composed of
domains of various stable compositions, PrOi.& PrOi.g&) etc.

The domains change composition as a function

hysteresis based on the existence of domains; the do-
mains are postulated to be small groups of atoms which
react to certain stimuli (gas pressure, magnetic field,
etc.) as a unit and which may exist in one of several
different energy states. According to Everett’s model8
each individual domain will exhibit a square hysteresis
loop if the dependent property (composition, magnetiza-
tion, etc.) is considered as a function of the independent
property (gas pressure, magnetic field, etc.). Accord-
ing to Everett (in a simple situation) if a domain exists
in an energy state I, and the magnitude of the independ-
ent variable (X) is increased, a critical value, X U, will
be approached; the domain will be converted from
state | to a state Il if XU is exceeded. Furthermore,
if a domain exists in state 1l and X is decreased, a
critical value, X\, will be approached, at which value
the domain will be converted from state Il to state I.
The condition X U > X\ prevails.

In a real system it is reasonable to expect the existence
of many domains. A typical hysteresis curve which is
observed for the stimuli mentioned above is shown in
Fig. 1. As a first approximation any point on the
curve represents the additive contribution of domains
which have the same critical values of X. The sig-
moidal curve implies a distribution of values of X U and
X\ for the domains.

In the course of his work, Everett4 suggested seven
theorems which should apply in general to most systems
exhibiting hysteresis effects. The unmodified theory
is limited since it stipulates that only two states are
available to the domains and that the domains are
independent. The case of dependent and independent
domains has been treated by Enderby.6 It is the pur-
pose of this study to show the qualitative similarities
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Fig. 1.—A typical hysteresis loop. The symbolism follows that
proposed by Everett.

Oxygen pressure, mm.

Fig. 2—A Pr-0 isotherm which illustrates theorems | and
1.

between the properties of a theoretical system showing

hysteresis as proposed by Everett and the experimental
properties of the Pr-0 system at 465°.

Experimental

The measurement of the changes in stoichiometry of the
Pr-0 system as a function of oxygen pressure at constant tem-
perature was made using a quartz beam microbalance.6 The

(5) (a) J. A. Enderby, Trans. Faraday Soc., 51, 835 (1955); (b) ibid,,
52, 106 (1956).
(6) A. W. Czanderna and J. M. Honig, Anal. Chem., 29, 1206 (1957).

Paul A. Faeth and Alan F. Clifford

Voi. 67

microbalance had a sensitivity of 0.05 Mg and a reproducibility
of 0.1 fig. Approximately 50 mg. of praseodymium oxide (Préon)
was suspended from one arm of the balance in a small fused-
silica bulb by using quartz fibers; a matching empty bulb
was similarly suspended as a counterpoise. The balance was
contained in a Pyrex glass envelope fitted with two fused silica
extensions which surrounded the sample of praseodymium oxide
and its counterweight. Furnaces were fitted around the fused
silica extensions and provided a constant temperature. The
oxygen pressure was measured and maintained using standard
vacuum equipment.

The counterpoise side of the balance was equipped with an
Alnico needle which was suspended from the balance into the
field of an externally mounted solenoid. Changes in mass
were determined by passing a current through the solenoid and
observing the amount of current necessary to maintain the
balance in a null position. The current passed through a stand-
ard resistance, the voltage drop across which was used as a meas-
ure of the mass changes. Mass changes of one microgram were
considered to be the limit of practical mass resolution. The mass
changes are illustrated in the figures as a function of oxygen
pressure.

The criterion for equilibrium was established as that value of
the mass which remained constant for one hour under the condi-
tions of the experiment. It had been found in earlier, exploratory
experiments that equilibrium was established in approximately
ten minutes for experimental points which then were essentially
unaltered after 15 hours. Plots of mass change vs. time were
used to establish the equilibrium value of a particular set of con-
ditions; frequently the equilibrium value of the mass oscillated a
few micrograms about the mean value.

Praseodymium oxide (99.9%) was obtained from the Lindsay
Chemical Company. The oxygen and nitrogen gases used in the
experiments were obtained from the thermal decomposition of
KMn04 and NaN3 respectively.

Results and Discussion

It was decided to make a comparison between the
properties of a set of Pr-O isotherms measured in the
vicinity of 465° and the general properties of hysteresis
systems proposed as theorems by Everett.

Appropriate portions of Everett's theorems will be
cited and a comparison made with illustrations which
were constructed from the data of an experimental
study of the Pr-O system. No rigorous justification
will be attempted at this time as to agreement or
disagreement between the theorems and the experi-
mental results. The symbolism cited by Everett in
the theorems is illustrated in Fig. 1.

Theorem I.— “ If the primary descending curves meet
the descending boundary curve then the primary
ascending curves will meet the ascending boundary
curve; this behavior corresponds to a relatively narrow
distribution of domain properties.”

Theorem I1.— “If all the primary descending curves
converge on the lower intersection point of the main
loop all the ascending curves will converge on the upper
intersection point; this behavior corresponds to a wide
distribution of domain properties.”

Ordinarily one would not expect both of these theo-
rems to hold for a specific example. Since Everett
does not discuss a “medium sized” distribution, a
corollary which considers the intermediate case may be
in order. Figure 2 illustrates a distribution which
may be described as being between the limits set by
theorems | and Il. A preliminary investigation of the
internal region (see below) of the hysteresis loop of the
Pr-0 system at 465° suggests that several distributions
are operating in this region. Each contributing mem-
ber of the total loop may be thought of as a “narrow”
distribution (theorem 1). The combined effect of
several narrow distributions appears to produce a
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“wide” distribution of properties (theorem I1) although
not in the sense necessarily intended by Everett.

Theorem 111.—“The slope of any descending scan-
ning curve must always be less than that of the de-
scending boundary curve at the same value of X:
similarly that of any ascending scanning curve must be
less than that of the ascending boundary curve at the
same value of X. The slope of any scanning curve is
zero at a reversal point.”

Figures 2 and 3 serve to illustrate this theorem.
The slopes of the primary curves are less than the
respective boundary curves. The slope at the reversal
point does not appear to be zero; however, there does
appear to be a tendency for the descending primary
curve to comply with this point of the theorem. In
some instances the slope is negative, a fact which is not
understood at this time. The effect has been observed
also during a study of the rate of uptake of oxygen by
Pro*, and details will be reported in a later publication.

It should perhaps be mentioned that the theorems
presented by Everett are related to the slopes of the
curves for which the fraction of domains in state 11 was
plotted VS. the external variable. In these terms the
slope of any scanning curve is zero at a reversal point.
However, any externally measured quantity (€.0.,
oxygen content in this case) is subject both to reversible
and irreversible changes. The slope of a scanning
curve at the reversal point is equal to the reversible
part of the change (compare reference 4c, equation 8).
This would explain perhaps why the slopes of the ex-
perimental curves at the reversal points are not zero.

Theorem IV.— “If the path of the system is reversed
at A (X =X a) and X is changed to X B and back to
X a, then the system will return to A, it follows that any
oscillation of A between given limits Xa and XB will
lead to a loop of constant shape and area independent
of the position A in the loop.”

In general the first part of this theorem applies to the
Pr-0 system and is illustrated by Fig. 2and 3. Figure
3 shows that the second part of the theorem is not
necessarily applicable. In this case the two sets of
scanning curves obtained between the same pressure
limits are quite different. The lower set exhibits a
measurable loop but the upper set does not. It
appears that scanning loop size is dependent upon the
region of the main loop under investigation. It is
possible, however, that there are regions where the
second portion of the theorem would apply, but with
the present knowledge of the system, these regions are
difficult to isolate. Non-compliance with the theorem
is to be expected in a system in which several domain
states contribute to the hysteresis. Quinn and Mc-
Intosh7 found the same general result with the adsorp-
tion of butane on porous Vycor glass. While Everett’s
theorem requires an equal area and the same shaped
loops, the modification of Enderby5requires only equal
areas; in any event neither of the proposals fits the
Pr-0 system under the conditions of the experiment.

Theorem V.—*If when the system returns to A as
envisaged in theorem IV, X continues to increase, the
system will move along the same curve as that which
would have been followed if no loop had been traversed
from A.”

Theorem V is considered to apply to the Pr-0 system

(7) H. W. Quinn and R. MciIntosh, Can. J. Chem., 35, 745 (1957).
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isotherm which illustrates theorems IlII,
1V, and V.

Fig. 3.—A Pr-0

Oxygen pressure, mm.
Fig. 4.—A Pr-0 isotherm which illustrates theorem VI.

(Fig. 3). As the pressure is increased from A, the plot
of the experimental data extends below the ascending
boundary curve. The tendency of the curve as it
emerges from A is to have a Smaller slope than the
envelope curve. This suggests that the scanning
procedure has caused a change in the system properties.
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Oxygen pressure, mm.
Fig. 5.—A Pr-0 isotherm which illustrates theorem VII.

Oxygen pressure, mm.
Fig. 6.—Scanning curves for a Pr-0 isotherm at 465°.

For example, one may suppose that a specific distri-
bution of properties, which is a result of only two over-
lapping distributions, is somehow resolved into two
separate distributions by the scanning process; a
gap between such distributions might cause the
deviation from the envelope. This effect is thought
to occur in the recent work of Everett and Nordon8on
the Pd-H system.

Theorem VI.—“Any point P within the hysteresis
loop can be reached in a number of ways from lower
values of X, some from higher. The system will have
definite static macroscopic properties at this point,
but its state will not be completely defined since its
behavior when it moves away from P depends on the
route by which this point was approached.”

Figure 4 illustrates an isotherm with many cross
overs (P points). The numbers adjacent to the various
paths signify the order in which the measurements
were made and the arrows indicate increasing or
decreasing oxygen pressure. With a little patience we
found various paths which led to the same values of
the coordinates. No reason is obvious which guaran-
tees that the same macroscopic state is present at an

8) D. H. Everett and P. Nordon, Proc. Roy. Soc. (London), A259, 341
(1960).

Paul A. Faeth and Alan F. Clifford

Vol. 67

intersection point when the point is approached Vlad
different routes. There are very likely a great many
ways to reach the coordinates at P.

High temperature X-ray data obtained under solid-
gas equilibrium conditions are likely to show the pres-
ence of mixtures of two different crystal structures
(state | and state I1), the proportions of which may be
affected by the atomically ordered and disordered
arrangements associated with each defect structure.
Thermodynamic properties for such mixtures are
likely to vary with respect to these proportions.
Eyring and Baenziger9have indicated somewhat that
mixtures do exist although their work was done on
guenched samples.

Theorem VII.— “If a system is taken through a series
of oscillations of X of decreasing amplitude, after the
nth reversal the system moves toward the point at
which the (1 — I)th reversal occurred; if the system is
carried through this point, it moves toward the (n —
3)th reversal point and so on.”

Figure 5 is an illustration of theorem V11 as it applies
to the Pr-0 system at about 460° The path of the
experiment may be followed by observing the sequence
of numbers adjacent to the paths and the arrows on each
path. The system is such that N equals 5 at reversal
point D. Point C represents the (n — I)th reversal
point, and point A represents the (n — 3)th reversal
point. The Pr-O system moves from reversal point
D through the reversal points C and A as prescribed by
theorem VII. It should be noted that the scanning
curves close with the boundaries of each of the ante-
cedent loops, I.€., loop ABA closes on the boundary
curves 1 and 2- the loop CDC closes on the boundary
curves of the loop generated by the scanning curves 3
and 4. This behavior does not necessarily follow the
proposed model as postulated by Everett.4

The comparison above shows that in general there is
a great similarity between Everett's theory and the
Pr-0 system. Complicating effects such as domain
fracture, domain interaction, changing domain property
distributions, and overlapping domain states are be-
lieved to be present and tend to confuse the comparison.

In section 6 of Everett’'s paperda method of calcula-
tion of a domain distribution is proposed. Curve a of
Fig. 6 represents an isotherm that was measured near
465°. The pressure was increased over Pr23 from
ICC6 mm. and the ascending boundary curve p(X)
was produced. The pressure was reduced from 150
to 25 mm. along the descending boundary curve q(X)
and increased again to 80 mm. where the primary
ascending curve pi(X) closed on the envelope.

A plot of the derivative of the function P'S' — PS
(Everett's g'(Xi,X)) as a function of the oxygen
pressure is shown in Fig. 7 (curve a), in which three
peak-regions are obvious. An interpretation of these
results is that the peaks represent residues of domain
distributions that were converted to a lower (composi-
tion) domain state. This was brought about as the
pressure was reduced. When the pressure was in-
creased, these domains were transformed again to a
higher (composition) domain state. It is difficult to
say what the transitions are; however, it may be that
peak 1 is caused by domains that remained in the &
= 1.80 state, peak 2 is caused by domain state stability

9) L. Eyring and N. C. Baenziger, “Chemical Physics of Nonmetallic

Crystals,” W. A. Benjamin, Inc., New York.N. Y., 1962, p. 428.
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in the X = 1.83 state, and peak 3 is related to domains
that remained in some state beyond X = 1.83 (perhaps
X = 20).

A similar isotherm is represented as b in Fig. 6.
However, in this case the descending boundary curve
was not traversed. The resulting distribution curve b
is shown in Fig. 7. It can be seen that these curves
are quite similar, and curve b is displaced from a. In
accordance with the theory the curves show that a
lesser number of domains were converted from state |
to state 11 in case b than in case a by using this particu-
lar scanning procedure.  Since p(X) can be reproduced,
p'(X) in Fig. 7 has a maximum, the limits of which are
reasonably well defined. However, g'(Xi,X) is depend-
ent on X], and maxima for these curves will depend on
X~ It is interesting to note that the peaks of Fig. 7
are rather sharply defined and indicate that the inter-
action between domains in different states is probably
small.

The question naturally arises as to the nature of a
domain in the Pr-O system. In our opinion, a single
domain may be described qualitatively as being com-
posed of a specific number of Pr atoms. The various
compositions (X = 183, 180, etc.) are the domain
state limitslDand represent specific crystal structures.9

An analogy to a disordered alloy system1l is perhaps
best used to describe the qualitative behavior of the
postulated domain of Pr()x The possible variation of
the free energy of a PrCh domain is illustrated in Fig.
8a. | and Il represent the two states available to the
domain. Curves CAFBH and GBEAD apply to
states | {X = 180) and Il (X = 1.83), respectively.
Path CAF represents state | plus excess oxygen and
path GBE represents oxygen-deficient state Il.  Points
A (E->A) and B (F—B) represent phase changes which
are dependent on the oxygen concentration and order
in the domain. Curves DA or CA and GB or HB could
be the same curves. The path for a transformation
would be, for increasing pressure

(state I) C —1>A — > F(F — >B) — > G(H) (state II)
and for decreasing pressure
(state 1) G—>B—>E(E— A)— >C(D) (state I)

The paths followed by the system will be those which
offer the lowest free energy. The hypothesis that a
domain may be oxygen deficient or contain excess
oxygen implies that the individual hysteresis loop for a
domain does not have to be rectangular.

A projection of the curves of Fig. 8a in the pressure-
disorder plane is shown in Pig. 8b. The lines 1-2 and
3-4 are drawn to aid in showing the similarity between
the regions about points A and B and the theoretical
curves obtained by Anderson2 and ReesI3 for the
general case of a large stoichiometric defect. In both
cases it appears that these authors assume the limit of
existence of one crystal structure (anion-excess) and

(10) A. F. Clifford and P. A. Faeth, “Rare Earth Research,” The Mac-
millan Co., New York, N. Y., 1961, p. 105.

(11) R. Fowler and E. A. Guggenheim, “Statistical Thermodynamics,”
Cambridge, 1956, p. 601.

(12) J. S. Anderson, Proc. Roy. Soc. (London), A185, 69 (1946).

(13) A. L. G. Rees, “Chemistry of the Defect Solid State,” Methuen, Lon-
don, 1954, Chap. II.
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Oxygen pressure, mm.
Fig. 7—Distribution functions for the isotherms of Fig. 6.

Degree of order.

Fig. 8.—(a) Possible variation of the configurational free
energy with system order and oxygen pressure, (b) Projection
of the variation of configurational free energy in the order-
pressure plan.

another (anion-deficient) at constant composition is
the same. If the limits are different, hysteresis effects
should be expected regardless of the existence of do-
mains. Further work along these lines is continuing.
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A “capacity flow” or “steady state” reactor applicable to study of the kinetics of high temperature homo-

geneous gas phase reactions has been constructed.
has been discussed.

The anticipated range of applicability of this apparatus
Data obtained in this fashion on the rates of pyrolysis of ethyl acetate have been pre-
sented and compared to values measured by other authors by means of tube flow reactors.

Some consideration

has been given to the sources of error and the reliability of the activation parameters computed from our meas-

urement.

Introduction

The methods and practices commonly applied in
studying the kinetics of homogeneous gas phase reac-
tions have recently been reviewed by Walters2 and
Maccoll.3 These authors have classified existing
knowledge in the categories of static and flow methods
and have considered various applications in both of
these categories together with their respective ad-
vantages. Evidently, in both methods two distinct
measurements must be made in order to achieve a meas-
ure of the rate of reaction; the extent of reaction and
the time of reaction, although in the flow methods the
time measurements are effected on a space coordinate.

The particular advantages of the flow methods have
been realized in tube-flow reactors in which a time
invariant concentration gradient is established along
the length of a tubular reaction chamber. These cir-
cumstances lend themselves very well for measurement
of very rapid reaction rates in solution3as well as in the
gas phase. A type of continuous flow reactor first dis-
cussed by Denbigh and co-workers,4 called the “ca-
pacity flow” or “steady state” reactor, has been ex-
perimentally elaborated by Hammett and co-workers.5

The capacity flow reactor seems to have been applied
previously only for homogeneous liquid phase kinetics.
It differs in essence from the usual flow reactor3in that
the reaction space is a well stirred vessel instead of an
unstirred tube. As in the tube reactor, the capacity
flow reactor also approaches a steady state but here the
composition is uniform and invariant throughout the
reaction zone.

We have undertaken to develop a capacity flow reac-
tor designed for rate measurements on homogeneous gas
phase reactions in the effort to realize one of the inherent
advantages of the method, namely, for determination
of the instantaneous rate of reaction as a function of
entirely constant reaction conditions. It has already
been pointed out by Young and Hammett6that varia-
tion of reaction conditions during the course of reaction
in a static system or in a tube flow system may lead to

(1) Author to whom inquiries should be addressed at his permanent
address, The University of Delaware, Department of Chemistry, Newark,
Delaware. The work reported here was carried out while this author was
National Science Foundation Senior Post-doctoral Fellow and Visiting
Professor at the University of Leiden, 1960-1961.

(2) W. D. Walters in “Technique of Organic Chemistry,” Vol. 8, Inter-
science Publishers, Inc., New York, N. Y., 1953, p. 231.

(3) A. Maccoll, ref. 2, Vol. 8, part I, 1961, p. 427.

(4) R. Stead, F. M. Page, and K. G. Denbigh, Discussions Faraday Soc.,
2, 263 (1947); K. G. Denbigh and M. Hicks, Trans. Faraday Soc., 44, 479
(1948).

(5) H. B. Young and L. P. Hammett, Am. Chem. Soc., 72, 280 (1950);
J. Saldick and L. P. Hammett, ibid., 72, 283 (1950); M. J. Rand and L. P.

Hammett, ibid., 72, 287 (1950). Seealso R. L. Burnett, Dissertation, Colum-
bia University, as reported in Dissertation Absir., 20, 4537 (1960).

a very real kinetic deviation. Complex reactions are
particularly susceptible to this possibility for inherent
error in the traditional methods of gas phase kinetic
measurements. Furthermore, mathematical analysis
of the kinetics of complex reactions, ordinarily quite
difficult when applied to static and tube flow reactor
data, is carried out (as we shall see) much more simply
by means of the capacity flow treatment of gas phase
reactions.

It will also be seen that several other factors, which
often present difficulties in tube flow reactor measure-
ment of homogeneous gas phase kinetics, are readily
overcome in the capacity flow method. Thus, while
the effect of change in volume during the reaction and
the effect of diffusion must be reckoned with in the
tube flow reactor, these variables are readily eliminated
in the capacity flow experiment. In addition, due to
the conventional difficulties in regulating for perfect
temperature uniformity over the full length of the tube
reactor,6such “end effects” and longitudinal tempera-
ture gradients result in significant errors in rate meas-
urements on high activation energy reactions. The
stirred reactor condition ensures against such contin-
gencies and renders errors due to irregularities in tem-
perature control easily detectable.

We have discussed below the elements of design of a
capacity flow reactor and associated apparatus, which
was constructed for measurement of homogeneous gas
phase kinetics at temperatures up to 600°. We have
indicated how this design may be applied for deter-
mination of reaction rates, reaction orders, and other
parameters in complex reactions. We have also pre-
sented data obtained with this reactor in studies of a
relatively simple reaction, the pyrolysis of ethyl acetate,
in order to achieve a comparison with results reported
in the literature on the same reaction and obtained by
means of the conventional tube flow reactors.

Experimental

Design Features of the Homogeneous Gas Phase Capacity
Flow Reactor.—The accompanying sketch represents the design
of an apparatus which is presently being applied in a kinetic
study of the high temperature chlorination of aromatic hydro-
carbons. Alternatively, however, provision can be readily
made to permit the use of any other liquid substrate than “aro-
matic” and any other gaseous reagent than the “ CI2” indicated.
This complex reaction is merely used for illustration.

The reactor chamber V11 and the various flow control elements
are all integrally mounted on aframe, which is readily movable or
secured in a desired position on rails mounted in the vertical
plane above the center of the thermostatedioath. Tn the condi-
tion of measurement the reactor chamber and the premix coils

(6) S. W. Benson, J. Chem. Phys., 22, 46 (1954).
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which lead to the entrance port at its very bottom are immersed
in the thermostated bath to the fluid level.

The left arm of the premix coil leads to the reactor from
the preheater-evaporator V, by means of which the liquid
component (here labeled aromatic) is smoothly volatilized and
admixed with the nitrogen carrier gas. About a dozen turns of
5-cm. arbor premix coils, fabricated from 4-mm. bore tubing,
were calculated to be of sufficient length when immersed in the
bath to bring the gas mixture to bath temperature and convey it
directly to the entrance port directly beneath the stirrer. The
right arm premix coils were of the same construction and served a
similar function in conveying the preheated (in section VI)
mixture of the second reaction component (here labeled Cb)
and the carrier gas to the locus of mixing of the reactive compo-
nents.

Some attention had to be given to the division of the carrier
gas flow leading into the respective arms of the premix coils.
This had to be done to assure that the two streams of gases have
nearly the same flow velocities at the point of their confluence,
and that there shall be little or no tendency for back diffusion of
the one stream into the premix coils conducting the other.
One of the ways in which this was accomplished is illustrated in
Fig. 1. Here the total flow of carrier gas was metered by the
flowmeter complex I, which consisted of a rotameter equipped
with a choice of by-passing capillaries that permitted altering
the range of controllable gas flow. The flow of gas that issued
from | was divided between the two arms by a combination of a
fixed capillary differential manometer-flowmeter, shown as 111,
and a variable capillary device shown as IV. The latter con-
sisted of a long hypodermic syringe needle penetrating a neo-
prene diaphragm seal and closely fitted to the inside diameter
of a length of uniform bore glass tubing. The length of needle
extending into the glass sleeve was readily adjusted and thus
controlled the resistance to gas flow into section VI and hence to
the right arm premix coils. Alternatively, when the flow rates
required were large enough to produce undesirable pressure
upstream of the flowmeter complex I, the differential manometer
Il had to be replaced by a variable capillary similar to 1V.
From among the apparently innumerable combinations
possible with two such variable capillaries a constant total
resistance to gas flow was obtained which permitted a choice in
the rénge 1:5 to 5:1 in the division of carrier gas flow velocities
in the two arms. The smooth, oscillation-free flow of carrier
gas was assured by placing a 2-1. ballast bulb in the line before 1.

A continuous flow of liquid reagent (aromatic) was delivered
to the evaporator V by means of a motor-driven syringe pump
capable of a very large range of delivery rates; (Unita 1, Braun,
Melsungen, Germany). However, the achievement of an
oscillation-free flow and constant composition of the mixture of
carrier gas and volatilized aromatic required careful adjustment
of the temperature of the evaporator. The desired condition
of steady flow and composition of the gas stream from V was
monitored and judged to be acceptable on the basis of measure-
ments with a Katharometer (thermal conductivity meter), similar
to that used as a gas-chromatography detector element. The
actual evaporator which fulfilled these rigorous demands is
pictured as the upper part of section V in the figure. The (aro-
matic) liquid from the syringe pump entered the system through
the inner (part) of the concentric tubes and discharged onto a
saucer shaped hollow under which a variac controlled heater ele-
ment was mounted. The end of the concentric delivery tube ap-
proached to within 1 mm. of the heated saucer. The carrier gas
which flowed in the outer annulus of the concentric tubes im-
pinged directly onto the heated surface and rapidly conveyed the
volatilized liquid into the surrounding, glass-helix packed void
(which was heated by the tube furnace as shown) and thence to
the left arm premix coils immersed in the thermostat fluid.
The total void volume of V and the premix coils was negligibly
small compared to the void volume of the stirred reactor VII.
The katharometric monitor showed conclusively that the ideal
condition for attaining a steady, constant composition flow lies
in the use of an evaporator temperature that is only slightly higher
than the boiling temperature of the liquid to be volatilized.

The main reactor chamber V11 was fashioned from a spherically
shaped Pyrex flask with four shallow, vertical pleats to
improve the mixing action imparted by the glass paddle stirrer
(shown). The void space in the neck of the flask above the
actual reactor volume was reduced to a negligible amount by use
of an evacuated length of tube connecting the trubore stirrer
shaft to the stirrer paddle. This tube rotated with very small
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Fig. 1.—Schematic representation of the reactor (see text for
legend).

clearance in the neck of the reactor (above the level of the thermo-
stat fluid). The clearance, however, was sufficient to allow un-
obstructed flow of the (steady state) gas composition into the cold
condenser flasks at VI11. In the present instance the neck of the
reactor and the connecting exit tube were wrapped with heating
elements and maintained at about 200°.

The stirrer seal directly above the neck had to be resistant to
hot Clj, HC1, and chloroaromatics.without permitting metal in
contact with the gas stream. A spring-backed Teflon disk at-
tached to the stirrer shaft and rotating tightly against a fluoro-
carbon-greased, ground surface provided both the necessary
sealing action and chemical and thermal inertness. The trubore
bearing for the stirrer shaft was silicone grease lubricated and
water cooled. The annular space between the removable stirrer
bearing and the Teflon disk seal was kept under a slight positive
pressure of pure, dry nitrogen bubbling through about 2 cm. of
sulfuric acid downstream. This construction effectively pre-
vented water and oxygen from diffusing into the reaction zone
through the stirrer seal. The rotation of the stirrer was readily
regulated by a variable speed motor also mounted on the
rack and driving the shaft through a flexible cable coupling.

Considerable latitude was possible in the design of the traps
V111 in which the steady-state reaction product was received and
thereafter analyzed. The two trap combination shown in Fig. 1
followed the suggestion of Huyten7 for breaking up the misting
tendency that occurs with rapid cooling of the hot gases. Alter-
natively, for very difficult cases, we were equipped to use a high
voltage Cottrell precipitator.

The thermostated bath consisted of an open top stainless steel
tank which was insulated by at least 10 cm. of magnesia-asbestos
powder. A removable cover of thick Transite sheet, appropri-
ately slotted to accommodate the immersion heater, thermostat
controls, and the stirred reactor, could be put in place over the
top of the bath. The thermostat fluid consisted of a mixture of
KNO03(53%), NaNO, (40%), and NaNOs (7%) called Hitec (E. I.
du Pont de Nemours) melting at 160° and stable, without fuming,
to more than 600°. For control temperatures below 175°, a com-
mon heating oil could be used instead of the Hitec. The heating
element was a 1500-watt stainless steel immersion type which
was regulated by a bimetallic relay (Jumo STE-0-15A, West
Germany) controlling 10% of the energy supplied by a 200V-10A
Variac. The temperature was sensed by an iron-constantan
thermocouple calibrated by an Anschutz thermometer at 360°
and the temperature of condensing sulfur vapor at -444.6°. The
range of variation from the set temperature of the thermostated
bath was always less than 1.0° as measured by a Cambridge
potentimometer.

The gas composition of the capacity flow reactor was deter-
mined by analysis of the rapidly-cooled effluent gases. Several
possible analytical procedures were available. Wherever possible
gas-liquid chromatography was applied to obtain a quantitative
estimate of the proportions of the various components of the
reaction products. Alternatively, titration of a timed sample for

(7) F. H. Huyten, Chem. Weekblad, 57, 209 (1961).
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a single component (e.g., acetic acid from the pyrolysis of acetates
or unreacted chlorine or the amount of HC1 formed as aproduct of
chlorination) was used to obtain the required analytical data on
the composition of the product. In practice the incidence of a
steady state in the reactor gas composition was detected by the
constancy of successive analyses in timed trials of the effluent
stream.

Kinetic Calculations: Typical Methods for Com-
puting Reaction Order and Rate Constants from
Capacity Flow Reactor Data: Typical Case 1—The
Reaction A + B —»=C + D.— An excess of N2as carrier
gas is used; for example, ArH + ClI24 ArCl + HCL
For this case the rate reaction, R, in moles per second is
given by the product of the COnstant volume of the
reactor (F) in liters and the specific rate in moles per
liter per second (I

R = Vr = kCAaCBoV @

where C: , in general, is taken to represent the concen-
tration dependence of any component, /, present in the
reactor and, therefore, in the effluent stream at the
steady state. It is clear also that

logR = 1ogkV + DlogcB+ alogCA (2

and that in a series of runs employing large excess of
component B, (and therefore, at constant concentra-
tion Cb), we can expect a linear plot of log R VS. log
Ca with a slope equal to d (the order with respect to
A) and intercept given by log fcFCV- It will be seen
that a similar series at constant CA will lead to an esti-
mate of D) as well as the value of the rate constant
at the particular temperature of the reactor.

To compute these parameters, then, we require only
data on the composition of the effluent stream under
given conditions of input flow of the reactants and
carrier gas. This is easily realized, for instance, when
we can measure the relative concentrations of a reagent
and a product in the effluent stream at the steady state
by vapor phase chromatographic or titrimetric pro-
cedures. Thus, let Y = vc/aa, Where an, A Ao,
Ao are the, respective, flow velocities of each of the
influent gases in moles per second and A a, A ¢, and A a
are the corresponding quantities of the components
A, C, and D in the effluent stream. Consequently,
since

AAo= Ac + Aa
Aa,= Ac(l + 1/7) (3)

and, since the rate of reaction is also the rate at which
the product {€0., Ac) flows from the reactor at the
steady state, then
F
R = Ac = AAo (4)
(7 + 1)

It is also obvious that in our constant volume reactor F
= Cc/Ca, and, therefore
A
CA = - ¢ K (5)
_Aa0+ AbO0O+ An2_
where

pressure in atmospheres
(gas constant) (absolute temp.)
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Typical Case 2—The Reaction A -» C + D.—AnN
excess of N2as carrier gas is used; for example c H 3
COOC2HG6-» CH3COOH + c2H 4 the distinctive fea-
ture of this reaction is that two moles are formed from
one, or

2(Aa, ~ A'a) = Ac + Ad

and the total number of moles in the reactor at the
steady state is given by

2+ = 2Aa0~ Aa + An, (6)

It is clear, too, that
R =kVvCAa=kV ** Ka 7

Again, our analytical data (determined on the effluent
stream) gives us F = Ac/Aa, the value of R andAc
by eq. 4. Where the reaction is known to be first order
(a = 1), on appropriate substitution into eg. 7 and
rearranging the resulting expression we arrive at

Ac

“kvna2n (8)

This in turn can be simplified to

k=1v INE+ ©)

Under certain conditions this is susceptible to further
reduction, since, when working at low conversions
{e9, F = 0.1) and in high carrier gas dilution {&.0,
An2A Ao = 5), an approximation is possible which
considerably simplified the computation of the rate
constant. Under these circumstances, Ac << (An.
+ A A9, and we get

[AAo+ A n|] (10)

the proper application of which results in only a negli-
gible error compared to the value ofk computed accord-
ingto eq. 9 (see Table 1).

The Pyrolysis of Ethyl Acetate— Testing of the Ho-
mogeneous Gas Phase Capacity Flow Reactor.—In
order to establish the validity of our design of the
capacity flow reactor, we undertook to determine with
our apparatus the rates as a function of temperature
and the activation parameters for the pyrolysis of
ethyl acetate. These quantities have been previously
reported by several independent investigators utilizing
variants of the tube flow reactor techniques of measure-
ment. The data in Table | summarize our results
expressed in the terms of the computational procedures
discussed above (see eg. 8and 10).

Admittedly, the apparatus shown in the accompany-
ing figure is not the ideal design for a one component,
monomolecular system such as ester pyrolysis, since
only one-half of the capacity was in use; that is to say,
only the premix coils leading from preheater V were
needed and those from VI were inactive in these ex-
periments. However, this introduced only a small
uncertainty in the actual volume of the reactor, or put
another way, in the effective contact time, since the
total heater volume from the point of evaporation of
the substrate in V to the entrance port of the reactor
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Table |

D ata on the Pyrolysis of Ethyl Acetate Taken by the Capacity Flow Reactor and Computations T hereon

Nao (10) (109) Y
Flow velocity  Flow velocity Gacetic
of ethyl of nitrogen and Gester
Run acetate input toluene in in the
no. in moles/sec. moles/sec. effluent
P16 6.80 77.60 0.0283
Pl 2.17 48.30 .085
P18 3.67 54.25 .079
P17 2.75 47.55 234
P19 1.88 50.53 .504
P20 1.41 47.89 1.17
P15 1.67 41.38 1.53
P24 1.24 122.3 1.69
P23 1.24 122.3 3.15
P21 1.24 122.3 10.28

was, indeed, only a small fraction of the total reactor
volume. Our results, therefore, could be compared
with the earlier values reported in the literature.s-i1

An Arrhenius plot of our data listed in Table I may
be compared to analogous plots of data in the litera-
ture.io11 It will be seen that in the temperature range
covered by all three sets of data our points appear to fall
very well within the limits of uncertainty delineated
both by Bladeswo and by Scheeri: for their own results.
The close coincidence of the respective experimental
values can be realized from a comparison of all three
reports at a given temperature; for example, the value
of k (sec.-1) at 489° computed by Scheer from Blades’

Table |l
Arrhenius Equation Computations”

Temp, range k = B'T exp(—AE/RT)

covered (°C.) (degrees ~1sec. -1) (kcal.) Ref.
376-531 1.85 X 108 43.6 This work
434-531 3.9 X 108 44.5 This work
376-414 4.3 X 106 41.0 This work
452-537 1.65 X 109 46.5 Scheerll
503-610 4.38 X 109 43.4 Blades1l

“ According to ref. 9.

data is 0.079-0.082, from his own data 0.075, and we
have calculated 0.071 by interpolation. However, the
increased sensitivity, afforded by our capacity flow reac-
tor method of measurement, permits us to determine
the rates and activation parameters as well at consider-
ably lower temperatures than investigated by the pre-
vious authors.io11  Thus, we noted that for the tempera-
ture range between 376 and 414° the data depart from
the linear relation observed at the higher temperatures
and are best approximated by a new line with reduced
values of AE and B' (see Table 11). Although it is
not a common occurrence in reactions like ester pyrolysis
which have a very simple path, many reasons have been
discussed which would contrive to produce departures
from linearity in an Arrhenius plot over a large tem-
perature range. For example, the incidence of a hetero-
geneous catalysis mechanism has been identified as
responsible for curvature in the Arrhenius plot of nitric
oxide decomposition studied by Wise and Freeh.12
The curvature we observed for ethyl acetate pyrolysis,
however, is not likely to originate in this fashion since it
is well established that increased (neutral) surface area

(8) G. K. Burgess, J. Res. Natl. Bur. Std., 1, 635 (1923).

(9) R. S. Brokaw and R. N. Pease, J. Am. Chem. Soc., 72, 3237 (1950).
(10) A. T. Blades and P. W. Gilderson, Can. J. Chem., 38, 1407 (1960).
(11) J. C. Scheer, Dissertation, University of Amsterdam, 1961.

(12) H. Wise and M. F. Freeh, J. Chem. Phys., 20, 22 (1952).

k (108) k (10®)
Computed from Computed from 1000

KV (10®) eq. 9 eq. 10 T
6.16 0.389 0.387 1.541
6.05 712 .710 1.512
6.00 .766 .763 1.500
5.80 2.05 2.03 1.451
5.66 4.73 4.67 1.415
5.52 10.6 10.5 1.380
5.48 12.3 12.0 1.371
5.30 39.8 39.4 1.325
5.18 75.6 75.2 1.295
4.97 258. 255. 1.242

in the reactor is without influence on the rate
must be particularly true of our capacity flow reactor
where the surface to volume ratio has been enormously
reduced compared to the conventional tube flow reac-
tors previously employed for rate measurements.
Others have suggesteds that the occurrence of a tem-
perature gradient in a reactor can lead to significant dis-
tortion of the Arrhenius plot and the parameters com-
puted therefrom. This criticism, however, cannot be
levelled at the well stirred capacity flow reactor which
is characterized by almost perfect temperature homo-
geneity. It ismore likely a possibility to be anticipated
in some tube flow reactor designs.

From such considerations we have concluded that
the causes of curvature in our Arrhenius plot are not to
be found in the techniques by which we have measured
the pyrolysisrates.1s  Rather we have assumed that cer-
tain factors controlled by the mechanism of reaction
are operating to produce the observed deviation. Thus,
in principle the entropy (/-\S*) and enthalpy (AH*) of
activation are temperature dependent quantities com-
prising the AE term in the Arrhenius plot. The fact
that AE is most often computed from the slope of a
straight line plot implies that A<S*and AH* are linearly
interdependent. That is to say, in the algebraic rela-
tion

AH* = I3AS* + - (11)

both & and Y are generally constant or experience only
small variation over a relatively wide range of tem-
peratures. The empirical fact of eq. 11 has been dis-
cussed by several authorsis-i6 who have noted its ap-
plicability in a wide variety of reaction series and in
both rate and equilibrium processes.

While it is not possible at present to understand
fully all the mechanistic details which contribute to the
departure from eqg. 11 at low temperatures and the
consequent shift in the slope and intercept of the Arrhen-
ius line, we have surmised that the AS* term is most
strongly implicated. This correlates very well with the
Fowler and Guggenheimiz treatment and the Hinshel-

(13) J. W. Engelsma, E. C. Kooyman, and J. C. van der Bij, Rec. trav.
chim. Pays Bas, 76, 325 (1957); J. W. Engelsma and E. C. Kooyman, Proc.
Ron. Akad. Wet., B60, 321 (1957); Proc. Chem. Soc., 258 (1958). Further
studies applying this capacity flow reactor to studying the kinetics of high
temperature gas phase aromatic halogenation are presently in progress in
the laboratories of Professor Kooyman.

(14) J. E. Leffler, J. Org. Chem., 20, 1202 (1955).

(15) C. G. Overberger and R. W. Cummins, J. Am. Chem. Soc., 75, 4250
(1953).

(16) W. K. Wilmarth and N. Bellwart/,, ibid., 77, 4543 (1955).
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wood-Lindemanni8 theory of unimolecular reactions
which give strong consideration to the number of in-
ternal degrees of freedom in the configuration of the ac-
tivated complex. We hope to give this matter more
careful scrutiny in further investigations applying the

(17) R. H. Fowler and E. A. Guggenheim, “ Statistical Thermodynamics,”
Cambridge University Press, Cambridge, 1939, pp. 524-527.

(18) C. N. Hinshelwoori, “Kinetics of Chemical Change,” Oxford Uni-
versity Press, Oxford, 1947, pp. 79-83.
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capacity flow reactor to high temperature gas phase re-
actions.
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IN EXOTHERMIC HETEROGENEOUS CATALYTIC
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The steady-state flux of mass and of energy at a solid catalytic surface due to heterogeneous recombination

of hydrogen atoms were evaluated by a combination of e.p.r. and calorimetric techniques.
faces employed were filaments of nickel, platinum, and tungsten.
atom recombination was found to be accommodated by the catalyst.
This is interpreted to be governed by the lattice force constant of the

the energy flux which a solid can accept.

The catalytic sur-
In general, only a fraction of the energy of
The results suggest an upper limit to

catalyst which may be the rate-limiting factor in certain exothermic catalytic processes.

Introduction

Recent observations2 of the heat flux to metal fila-
ments exposed to a hydrogen discharge of fixed inten-
sity indicated that, of the total energy liberated by the
surface-recombining hydrogen atoms, only a fraction
was dissipated as heat in the catalyst. The remainder
was apparently carried away by desorbing hydrogen
molecules formed by heterogeneous atom recombina-
tion. Other investigators3have reported the appear-
ance of electronically excited nitrogen molecules in the
proximity of a catalytic surface exposed to nitrogen
atoms.

From this qualitative evidence, it appears likely that
the efficiency of energy transfer within the crystal lat-
tice of a catalyst may play a fundamental role in exo-
thermic heterogeneous processes. Indeed, the activity
of various solid materials for atom recombination has
been correlated24 with the Debye characteristic tem-
perature of the catalyst which, to a first approximation,
is a measure of the lattice force constant and hence de-
termines the upper frequency limit at which heat may be
transferred through the lattice by spontaneous phonon
emission. To investigate this problem further, we have
made quantitative measurements of the fraction of
available reaction energy imparted to a catalytic sur-
face on which hydrogen atoms are recombining.

Experimental

I.  Method.—The objective of our experiment was to measure
simultaneously the steady-state mass and energy flux at the
catalytic surface due to heterogeneous atom recombination.
From such data, the reaction energy accommodation coefficient
for the surface was computed, i.e., the fraction of available energy
transferred to the.sqlid. Atomic hydrogen possesses a net elec-
tron magnetic moment; hence, electron paramagnetic resonance
(e.p.r.) spectroscopy was selected as a method for evaluating the
flux of atoms flowing through a tube toward a catalytic surface.

(1) This work was supported by Project Squid, Office of Naval Research,
Department of the Navy.

(2) B.J. Wood and H. Wise, J. Phys. Chem., 65, 1976 (1961).

(3) R. R. Reeves, G. Mannella, and P. Harteck, J. Chem. Phys., 32, 946
(1960); Can. J. Chem., 38, 1648 (1960).

(4) H. Wise and W. A. Rosser, “Ninth (International) Symposium on
Combustion,” Cornell University, Ithaca, N. Y., 1962.

The power input to the surface attributable to the exothermicity
associated with heterogeneous atom recombination was deter-
mined calorimetrically.2

Il. Apparatus.—In essence, the experimental apparatus
consisted of a tube through which hydrogen gas at a reduced
pressure was pumped. At one region in the tube the gas was
partially dissociated in a radiofrequency (RF) discharge. Down-
stream from the discharge an e.p.r. cavity was located, and
immediately downstream from the cavity a catalytic filament was
situated.

The vacuum system (Fig. 1) was fabricated from Pyrex glass
with the exception of a fused quartz section through the e.p.r.
cavity. This tube had an outside diameter of 10 mm. and a
wall thickness of approximately 0.75 mm. Prior to insertion in
the vacuum system, the tube was washed with concentrated
nitric acid, followed by thorough rinsing with ethanol and then
with distilled water.

Atoms were produced2in a 17 me./sec. electrodeless discharge.
Atom concentration was varied by adjusting the RF input to the
discharge. The total pressure in the system was controlled
by varying the gas input rate through an adjustable leak, a
Granville-Phillips valve.

The catalytic filament was located downstream from the
e.p.r. cavity, but the physical dimensions of the cavity limited
the minimum distance between its center and the filament to 16
tube radii. Hydrogen atom recombination on the walls of the
quartz tube5causes a loss of atoms between the e.p.r. cavity and
the filament, under the flow conditions prevailing in our experi-
ments, which was estimated from a theoretical analysis.8 In
addition, the atom concentration profile within the quartz tube
was verified experimentally by positioning the quartz tube so
that the e.p.r. cavity and its attendant magnet, mounted on a
wheeled carriage, could be moved back and forth horizontally
along the tube (Fig. 1). In this manner the longitudinal con-
centration gradient of atoms in the tube was evaluated (Fig. 2).

I1l. Catalysts.—The catalytic surface, in the form of a
coiled filament, was supported on 16 gage glass-insulated copper
wires and was attached to a glass-encapsulated iron armature so
that its longitudinal position in the quartz tube could be adjusted
from outside the tube with a magnet. Details of the measure-
ment of the rate of heat input attributable to atom recombina-
tion on the filament surface are given in an earlier publication.2
Surface areas were calculated from the measured dimensions of
the wires. Average surface temperatures were computed from
the measured values of filament resistance, the filament dimen-
sions, and values of resistivity reported in the literature for the
various metals.2

(5) B. J. Wood and H. Wise, J. Phys. Chem., 66, 1049 (1962).
(6) H. Wise and C. M. Ablow, J. Chem. Phys., 35, 10 (1961).
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V. E.p.r. Spectrometry.—E.p.r.
employed by several investigators7-11 to measure the concentra-
tions of gaseous atomic species by observing the intensity of their
paramagnetic resonance absorption. The principal problem
associated with the use of this method for such purposes is the
derivation of a relationship between the indicated resonance
absorption intensity of the species and the actual number of the
species in the e.p.r. cavity. Since the fine structure and the
theory of the e.p.r. spectrum of molecular oxygen have been
examined and developed in detail,2we chose to employ molecular
oxygen as a calibration standard. That is, the concentration of
atomic species in the cavity was evaluated by comparing the
resonance absorption of the atoms with the absorption of a known
pressure of oxygen molecules for a fixed set of geometric and
instrumental parameters.

In our experiments a Varian Model V4502 e.p.r. spectrometer
with a six-inch magnet was employed. This instrument utilizes
a 100 kc./sec. field modulation unit with a multipurpose micro-
wave cavity whose Q is approximately 7000. Microwave energy
absorption by a species with an unpaired electron is due to
transitions between Zeeman energy levels, and occurs when the
species is placed in a magnetic field H and an alternating electric
field of frequency v such that hv = jBH, where g is the spectro-
scopic splitting factor, h is Planck’s constant, and B is the Bohr
magneton 0.92732 X 10-20 erg gauss-1. The Varian spectrom-
eter is operated as a fixed frequency instrument {v ~ 9.4
kMc./sec.) in which the magnetic field is varied to attain the
resonance condition. The derivative of the absorption of the
paramagnetic species is detected, amplified, and recorded. The
recorded signal is proportional to the derivative of the imaginary
part of the complex susceptibility with respect to the magnetic
field, dx"/dH. The total number of unpaired electron spins
in the cavity is proportional to the integrated intensity T'x"dH.
Using the development of Krongelb and Strandberg8 we may
write expressions for the number density of oxygen molecules
and hydrogen atoms in terms of their integrated intensities.
Thus

NO, =t X 7--—=-- X
o*dH
[A\{IM I, neeXp(-EjMkT)] @
and
202/ + )(ek )fxrndH
honr g BS(S + 1)U
where

No2and iVH are, respectively, the no. of oxygen molecules and
hydrogen atoms per cm.8

h = h/2x

J> = 2t H

k is the Boltzmann constant

T is the temperature in °K.

Ejm is the energy of a given transition
and /+ are the filling factors associated with the respective
transitions

Z is the partition sum j2m exp(—E jIM/KT)

Cla = dr/dH

M and J are, respectively, the magnetic and total angular momen-
tum quantum numbers, and

K is the absolute square of the matrix element for
all transitions such that AM = 1, where /a* is the magnetic
field operator that causes spin transitions

| is the spin of the proton

S is the spin quantum number (in the case of H we use this nota-
tion which is distinct from J in 0 2matrix elements).®

(7) T. M. Shaw, J. Chem. Phys., 30, 1366 (1959).

(8) S. Krongelb and M. W. P. Strandberg, ibid., 31, 1788 (1961).

(9) D. S. Hacker, S. A. Marshall, and M. Steinberg, ibid., 35, 1788 (1961).

(10) C. A. Barth, A. F. Hildebrandt, and M. Patapoff, Discussions Fara-
day Soc., 33, (1962).

(11) T. C. Marshall, Phys. Fluids, 5, 743 (1962).

£12) M. Tinkham and M. W. P. Strandberg, Phys. Rev., 97, 937 (1955).
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Fig. 1.—Schematic diagram of apparatus.

Fig. 2—Theoretical6and experimental hydrogen atom concen-
tration gradients in quartz tube of radius R = 0.425 cm., with
tungsten filament located at x/R = 60, and total pressure P
= 41 ii. Theoretical curves calculated on the basis of y = 2
X 10-3and y' = 0.05.

Dividing equation 1by 2 we obtain

JVh = 3/tgeff(2/ + 1)

No, f+9Z

[A\(IMk \I'M)\* exp(-Eju/kT)] f x"naH
[5G + 1)] SX" o2iH
©)

For atomic hydrogen I = ¥,and S = I/,. The partition sum

Z for oxygen may be approximated by its classical value dkT/2B’
= 217 where B', a conversion constant for molecular oxygen,
= 43102 Me./sec. Also, the ratio of filling factors, /£//+ = 1
since the dimensions and geometry of the cavity and quartz tube
are the same for both gases. The g-value for hydrogen atoms is
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Fig. 3.—Upper paramagnetic resonance absorption line of
atomic hydrogen. The integrated intensity of this line indicates
an atomic concentration of 3.95 X 10Hatoms/cm.3

the same as for a free electron, 2.0023. The quantity in brackets
in the numerator is termed the “calculated intensity” by Tink-
ham and Strandberg2and has been evaluated by them for a large
number of oxygen resonance absorption lines. We chose the
line arising from the transition K = J = 1, AM = —1— 0which
appears at H = 5583.8 gauss and v = 9.47675 kMc./sec. The
calculated intensity1 for this line is 0.741 and the value of gea
is 1.96.

Inserting the appropriate numerical values of these parameters
in eq. 3 we obtain

Nh = 268 X 10-Wo, AT O

or
/V 'rdH
fx O02H

where P 0l is the pressure of oxygen in mm.

For experiments of the type employed in our study, the inte-
grated intensity of the resonance absorption line, fx * dH, may
be evaluated from the experimental data by reducing the function
to the form of a first moment of the absorption. The first
moment of the derivative function dx"/dH, as defined, may be
integrated by parts to give

Nn = 865 x 10uP02 Q)

fi1 H@AX7dH)dH = Hx” 11l - / 4] x» dH
(6)

If dx"/dH is of such order that the function is Lorentzian in

shape, then the integrated quantity Hx” in eq. 6 becomes

zero, and the intensity may be readily evaluated by numerical
integration

+u

H(dx"/dH)dH = lim £ H(dx"/dH)AH (7)
AH—0 - ©

The values of integrated intensity obtained by use of eq. 7 are
meaningful even though the line shape may be distorted by over-
modulation.? In our work, however, a fixed modulation ampli-
tude was selected empirically such that the recorded signals were
not over-modulated and this value was used for all of our
experiments.

To avoid problems associated with microwave power saturation
of the observed electron spin transitions, the Varian low power
microwave bridge was used. The microwave power incident on
the sample in the cavity varied between 2.0 and 20 milliwatts.
In practice, the power required to saturate the sample was de-
termined by observing e.p.r. signal intensity as a function of inci-
dent power, then reducing the power level below saturated
values.

As a rule, measurements were made with fixed settings of inci-
dent power and signal amplifier gain. In several experiments,
where these parameters were varied, corrections were made by
means of an empirical calibration of these respective functions
with samples of molecular oxygen at known pressures.

Lines were identified by measuring the magnetic field H
at resonance with a proton fluxmeter. The molecular oxygen

cia) K, Haltmoh, Phy>, Ret., «#, 1S30 (1960).

B. J. Wood, J. S. Mills, and H. Wise
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resonance line of interest appeared at H = 5454 gauss and v
- 9.2565 kMc./sec., which corresponds to the line reported by
Tinkham and Strandberg2at H = 5584 gauss and v = 9.4768
kMc./sec. The hydrogen atom e.p.r. spectrum# consists of two
absorption lines of equal intensity separated by 506.8 gauss and
centered on either side of g = 2 (H = 3338 gauss, v = 9.3839
kMc./sec.). The upper line is shown in Fig. 3.

V. Gases.— Ordinary grade compressed oxygen was employed.
The manufacturer’s stated purity was 99.5-99.8 volume % O2.

Matheson pre-purified grade hydrogen was passed through a
De-oxo unit to remove traces of O2. In some experiments the
gas was bubbled through water at room temperature prior to its
introduction into the vacuum system. (It has been demon-
strated that traces of water vapor enhance the quantity of hydro-
gem atoms in the vicinity of an electrodeless discharge.15 The
minimum detectable concentration of hydrogen atoms by e.p.r.
spectrometry in our apparatus was approximately 1 X 1013
atoms/cm.3

Results

Considering both convective flow and diffusion, the
total flux of atoms to the filament, <z is given by

41 ~ diff “b ~conv (8)

For first-order kinetics of heterogeneous atom removal
the diffusive term is related to the atom-concentration
gradient at the catalytic surface, located at a fixed posi-
tionX = L, by®

y'cN

- =D, (wrary = a0)ia’_ <t72)] (9

where DU is the binary diffusion coefficient of hydrogen
atoms through the molecular gas, ¢, the mean atomic
velocity, }/', the recombination coefficient defined as the
fraction of incident atoms which recombine, and N, the
hydrogen atom density.

The effective contribution of the convective term to
atom recombination on the solid is given by

$r = = y'VN (10)

where V is the linear velocity of the flowing gas. Conse-
guently the effective total flux of recombining atoms is

‘ [ ]
1 {uTy)+ 1

For the case of hydrogen atoms the magnitude of the
convective flow term in eq. 11 is of the order of 1% of
that of the diffusive flow term at the pumping speeds en-
countered in our experiments. The contribution of bulk
flow to 4% was therefore neglected in our calculations.
Experimental evaluation of the atom concentration
gradients in the tube under conditions or both convec-
tive-diffusive flow and diffusive flow only demonstrated
that neglect of the convective flow term in eq. 11 was
justified (Fig. 2).

The steady-state heterogeneous recombination proc-
ess may be described in terms of an energy balance

w/A = QJQ (12)

where W is the net power input to the filament due to
heterogeneous atom recombination, A is the geometric
surface area of the filament, Q is the heat of recombina-
tion of hydrogen atoms = 85 X 10~Dcal./atom, and A3
the reaction energy accommodation coefficient. Sub-

(14) N. F. Ramsey, “Molecular Beams,” Oxford University Press, Lon-
don, 1956, p. 246.

(15) F. Kaufman and F. P. Del Greco, J. Chem. Phya,, 35, 1895 (1961;.

(16) H. Mots and Hi Wise, ibid,, 32, 1893 (1960;*
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stituting eq. 11 (less the negligible convective flow term)
into eq. 12, we obtain

Aol — y'/2\
NcAQyY’

The values of /3 obtained in this way from our experi-
mental data are shown in Table 1.

(13)

Table |

Experimental Values of Reaction Energy Accommodation

Coefficients, /3, for Hydrogen Atom Recombination on

M etals
(Gas temperature = 300°K.)
Total gas
Range of density
Catalytic Filament atom concn.6  [(mole-
surface . [(atoms/ cules/cm.3 %
(filament) i R) cm.3 X 10-n] X 10-»] y P (av.)
Nickel 423 0.15-2.4 518 o020 060t 0.11

34-18 485 07 719+ 08

ungsten 443
Tungst ]

80  .33-2.9 104 07 8l 05

m 69-104 104 07 85+ 13

Platinum 376 79'22 260 040 49 t 07
B 6621 28.2 040 57+ 07

58 .30-1.7 28.2 079 25+ 03

813 .94-5.6 26.0 10 19t 02

“ Values of y' were calculated from data of ref. 2 using most
recently reportedl7 values of On. 6Atom concentrations were
evaluated at the e.p.r. cavity and were varied within the indi-
cated range of values at the indicated total gas density by adjust-
ing the RF power input to the discharge.

Discussion

The measured values of 0 (Table 1) seem to strengthen
the hypothesis2 that the relative efficiency with which
this energy can be removed from the reacting system is
the key to catalytic efficiency for reactions of this type.
To some degree the magnitude of (3 appears to be in-
versely related to the value of 7'. This is particularly
evident in the case of platinum, which exhibits a varia-
tion in recombination coefficient with temperature.2
It is of interest to observe that the product @y' is con-
stant over the range of filament temperatures measured.
From this observation and from eq. 13, we may con-

(17) S. Weissman and E. A. Mason, J. Chem. Phys., 36, 794 (1962).
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elude that there exists an upper limit to the energy flux
which the solid can accept.

Such an interpretation folds an analogy in the case of
collisional energy transfer between a gaseous species and
a solid surface in the absence of chemical reaction.
Theoretical considerationsi8based on a classical model
lead to the conclusion that the transfer of energy, by
spontaneous phonon emission into the crystal lattice
from the point of impact, becomes less efficient when
the kinetic energy of the incident particle lies above a
certain level. In a steady state process, therefore, in
which the total rate of energy input to the surface ex-
ceeds this level, only a fraction of the liberated energy
can be accommodated.

The variation in accommodation coefficients among
various solids is a function of the lattice force constant
of the crystal; the greater the magnitude of this param-
eter, the smaller the quantity of energy that can be
transferred by phonon emission per collision.19 This
fundamental characteristic of a crystal, however, may
be altered by the introduction of foreign atoms or ions
into the lattice. The dissolution of hydrogen in certain
metals, for example, has been demonstrated to pro-
foundly affect such physical properties as metal atom
spacing in the latticeDand possibly the electron-energy
distribution. Such lattice changes may be expected to
influence phonon transfer and may account for the
variation in i3with temperature in the case of platinum.

It appears that the hydrogen molecules formed in
heterogeneous recombinations are not in thermal
equilibrium with the catalyst. Hence, these particles
must leave the surface with an excess of energy in the
form of internal and/or translational modes. A quan-
titative evaluation of the energy distribution in such
desorbed molecules would be of some importance to
studies concerned with energy transfer in the presence
of exothermic heterogeneous chemical reaction.

Acknowledgment.—We wish to express our thanks to
Mr. Dan J. Schott for his assistance in this experimental
program.

(18) N. Cabrera, Discussions Faraday Soc., 28, 16 (1959).

(19) R. W. Zwanzig, J. Chem. Phys., 32, 1173 (1960).

(20) D. P. Smith, “Hydrogen in Metals,” University of Chicago Press,
Chicago, Illinois, 1948.
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Oxygen-18 enriched water was used to determine the source of molecular oxygen formed during the Co-60

7-radiolysis of aqueous sodium nitrate solutions.
oxygen came from two sources:

Mass speetrographic analyses of the 02 indicated that the
(1) the joint participation of HD and NOa~ and (2) from the nitrate ions. The
oxygen formed by decomposition of the nitrate ion is directly proportional to the dissolved solute.

Since nitrite ion

is the only major nitrogen-containing radiolysis product, the over-all decomposition is consistent with N03"'~ v—
NC2~ + 0.502 The G(02) was measured in the Ce+40.4 M H;SO.,-NaN(>3 system and, like the G{Ce+3) in
this system, increased rapidly as a function of the NaNO03 concentration at low NaNOs concentrations and at

a slower rate, directly proportional to NaNO03 concentration, at high NaNO03 concentrations.

The G(O2) from

radiolysis of the N03~ in H2 18N aN 03 solutions is correlated with the directly proportional regions of the
G/Ce83 and the G/O.) measured in the Ce+M).4 M H2S04NaN 03system.

Introduction

The radiation chemistry of dilute aqueous solutions
has been interpreted on an initial decomposition of sol-
vent into oxidizing and reducing species and their sub-
sequent reactions with each other or with dissolved
solutes. The observed chemical reactions are consist-
ent with the identification of these species as the OH
radical and the H atom and/or solvated electron.
When concentrated aqueous solutions are irradiated,
however, some product yields increase and can no
longer be explained by the currently accepted radical
yields observed in dilute aqueous solutions. These in-
creased yields have been descriptively termed “direct
action” and are in general directly proportional to the
concentration of the dissolved solute. The purpose of
this paper is to present evidence for a directly propor-
tional direct action effect on the nitrate ion in aqueous
NaNO03 solutions and to correlate these findings with
the previous work of the author. The enhanced cerous
yield after corrections have been made for known Ce+4
reduction reactions in the Ce+4-04 M HZXS04-NaNO03
solution23 has been divided into two individual contri-
butions that will be discussed in terms of nitrate decom-
position by direct action and by scavenging. ;

Experimental

Reagent grade Baker and Adamson sodium nitrate and po-
tassium bromide, C.p. sulfuric acid, and G. Frederick Smith
analytical reagent ceric acid sulfate were used in the experiments.
The sodium nitrate was recrystallized three times from specially
distilled water recovering only the middle 50% on each crjrstalli-
zation. The potassium bromide, however, was used without
recrystallization. The sulfuric acid was redistilled in the presence
of ceric ion using only the middle I/t portion for the preparation of
a ceric ion stock solution. Water used for the recrystallization
of NaNO03 and for the acidic ceric solutions was purified by dis-
tilling water from a Barnstead still from acid dichromate solution,
a basic permanganate solution, and then in an all-silica system.
Storage was in silica vessels.

The acidic ceric solutions were prepared for irradiation from
the ceric stock solution to contain 0.0004 M ceric ion, 0.4 M
H2SO4, and the desired concentration of NaN03 They were de-
aerated by repeated freezing, evacuating to 10~6 mm. pressure,
and thawing and irradiated in a 600-curie cobalt-60 7-ray source.
Quantitative oxygen determinations were made by ignition
with hydrogen on a platinum filament.

For the isotopic experiments, oxygen-18 enriched water, con-
taining 1.6% 0-18, was obtained from the Operations Division
of the Laboratory. This water was purified by distillation from

(1) Operated by Union Carbide Corporation for the Atomic Energy Com-
mission.

(2 T.J. Sworski, J. Am. Chem Soc., 77, 4689 (1955).

(3) H. A. Mahlman, J. Phys. Chem, 64, 1598 (1960).
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Results and Discussion

Although the exchange of oxygen atoms between
H2D Band N 03~ takes place in acid solution6 it should
not be a factor at the pH used for these experiments.7
The presence of the molecular oxygen mass 34 above
that predicted from the natural abundance of the oxy-
gen isotopes in nitrate ion indicates that the water has
participated in the solution decomposition. In Table
I, the per cent of molecular oxygen mass 34 observed is
given for the NaNO3concentrations 1.0 to 6.0 M. Us-
ing oxygen mass 34 as the criterion to determine the ex-
tent of water participation the balance of the molecular
oxygen must come from the only other oxygen-contain-
ing molecule or ion in the solution—the nitrate.ion.
The G (02 from the nitrate ion, G(Ot)xo,-, as calculated
from the mass speetrographic data is also given in Table

(4) C.J. Hoehanadel and J. A. Ghormley, J. Chem Phys,, 21, 880 (1953).

(5) H. A. Mahlman and G. K. Schweitzer, J. Inorg< Nucl. Chem, 5, 213
(1958).

(6) M. Anbar, M. Halmann, and S. Pinchas, J. Chem Soc., 1242 (i960).

(7) M. Anbar, personal communication.
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I and plotted in Fig. 1. An explanation of the positive

intercept equal to 0.05 is not apparent; how-
ever, it is readily seen in Fig. 1 that the increase in the
G(02no3 is directly proportional to the NaNO03 con-
centration in the solution. This change in the
<A0 2 no!- will be utilized in the interpretation and con-
clusions of this paper.

Table |

Oxygen and Hydrogen Yields as a Function of NaNO

Concentration

HsO”-NaNOs Ce +4-
. %o, Fraction Total 0.4 M 11504
NaNOj, mass 34 oxygen obsd. NaNOs
M obsd, mass 34 0(0-) (702)No3  <?(HO G(02
0 . 0.80
0.5 154 117
10 184 057 020 0.09 098 141
2.0 1.39 43 3l 18 006 148
1.30 41
30 137 43 42 25 0% 154
1.28 40
40 129 40 90 30 045 161
50 112 39 .56 .36 041 1.66
6.0 102 31 03 43

Since nitrite ion has been shown to be the only major
nitrogen-containing product,8 stoichiometric amounts
of NO2_  and 02 may reasonably be expected to be
formed according to the over-all equation

NO03~ »NO,* + Y22 1)

If this reaction or its equivalent takes place it should be
easily detected ina Ce+M).4 M H2Z 04N aN 03solution,

since the Ce+4 ion is readily reduced in acid solution by
nitrite ion. In Fig. 2, curve A represents the observed
reduction of ceric ions in a Ce+40.4 M HX0,-NaN03
solution.3 There is a rapid initial increase in the
G(Ce+3 with increasing nitrate concentration. At
higher nitrate concentrations the G(Ce+3) increases less
rapidly and becomes a linear function of the NaNO03
concentration. Let us discuss the Ce+4-0.4 M HXS04

NaNO03system by first presenting the radiation induced
ceric reduction mechanism9that takes place in the ab-
sence of NaN 03

Cet+4+ H —> Ce+3+ FI+ (2)
Cetd + HD2— » Ce+3+ H+ + HO2 (3
Ce+4+ HO, —> Ce+3+ H+ + 02 (4
Ce+3+ OH —> Ce+4+ OH- 5)

The reaction of Ce+4 with H atoms (reaction 2) can
successfully compete with the recombination of H
atoms to form molecular hydrogen.0 Thus the
(7(Ce+3) is given by 2GhjO, + Ch — (oh + 2[045 —
&H2]. Since the (?oh has been shown to be constant
as the NaNO03 concentration was varied over a wide
range,23 it was assumed that the ceric reduction was
also constant and equal to the same reduction rate as
in 0.4 M HXS04 Thus, the reduction of Ce+4 by the
radiolysis of solvent is given by curve C in Fig. 2 as
G(Ce+3 = 2.38.3

(8) H. A. Mahlman, unpublished results, Chemistry Division Information
Meeting, Oct., 1961.

(9) A. O. Allen, radiation res., 1, 87 (1954).
(10) H. A. Mahlman, J, AM cnem. Soc., 81, 3203 (1959).
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Fig. 1.—The (?(02)no3 as a function of the NaNO03 concentra-
tion.

NaNOj MOLARITY.

Zt:ig. 2.—Isolation of the enhanced G(Ce+3) in the Ce+4~
0. M H2S04NaNO03 system: curve A, observed G(Ce+3);
curve B, equivalent <7(Ce+3) due to the suppression of G(H2);
ﬁt”ve C, G(Cety observer in theGaG]szjfce of NaNO03 equal to

hb2t ca —con + 2[045 —

The suppression of the molecular hydrogen yield, 11
Cr(H2, indicates that the rate constant for the reaction
N 03 + H is sufficiently large to successfully compete
with H + H to form molecular hydrogen. In Table |
the G(H2 observed in Ce+40.4 M H2S04N aN 03solu-
tions are given. The decrease in the <7(H2 manifests
itself by forming nitrite ion12 or a precursor which re-
duces a stoichiometric equivalent amount of ceric ion.
In Fig. 2, the difference between curve C and curve B
represents the (7(Ce+8) attributable to the suppression of
molecular hydrogen by nitrate ions.

The difference between curve A and curve B is a
measurement of the corrected enhanced cerous yield and
is plotted in Fig. 3. We see that as the NaNO03 con-
centration increases there is an initial rapid increase in
the ceric reduction yield which then becomes linearly
dependent upon the sodium nitrate concentration. If
we extrapolate this linear portion, i.e., the cerous yield
at NaNO03concentrations 2 molar and greater back to

(11) (a) H. A. Mahlman and J. W. Boyle, 3. Chem. Phys., 27, 1434 (1957);
(b) H. A. Mahlman, ibid., 31, 993 (1959).

(12) N. A. Bakh, Conference of the Academy of Science of the U.S.S.R.
on the Peaceful Uses of Atomic Energy, 1955.
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Fig. 3.— Isolation of the direct effect in the Ce+,-0.4 M HS04
NaNO03svstem: A, ionic data—(7(Ce+3). B, molecular data—
G(02.

Fig. 4.—Comparison of G(02)N33" stoicliiometric equivalent
G(Ce+3) with the G(Ce+3) and the stoichiometrieally equivalent
<?(Ce+3) from G{02) in the Ce+40.4 M HZ04NaN 03system:
O, (?(Ce+3) equivalent to G{02) mass 32 originating from N03_;
A, £?(Ce+3) equivalent to G(02) in the Ce+0.4 M HZXS04
NaNO03system; 0O, isolated G(Ce+3) direct effect in the Ce+4~
0.4 M HZ04NaN 03system.

zero NaNO03 molarity, we have divided the corrected
enhanced Ce+3yield into two contributions: (1) a con-
tribution directly proportional to NaNO 3concentration
(the direct effect) and (2) a contribution that increases
with the NaNOs molarity until a maximum vyield is
reached and then remains constant.

The directly proportional region may be correlated
with the oxygen-18 enriched water-NaNO3studies. As
indicated in Fig. 1, we have a directly proportional rela-

Vol. 67

tionship between the molecular oxygen arising from the
sodium nitrate and the sodium nitrate concentration.
If the over-all reaction given as eq. 1takes place to form
molecular oxygen and nitrite, then we should be able to
correlate the directly proportional increase in the ceric
reduction with the formation of 02 from nitrate ion.
For each molecule of oxygen found two nitrite ions are
formed, each of which may reduce two ceric ions. With
this stoichiometry, Fig. 4 is used to compare the direct
effect from the oxygen-18 enriched water-NaN 03studies
with the direct effect isolated from the Ce+40.4 M
H2504“-NaNO0 3 studies. In Fig. 4 the open circular
points (O) represent the equivalent (r(Ce+3 as deter-
mined from the G(02 (mass 32) in the oxygen-18 en-
riched water-NaNO03 system while the open square
points (O) are those of the isolated direct action cerous
yield, (?(Ce+3No,-. As readily seen, the agreement
between the G(Ce+3)-"03 measurements and isotopic
oxygen measurements is well within experimental error.

The molecular oxygen evolved during the cobalt-60
7-radiolysis of Ce+40.4 M HZS0r-NaNO03 solutions
may also be correlated with the G(Ce+3. The G(02,
listed in Table | are presented in Fig. 3. As in the
ionic Ce+3analyses there is an initial rapid increase in
the G(02 which then becomes linearly dependent upon
the NaNOs concentration. Extrapolation of this
linear portion of the (?(029 to zero NaNO03 molarity
separates the region of direct action from the other con-
tributions. If reaction 1 represents the formation of 0 2
and NO 2~ by direct action, then the ionic cerous yield
and the G(02 in this Ce-4 0.4 M HXS04-NaN 0 3system
should be equivalent. The solid triangular points (A)
in Fig. 4 are the equivalent G(Ce+3 calculated as dis-
cussed previously from the G(03. The agreement is
equally good.

The other mechanism, a proposed scavenging
mechanism for the reduction of Ce+4 has not been de-
duced. We may, however, delineate some criteria for
this mechanism. These are (1) the magnitude of the
effect is about G = 2.92, which is essentially the OH
radical yield; (2) the non-linear nature of the increased
(7(Ce+3) suggests a scavenging reaction; and (3) the
Gon is constant,23 independent of the sodium nitrate
concentration. Thus, we may conclude that if the OH
radical is scavenged by nitrate ion, as has been sug-
gested by Challenger and Masters,13one of the products
of the reaction reacts in the same manner as the OH
radical, i.e., by oxidizing Ce+3and T1+. It is difficult,
indeed, to conceive and delineate a mechanism for the
initial rapid increase in the cerous yield consistent with
the criteria outlined above.

Summary

The use of oxygen-18 enriched water was utilized to
ascertain the origin of the molecular oxygen evolved
during the irradiation of deaerated aqueous sodium ni-
trate solutions. The directly proportional relationship
of 02formation from nitrate ions with the sodium ni-
trate concentration in oxygen-18 labeled water solu-
tions was compared with the 02 formed during the
radiolysis of Ce+40.4 M HXS04NaNO03solutions. It
was also compared with the increased Ce+4 reduction
in the same system after the appropriate corrections

(13) G. E. Challenger and B. J. Masters, J. Am. Chem. Soc., 77, 1063

(1955).
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were made for the known contributions to the ceric re-
duction. Corrections in the observed (7(Ce+3 in-
cluded reduction of ceric ions by molecular and radical
radiolysis products, and the reduction of the <?(H2
caused by the scavenging action of the nitrate ion for
hydrogen atoms. Isolation of a (?(Ce+3) directly pro-
portional to the NaNO3concentration was accomplished
after these corrections were made. Excellent correla-
tion was obtained between the isolated G(Ce+3 which
is directly proportional to the NaNO03 concentration,
the stoichiometrically equivalent C(Ce+3 as deduced
from the Cr(02 measured in Ce+40.4 M HX04NaNO03
solutions, and the stoichiometrically equivalent G(Ce+3

CONVECTIVE MASS TRANSFER

Convective Mass Transfee in Diaphragm Diffusion Cell

1469

calculated from the G(02 originating from the radia-
tion-induced decomposition of nitrate ion hi enriched
oxygen-18 HZD-NaNO03 solutions. This correlation
supports the over-all decomposition as
NO, T Vio2
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A fundamental assumption implicit in the analysis of a diaphragm diffusion cell is that the sole resistance
to transport resides in the porous glass disk, through which the solute moves by molecular diffusion. This paper
presents an experimental examination of the resistance to mass transfer in the fluid regions adjacent to either
side of the porous disk. The presence of an external mass transfer resistance has been observed by others who
have recommended that all diffusion measurements be conducted at stirring speeds greater than an empirically
determined value where the cell constant becomes independent of the stirring rate. However, the external
mass transfer coefficients depend not only on the stirring speed, but also upon the viscosity and diffusivity of
the solute-solvent system as well. There is no justification for assuming that operation above the critical speed
found for the calibration fluid will eliminate the external mass transfer resistance in a system of larger viscosity
and small diffusivity. Both free- and forced-convection mass transfer characteristics of a vertical diaphragm
cell were investigated and the results correlated in terms of stirrer speed and the fluid properties. The data
indicate that operation above a critical speed is appropriate for a number of common systems but that significant
errors can arise for systems of high viscosity and low diffusivity and that for high reproducibility and accuracy,

cells stirred by free convection alone should not be employed.

Introduction

A fundamental simplification implicit in the analysis
of a diaphragm diffusion cell is the hypothesis that the
sole resistance to transport resides in the porous glass
disk, through which the solute moves by molecular dif-
fusion. More precisely, this model involves twb inde-
pendent assumptions: first, that there is no bulk con-
vective flow through the pores of the disk, and second,
that the resistance to mass transfer in the fluid regions
adjacent to either side of the disk is negligible. This
paper presents an experimental examination of the
second assumption. Bulk convection through the pores
has been observed,2but will not be considered here.

The presence of an external convection mass transfer
resistance has been observed by StokesZ and Lewis3
as an increase in the cell constant with the rotational
speed of stirring bars in the two compartments. Above
a certain speed, the cell constant becomes independent
of stirring rate and these workers recommend that all
diffusion measurements be conducted at speeds greater
than the empirical determined critical value. However,
the external mass transfer coefficients depend not only
on the stirrer speed, but upon the viscosity and dif-
fusivity of the solute-solvent system as well. There is
no justification for assuming that operation above the
critical speed found for the calibration fluid (generally
0.1 N KC1 in water at 25°) will eliminate the external

(1) Argoline National Laboratory, Argon Ilinois.

(2) (a) R. H. Stokes, J. Am. Chem. Soc., £, 763 (1950); (b) A. Emanuel
and D. R. Olander, J. Chem. Eng. Data, 8, 31-(1963).
(3) J. B. Lewis, J. Appl. Chem. (London), J, 228 (1955)*

mass transfer resistance in a system of larger viscosity
and smaller diffusivity, e.g., solute dodecane in tetra-
decane at 15°. Therefore, the free-and forced-convection
mass transfer characteristics of the vertical diaphragm
cell, shown in Fig. 1, were investigated and the results
correlated in terms of stirrer speed and fluid properties.

Experimental

Apparatus.—Ace Glass E porosity disks were employed in a
vertical position. The diaphragms were 5.0 cm. in diameter, 0.5
cm. thick, and with a nominal pore size range between 3 and 8
m- The cell compartments were each approximately 125 cc.
in volume and were stirred with 1-in. long Teflon-covered bar
magnets. The cells were calibrated with 0.2 N HC1 using the
data of Stokes2' as reference diffusion coefficients. Densities
were measured with a Westphal balance, and were reproducible
to £0.2%. Viscosities were measured with an Oswald visco-
simeter calibrated with distilled water and were reproducible to
+0.5%. All data were taken at 25.0 + 0.1°. The four stirring
speeds obtainable with the equipment were measured with a
stroboscope. For additional details of the equipment and
experimental procedure, see ref. 4.

Effect of Fluid Properties and Stirring Speed.— So-
lute transfer from one compartment of the cell to the
other occurs in the following sequence: (a) convective
transfer through the boundary layer on the disk in the
compartment containing the concentrated solution;
(b) molecular diffusion through the sintered glass disk;
(c) convective transfer through the boundary layer onthe
disk in the compartment containing the dilute solutions.
Assuming pseudo steady-state operation, the mass
transfer rate is given by eq. 1

(4) J. T. Holmes, USAEC Report UCRL-9145 (1960).
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Fig. 2.—Electrochemical half-cell.

N = KA(Ci - Ci) = DA'j1 (Ci, - C2) =

KA(C2 - Cb (1)

where N is the molar transfer rate of the solute, k the
external mass transfer coefficient (assumed the same on
both sides of the disk) in cm./sec., A the gross area of
the disk, D the diffusion coefficient, and A'/l the ef-
fective area-to-length ratio of the pores in the disk.
Concentrations involved are: Ch in the bulk of com-
partment one; C/ the edge of the diaphragm in com-
partment one; C/ at the edge of the diaphragm in com-
partment two; Ct in the bulk of compartment two. A
material balance for each compartment yields

N = (2
where Vi and V2 are the volumes of the two compart-
ments and t the time. Combining eq. 1 and 2 and inte-
grating

In (ACo/ACt) = m 3

J. T. Holmes, C. R. Wilke, and D. R. Orander Vol. 67

where

A (fi+ F2 2D/KA + I/A' @)

ACOand ACt are the differences in the concentration be-
tween the two compartments initially and at time t, re-
spectively. d is the experimentally determined cell con-
stant. Above the critical stirring speed, I/A' » 2D/
kA, and eq. 4 reduces to the standard expression for the
cell constant. The factor 2D/KA accounts for the ex-
ternal mass transfer resistance due to the laminar fluid
layers on the diaphragm cell.

Evaluation of the Mass Transfer Coefficients.—The
mass transfer coefficients required in eq. 4 have been
measured by electrochemical limiting-current experi-
ments in a half-cell identical with one side of the appara-
tus shown in Fig. 1. This system is shown schemat-
ically in Fig. 2. Wilke, et al.,&i have shown that limit-
ing current experiments in copper sulfate and silver per-
chlorate solutions were diffusion controlled, and thus
provided direct measure of the mass transfer charac-
teristics of the electrolytic cell. The rate of deposition
of copper is given by

N = k{C - Ci) = (1 - r)I/feSF ()

C — (j is the concentration difference between the bulk
liquid phase and the electrode surface, and for this
case is equal to C. r is the transference number for
copper, | the limiting current, 2 the valence of the cat-
ion, and the faraday. Limiting currents were meas-
ured in solutions whose viscosity and diffusivity were
varied by the addition of glycerol. The mass transfer
coefficients computed from equation 5 were correlated
by the dimensionless relation

Nu = O.0SCife0-® 03B (6)

where Nu is the mass transfer Nusselt number, kd/D,
Re a modified Reynolds number, nd2/> and Sc the
Schmidt group, VID. dis the length of the stirrer bar,
n the stirrer speed, and Vthe kinematic viscosity. The
length parameter used in the Nusselt and Reynolds
numbers has been arbitrarily taken as the stirrer bar
length. Since this is not the only dimension of sig-
nificance in the S3stem, nor was d varied in this study,
its use in forming the dimensionless groups of eq. 6 must
be regarded solely as a matter of convenience in correla-
tion. Figure 3 presents a plot of eq. 6 and the data
from which it was obtained. Several free convection
experiments (no stirring) were performed in the same
electrolytic half-cell. The resulting mass transfer co-
efficients for the three solutions listed in Table | were
correlated by

Nu' = 0.57[Sc-Gr]'/ @)

where Nu = kr/D and Gr is the Grashoff number,
[rmg(p — pi)pavgl/juzag> r is the radius of the disk, and p
— Pi the density difference between the bulk and the elec-
trode surface. Equation 7 agreeswell with the relation
proposed by Wilke, et at./ 6for natural convection mass
transfer from a free vertical wall, except that their con-
stant was 0.66. The difference can be attributed to the

(5) C. R. Wilke, C. W. Tobias, and M. Eisenberg, Chem. Eng. Progr., 49,
633 (1953).

(6) C. R. Wilke, M. Eisenberg, and C. W. Tobias, J. Electrochem. Soc.
100, 513 (1953).



July, 1963

use of a circular rather than a square surface, as demon-
strated in the Appendix.

Table |

Fbee Convection Mass Teansfer
Solution 1 1 i
H2S04 concn. (moles/1.) 1.495 0.745 1.143
CusSO, concn. (moles/1.) 0.259 0.380 0.587
Glycerol concn. (moles/
1) 0.00 5.90 3.10

Density (g./cc.) 1.124 1.205 1.177
Viscosity (cp.) 1.457 9.310 4.093

i) X 10* (cm.2sec.) 0.513 0.122 0.234
Schmidt number (Sc) 2316 62,360 12,800
Grashoff number (Gr) 2.48 X 106 8.67 X 104 7.88 X 105
Nusselt number (Nu) 154 161 182
Nu'/{Sc (A)1" 0.556 0.592 0.574

Effect of the External Mass Transfer on the Cell Con-
stant— Assuming the mass transfer behavior from a
copper surface to be identical with that for the glass disk,
eq. 6 and 7 permit the mass transfer coefficient k, and
hence the group 2D/KA, to be evaluated for any solute-
solvent system. Although the absolute values of the
correction factors are limited to the particular geometry
of cell used in this study, the relative magnitudes of
2D/KA and I/A'" and the variation of 2D/KA with fluid
properties should be comparable in any diaphragm cell
(vertical or horizontal) of this general type.

The magnitudes of 2D/KA for a variety of solute-sol-
vent systems and at several stirring speeds are presented

in Table 1l. These figures should be compared to the
Tabte 11
Correction to Cell Constant Due to External M ass

Transfer Resistance for a Diaphragm for W hich I/A' =
230 X 10“3cm.“1
Correction 2D/kKA, cm.-1 X 10*

n=20
(Free n = 220 n = 350
Solvent Solute convection) r.p.m. r.p.m.
Water 0.1 N KC1 8.8 1.1 0.70
Water 0.2 N HC1 16.0 1.3 .85
Hexane Toluene 1.1 77
Cyclohexane Toluene 1.2 .76
Decane Toluene 1.4 .80
Tetradecane Toluene 1.5 91

value of I/A" = 230 X 10~3cm.-1 for a typical diffusion
cell (computed from the cell constant at high stirring
speeds). Although the forced convection correction
factor varied by as much as 40% with the fluid proper-
ties, it never amounted to more than 0.5% of I/A" at the
stirring speeds considered. Moreover, the sum 2D/KA
+ I/A', which is involved in the assumed constancy of
6, varied by less than 0.2% with fluid properties. Since
the precision of the experimental method usually does
not warrant corrections of this order of magnitude, it
can be concluded that provided the critical stirring
speed is approached the cell constants obtained from
KC1 measurements will be applicable to most other sol-
vent-solute systems. For free convection, on the other
hand, 2D/KA is not negligible compared to I/A'. Table
Il indicates that there should be 3.8% decrease in the
unstirred cell constant for 0.1 A KC1 calibration and
6.8% for 0.2 A HC1.

To verify the predicted effect of free and forced con-
vection for HC1, the cell constants for four diaphragms
were measured without stirring and with stirring at 350
r.p.m. These results are presented in Table Ill. The

Convective Mass Transfer in Diaphragm D iffusion Cell
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Re x 102.

Fig. 3.—Forced convection mass transfer correlation.

Fig. 4.—Diagram of the conversion of a plate mass transfer
coefficient to that from a disk.

average difference (fourth column) is 6.4%, which com-
pares well with the 6.8% decrease predicted from the
mass transfer coefficient given by eq. 7. The observed
variations from cell to cell are believed to be due to ran-
dom mechanical vibrations in the apparatus. For
comparison, StokesZafound a 6.0% difference between
stirred and unstirred cell constants for 0.1 A HC1

Table 111
Effect of Stirring Speed upon the Cell Constant for

Various Diaphragms
Cell constant, 0, cm.-2 X 102

n=
(Free convection) n -

Cell No. 350 r.p.m. % Difference
12 2.21 2.33 5.2
13 2.44 2.66 8.3
14 2.27 2.45 7.3
25 1.85 1.94 4.6

Another study of forced convection effects was re-
cently presented by Peterson and Gregor7 for an ion-
exchange membrane system. Although their data are

(7) M. A. Peterson and H. P. Gregor, J. Electrochem. Soc., 106, 1051
(1959).
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in qualitative agreement with the current study, they
are not complete enough to be expressed in the general
terms of eq. 6 and are therefore limited to the electro-
lytic solutions they investigated.

Conclusion

The data presented here indicate that cell constants
obtained from calibration with dilute KC1 or HC1 at
stirring speeds in the neighborhood of the critical speed
will remain constant for most other solute-solvent sys-
tems of interest. However, if highly porous diaphragms
or fluid systems of high viscosity and low diffusivity are
employed, then the external mass transfer resistance
may be an appreciable fraction of the resistance of the
glass disk. In this case, use of the correction factor
2D/KA is required for precise measurements.

For high reproducibility and accuracy, cells stirred
by free convection alone should not be employed.
However, when somewhat lower accuracy is allowable,
it may be convenient experimentally to employ a free
convection cell and estimate the mass transfer effects by
the methods suggested above.

Appendix
The free convection mass transfer correlation for
square plates | cm. on a side is56

Nu = = 0.66[Gr»S14

where kv is the mass transfer coefficient for a square
plate, Sc is the Schmidt number, and the Gr is the Gras-
hoff number. For fixed values of the physical proper-
ties and the density riving force, fpp — C r'Awhere C is
the constant

lijima, R. A. Bonham, and T. Ando Vol. 67

2(p — Pi)PavgSch
t”%\/g

Assume that this relation applies to the local mass
transfer coefficient on the segment of the circular plate
shown in Fig. 4. This assumption implies that the
parameter | is the height of the plate, that the above
correlation applies to rectangles as well as squares, and
the width of the rectangle is not significant.

The average mass transfer coefficient for a circular
disk of radius r is then

.Jfa kpdA B CJfa r VIdA
dA 2

C = 0.66D

From Fig. 4, | = 2rsin (6/2), x = rcos (0/2), and dA =
ldx = —r2sin2(0/2) dO. Inserting this into the integral
"2Vi F(11/8)~

k = ) Cr~14
r(i5/8)_

0.886Cr~M

when r(n) denotes the complete 7 function of n.
Inserting the expression for C, the disk mass transfer
coefficient correlation can be written as

NI (0.886) (0.66) [Gr Sc]Vi

where Gr is based upon the disk radius .

Thus, the varying height of the disk surface reduces
the average mass transfer coefficient from that which
would exist for a plate of uniform height r by a factor of
0.886. The combined constant in the above expression
is 0.58, which is very close to that observed (eq. 7).

THE THEORY OF ELECTRON SCATTERING FROM MOLECULES.
I. THEORETICAL DEVELOPMENT:

By T. lijima, R. A. Bonham,

and T. Ando

Department of Chemistry, Indiana University, Bloomington, Indiana
Received December 26, 1962

The quantum theory of electron scattering from molecules in the gas phase is developed.

Expressions which

include the effects of chemical binding are presented and the intensity averages to be expected for various types

of experiments are discussed in terms of the theory.

The quantum mechanical average over the rotational

states of the molecule is shown to be reducible to the classical method of averaging rotational motion except in
the case of extremely high energy resolution of the scattered electrons.

The scattering cross section of fast electrons exciting
amolecule from an initial state i to a final state f is given
by the formula2

/if = |fd] < ip1

where according to the first Born approximation, L is
given as

> < N iLif)ALS/fei] (1.1)

La = (—exp[*7c,r]/4xr) £ U(rh ..., f§ X
exp[t'(fc; — /f)-rs] dr8 (1.2)

with the interaction potential U(rh ., ra. The
wave function of the initial state of the molecule is YA

(1) Contribution Number 1109 from the Chemical Laboratories of Indiana
University.

(2) L. Schifi, “Quantum Mechanics/’ McGraw-Hill Book Co., Inc., New
York, N. Y., 1955, p. 206.

that of the final state is i/f, the incident wave vector is

ki and kt is the scattered wave vector. The intensity of
electrons observed by a diffraction experiment is the sum
of lit over all initial and final states of the molecule

| =z

IVI% N <f M [ ><*f|/m*] r >/N\ki\

(1.3)

where ID is the Boltzmann factor of the initial state i.

Using the approximation Jfd] = Nd% which is valid
as long as the energy of the incident electron is large
compared with the loss of energy and as long as ex-
tremely small scattering angles are not considered, the
summation over final states can be carried out simply by

(3) P. M. Morse, Physik. z, 33, 443 (1632).
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use of the closure property of the wave functions, lead-
ing to the result

/= £;, W < § JiuiLii*]vi > (1.4)

The total wave function, i/J, for the molecule may be
separated into electronic, vibrational, and rotational
parts as4

1= yn W (12.5)
and similarly, we have

s W (1.6)
where the origin is at the center of mass of the system.
Dropping the superscript i, and noting that for most

cases We is unity, we obtain the result
| = £R HeE Hv < PrRle > (1-7)

where ii£ is the wave function of the ground electronic
state of the molecule, R and V denote a set of quantum
numbers specifying a rotational state and a vibrational
state, respectively.

If we observe, by means of a velocity analyzer, the
intensity of the electrons which have excited the same
final electronic state of a molecule and have excited all
of the rotational and vibrational states associated with
this final electronic state, then the intensity expression,
making use of closure arguments, can be written asé

/"= £ wr £
R v

RV < NAY |< e |hef > HIWK >
(1.8)

If the resolving power of the analyzer were increased
to the point that individual vibrational energy losses
could be resolved, then the intensity for a particular
vibrational state, from the same arguments given above,
would be given as

1" = £ wrwvi< r]|< VAWel\L\>AeWf > PR| "R >
R

(1-9)

Continuing this line of argument to even higher energy
resolution would result finally in the intensity expression
for a rotational excitation

1’ = wr w v |[<PRIAVWel\L\\fI\pYiN//R>\2  (1.10)

It is interesting to note that if no attempt is made to re-
solve the various energy losses, then the total intensity is
simply the average of an intensity operator LL*. On
the other hand, in the case of extremely high energy
resolution, the total intensity is given as the square of
the average of an amplitude operator L.

The Electronic Average.—The electronic average in
equation 1.7, < ypjLaLi*™ >, can be derived in a
more convenient form for a general polyatomic mole-
cule by proceeding as follows.

We let the potential U(ryr2 . . .

fnrB =

. I, rd be given by
U(ru f2 ...

(- 2/0) ]\5 Znir,s- £ (Uri) j (290)
n=1

(4) Cft Eyring, Walter, and Kimball, “Quantum Chemistry,” John
Wiley and Sons, Inc., New York, N. Y. 1954,

(5) Cf., J. Karle, J. Chem. Phys., 35, 963 (1961); D. A. Swick, Rev. Sci.
Instr., 31, 525 (1960).
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where a is hi/mel, m is the mass of the electron, n refers
to the nth nuclear center, s to the coordinate of the
colliding electron and i to the coordinate of ith electron
which is assigned to the nth nucleus for convenience.

By means of the relations

rs L 4 rrs (2.1)

ra= fi + r]s (2.2)
and

n=rn+ 7™ (2.3)

we can write L in the form

L = 2 exp/[ikr] £ explis-rinj] X

exp [i s-rn]/Zars2 (2.4)

where we have integrated over the coordinate, rs, and

where s = ft; —#fand s = Js|.
The intensity operator LL* can then be written as

LL*= 4/aW) £ £ \zrZm-
n=1m?=1V
£ Zmexp [i sTinl — £ Znexp[—i s-rjim] +
i— 1 =1
Zm 4

N AN BXplz S'(fin
= =1

1] =

1jm)] { 6Xp\e Stml  (2.5)

i
where
m in ‘m

Accordingly, N7e\LLAN/> can be shown to be6
N N

ApALLA\e > = (4/axB4 £ £

=1m —1

(2.6)

{ZZm — ZrFnmt — ZnFn+ £nm} exp[is-rm] (2.7)

with
fn = £/ reVe P STIHDr  (2.5)
and
snnl = ;5 Zm f exph — rim]ldr
i1 o= 09)

where the integrations are over all the electronic coordi-
nates.

Detailed calculations using the above formulas are
presently underway for the case of H2and will be pre-
sented in a later paper. The intensity expression for
electrons exciting the same initial and final electronic
state can also be formulated in terms of the integrals
given in (2.8) and (2.9) by using (1.8) with the po-
tential given by (2.0).

The Rotational Average.—The effect of coupling be-
tween vibration and rotation is usually treated as a per-
turbation to the vibrational wave function, i.e., the
perturbation of the centrifugal stretching and that of the
Coriolis coupling, if necessary. The perturbed wave
function depends not only on the vibrational quantum
numbers, but also on the rotational quantum numbers

(6) L. S. Bartell, to be published.
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except for one rotational quantum number which
specifies the space degeneracy of the rotational states.
By introducing the notation, F, for <~e]LL*]"e>, eq.
1.7 can be rewritten as

I = YiWt ]{/,W v S ~ATMNVT*ANI'VTI/TM drrot drvib
tm

(3.0)

where T denotes the set of rotational quantum numbers
without one denoted by M, which specifies the space
degeneracy
The summation over M
ar

Ft= X
M =1

G-1)

where dT is the degree of degeneracy of the state T, can
be shown to be a constant independent of the coordi-
nates. In fact, since Vri, ¥I2, . . . ~t0c constitutes a
basis of a unitary representation of the rotation group,7
the transform R<Pem of viem under the rotation R may be
written hi the form

RpM= XI UKM/TK (3.2)
K =1
with the unitary matrix (wkm) = Consequently

RFt = X (72Mem)*Bim

X
KL

Ax gX zZ

(X Wkm*MIm\NTKNTL
L \M J

~ X Bk, rAk*i'tl = X 'TtkV tk = Ft (3.3)
K,L K

Thus, Fe is invariant under every rotation and this

means that it must be a constant. The magnitude of

the constant, Ft, can easily be obtained by integrating

both sides of eq. 3.1 in the following manner

(7) E. R. Wigner, “Group Theory,” Academic Press, New York, N. Y.,
1959, p. 102 and 111.
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S Ftdrrot = Ft S drrot = 4tFt (3.4)

\1t M drrot —
X S ATM*TMm drrot = X 1 = i°T
M M

which results in the expression for F?s

Ft = (/4T (3.5)

The above result can be used to simplify eq. 3.0 to the
form

I = X j&TFe X
T \Y%

ITv f (drrot/47r) f  TpvT*FpvT drvib

(3.6)

where only the classical average over rotation9and the
usual vibrational and electronic averages remain.

Thus, the classical and quantum mechanical rota-
tional averages are shown to give equivalent results in
the absence of any perturbing field. A detailed pres-
entation of the vibrational average, including centrif-
ugal effects, for the diatomic case has been presented
elsewhere®D

It is hoped that the theory discussed here will form a
basis for future investigations into the effects of bonding
on diffraction patterns and the interpretation of the
electron diffraction patterns obtained in velocity ana-
lyzer experiments.
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(8) The treatment presented in equations 3.4 to 3.6 is valid only in the
case of linear molecules where the degree of rotational freedom is two. For
the case of general polyatomic molecules where there is an internal degree of
rotational freedom in addition to two orientational freedoms, we have
Ft — (V87r2f7T in place of equation 3.5..

(9) P. Debye, J. Chem. Phys., 9, 55 (1941).
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With proper cancellation of asymmetry potentials and using 0.1 m HC1 as a reference point, the hydrogen ion
response of Beckman GP glass electrodes at 25° was found ideal in a variety of solutions ranging in extremes
from a pH 4.7 acetate buffer to 6 m HX04 Definite glass electrode errors were observed only in HC1 solutions

greater than about 0.5 m.

tion of cell potentials free from liquid junction effects.

This provides the basis for a simple and accurate general procedure for the determina-
Activity coefficients of HC1 at 25° in the range 0.001

to 4 m were determined with a precision equal to that obtained in the best conventional cell potential work.

Introduction

Liquid junction potentials in galvanic cells are an old
and recurrent problem. In practice salt bridges of
various types are usually employed to minimize these
effects. However, the only certain elimination of junc-
tion potentials requires an ingenious though tedious

(1) Based on work performed under the auspices of the U. S. Atomic
Energy Commission.

extrapolation procedure.2 In recent work we have
utilized the glass electrode as an accurate and con-
venient means of obtaining cell potentials free of liquid
junction effects.8 Since common electrode poisons and
oxidizing or reducing agents have no effect on the glass

2) H. S. Harned and B. B. Owen, “The Physical Chemistry of Elec-

trolytic Solutions,” Reinhold Publ. Corp., New York, N. Y., 3rd Ed., 1958,
pp. 448-451.
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electrode,&the method should be suitable for a wide
variety of cells. To establish definitely the validity of
the procedure, two types of experiments are reported
here.

First a measure of the absolute accuracy was ob-
tained by determining the standard potential of the
silver-silver chloride electrode and activity coefficients
of hydrochloric acid and comparing with other highly
precise data. In the second and more crucial series,
possible differences in the hydrogen ion response of glass
electrodes were determined in pairs of solutions differing
widely in acidity, ionic strength, and composition.
This was a vital point since our method depends on
identical glass electrode response in two different
(though usually similar) solutions: one for calibrating
the glass electrode vs. a standard hydrogen electrode
and the other the test solution and electrode of interest.

Experimental

Electrodes.— Thermal-electrolytic silver-silver chloride elec-
trodes were prepared as outlined by Bates.6 The silver oxide used
was washed thirty-five times, the last five with triple distilled
water. Electrodes were aged two months in distilled water
before use. Sets of four electrodes customarily agreed within
0.01 mv. and never exceeded 0.02 mv. average deviation from a
reference pair of electrodes aged for a year.

Two markedly different types of platinized platinum hydrogen
electrodes were employed, prepared according to the directions
of Bates and Hills and Ives.6 Excellent performance -was ob-
tained with both; however, the minimal platinization of the Hills
and lves type was favored in most experiments. Before each
platinization the substrate was cleaned by stripping the old
coating with dilute aqua regia followed by treatment with hot
concentrated nitric acid and cathodic electrolysis in 0.01 M
sulfuric acid. Fresh hydrogen electrodes were prepared for
each cell and never used longer than two days.

Four different glass electrodes, designated A through 11 and
all Beckman GP Type 39177, were used. These electrodes were
kept wet constantly by storage in distilled water when not in use.
Newr glass electrodes must be conditioned by soaking in water for
three days to a week before use. One new electrode was condi-
tioned and stored in 0.1 M HC1, but no marked difference was ob-
served from the simple water treatment.

Reagents.—Electro-grade hydrogen and pre-purified nitrogen
were obtained from commercial cylinders. Either or both gases
could be passed simultaneously through two independent gas
lines that each contained an Ascarite tube and a deoxygenating
furnace tube packed with copper turnings held at »00°. A
commercial platinum catalyst cartridge was also connected di-
rectly to the outlet of the hydrogen cylinder. Before each use of
nitrogen the copper turnings of the furnace tube were freshly re-
duced by a preliminary passage of hydrogen. Initially the gas
lines and joints were of all metal and glass construction. Leak-
age problems forced the use of a few short joints of Tygon tubing
but no deleterious effects were observed.7

Triple-distilled water was used in the preparation and dilution
of all stock solutions. Reagent grade hydrochloric acid was
doubly redistilled, retaining each time only the middle third of
the distillate. References to the preparation and standardization
of the sodium and lithium perchlorate stock solutions have been
summarized previously'.8 All other solutions were prepared
from reagent grade materials without additional purification and
standardized by conventional procedures.

In the work with the silver-silver chloride electrode, great
care was necessary in standardizing the hydrochloric acid cell

(3) (a) J. C. sullivan, ,T. C. Hindman, and A. J. Zielen, J. Am. Chem.
Soc., 83, 3373 (1961); (b) A. J. Zielen and J. C. Sullivan, J. Phys. Chem,., 66,
1065 (1962).

(4) D.J. G. lves and G. J. Janz, “Reference Electrodes,” Academic Press,
New York, N. Y., 1961, pp. 231, 239, 240.

(5) R. G. Bates, "Electrometric pH Determinations,” John Wiley and
Sons, Inc., New York, N. Y., 1954, pp. 204-207.

(6) Reference 4, pp. 107, 108.

(7) Reference 4, p. 94.

(8) J. C. Sullivan, A. J. Zielen, and J. C. Hindman, J. Am. Chem. ;Soc.,
82, 5288 (1960).
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solutions. A concentration error here of 0.02% corresponds to
0.01 mv. in e.m.f. Direct titration against the acidimetric
standard tris-(hydroxymethyd)-aminomethane or THAM (Fisher
Scientific Co., Primary Standard, 99.95% assay) was found very
useful.90 Using weight burets for the bulk of the titration
and a one-ml. ultramicro buret for final adjustment of the poten-
tiometric end point, a routine precision of better than 0.01% was
attained. A gravimetric determination of a 0.1 m stock by-
weighing silver chloride agreed with the THAM value to five
significant figures.

Cell solutions 0.1 in or greater were titrated directly at the end
of each run. Calculated values based on gravimetric dilutions of
a 0.1 to stock were used for cells at lower concentrations. All
weighings were corrected to in vacuo conditions, and the molal
or moles/kg. of water concentration scale was used throughout.

Apparatus.— As before3 cell potentials were measured to 0.01
mv. with a precision potentiometer and a Cary Model 31-V
vibrating reed electrometer as the null point detector. How-
ever, details of our circuit have not been presented. In partic-
ular, balancing the potentiometer and checking the electrometer
zero point were found to be very awkward operations if the
external potentiometer feedback circuit of the Cary instrument
was used. A great simplification was gained by direct series
opposing connection of the test cell and potentiometer with the
potential difference serving as the electrometer input. The
potentiometer was modified so that potential constantly appeared
at the e.m.f. posts. This was easily' done by shorting the e.m.f.
terminals of the standard cell-e.m.f. switch. After modification
this switch was always kept in the standard cell position. The
zero point of the electrometer could be checked and the potentiom-
eter could be balanced in customary fashion at any time with-
out disturbing the cell potential measurements. A polarity'
reversing switch with center off position between the potentiom-
eter and test cell was found very- convenient and served as a
safeguard against shorting of the potentiometer.

With due care against ground loops, shielded cable leads were
used throughout, and all equipment rested on an equal potential
surface (grounded). However, it was not necessary to shield the
potentiometer or the test cell or to ground the cell solutions.
The high impedance circuit was very- sensitive to dial move-
ments of the Leeds and Northrup K-2 potentiometer previously'
used,3but this difficulty was largely removed by replacement with
a Rubicon High Precision Type B potentiometer. Generally
the potentiometer was set at an even dial division within 0.1
myv. of the null point, and the final figure was obtained from a
recorder chart of the electrometer output. The recorder pro-
vided the customary' benefits of averaging out the combined
uncertainties due to noise level and zero drift (ca. 0.01 mv.) and
also was very useful in checking the decay of spurious potentials
usually' generated in switching electrodes and in zero checks of
the electrometer.

Two standard cells, calibrated against laboratory- standards
certified by' the National Bureau of Standards, were used to
standardize the potentiometer. Daily checks were also run on
the complete measuring circuit by substitution of a standard cell
in place of the test cell. The standard cells were mounted in an
insulated and shielded metal box with a switching circuit that
allowed either to be used in these functions. Work did not
proceed unless all checks agreed within 0.02 mv. All measure-
ments were carried out in a constant temperature room, 25 + 1°,

One series of experiments (results in Fig. 1) was run using the
test cell previously described.3 An all-glass cell of im-
proved design was used in all other runs. Two compartments
separated by- a spray trap were enclosed in a common jacket
through which water thermostated at 25.00 + 0.01° was pumped.
Each compartment contained about 20 ml. of test solution, the
first with an inlet tube ending in a fritted disk serving as a gas
presaturator and the second housing a glass electrode and either
a hy'drogen or silver-silver chloride electrode. A distilled water
scrubbing tower provided approximate adjustment of the
water content of the gas before entering the presaturator com-
partment. Continuous gas bubbling provided agitation of the
cell solutions. The electrode compartment could be flushed and
refilled with a fresh solution sample by gas pressure. Mountings
for the electrodes and the caps of the compartments were stand-
ard taper glass fittings.

(9) J. Il. Fossum, P. C. Markunas, and J. A. Riddick, Anal. Chem., 23,
491 (1951).
(10) R. G. Bates and H. B. lletzer, J. Phys. Chem., 65, 667 (1961).
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Generally two such cells were employed simultaneously.
Duplicate measurements with two different glass electrodes could
thus be obtained with continuous equilibria undisturbed in both
cells. An Applied Physics Cary No. 3099050 three-position
transfer switch provided multiple glass electrode input connec-
tions to the electrometer.

Procedure.—For the determination of the standard potential
of the silver-silver chloride electrode and the activity coefficients
of hydrochloric acid, the following cell pairs were run simul-
taneously

Pt, HXl atm.)JHCI (m)]glass (D]
Ag, AgCIJHCI (m)[glass 2)

The molal concentration m of hydrochloric acid was identical in
each cell pair, and experiments covered a range of 0.001 to 4 m.
Cell 2 was run under a continuous atomosphere of nitrogen, with
the dissolved air being removed from the solution by gas bubbling
before insertion of the Ag-AgCl electrode. All electrodes were
thoroughly rinsed with solutions identical with those in the cells
before insertion.

After allowing an initial equilibration period of about 2
hr., cell potentials of 1 and 2 were measured at 15 to 20 min.
intervals to establish glass electrode drift rates.3 The two
glass electrodes were then quickly interchanged—in this series
without rinsing or drying—and the new drift rates established.
Both cells were allowed to stand overnight with continuous gas
bubbling, and the entire procedure was repeated the next morn-
ing. Then the electrode compartment of cell 2 was flushed and
refilled with a fresh solution sample without disturbing the
Ag-AgCl electrode, and a third series of measurements was run.
The agreement between all six values thus obtained for each acid
concentration was very good (mean average deviation = 27
MV.).

The series of experiments testing medium effects on the glass
electrode hydrogen ion response required only minor modifications
in the above procedure. Here a glass electrode was “standard-
ized” in 0.1 m HC1 vs. either ahydrogen or Ag-AgCl electrode and
then was transferred to a solution differing markedly in composi-
tion and acidity containing a pre-equilibrated hydrogen elec-
trode. In transfer the glass electrode was either rinsed with
distilled water and dried with tissue or merely rinsed with a
sample of the new solution.

The latter treatment was preferred since steady drift rates
usually are established within 5 to 10 min. after transfer while
a threefold longer period might be required after the harsher
treatment of drying the electrode. However, it has been re-
peatedly demonstrated that a glass electrode can be subjected to
either treatment; and after being returned to the same cell, the
extrapolated potentials at the moment of transfer as obtained
from the two drift rates will agree within 0.03 to 0.04 mv. Usu-
ally an even better check is obtained, the final precision depend-
ing on the amount of extrapolation needed and the magnitude of
the glass electrode drift rate.

Drifts in glass electrode potentials were followed for a period of
about 100 min., and within experimental error they could be
taken as linear with time.1l Using the calculated least squares
straight lines for the electrode drifts, unbiased values of the cell
potentials were obtained at the moment of glass electrode trans-
fer. This common extrapolation time differs from that previously
reported,3 but it is theoretically more sound and definitely
improves the precision of results when a glass electrode is sub-
jected to gross changes in medium.

Conventional barometric and vapor pressure corrections were
applied to reduce all hydrogen electrode results to the standard
one atmosphere. The excess hydrostatic pressure correction
noted by Hills and lves12 was included and amounted to ca.
0.05 myv. in this work  All potentials are given in absolute volts.
The signs of cells and relative electrode potentials are in accord
with the Stockholm Convention.13

Results and Discussion

The potential developed by a glass electrode when
placed in a solution can be considered as consisting of at
least three components: (1) that due to the internal

(11) Over longer periods, especially with high drift rates, some curvature
is usually evident (c/. 4 m HC1 results in Fig. 2).

(12) G. J. Hills and D. J. G. lves, J. Chem. Soc., 305 (1951).
(13) J. A. Christiansen, J. Am. Chem. Soc., 82, 5517 (1960).
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reference electrode and assumed reasonably constant;
(2) the hydrogen ion response or potential generally at-
tributed to the transfer of hydrogen ions across the glass
membrane boundaryl4 (3) the asymmetry potential
due to differences in the two surfaces of the glass mem-
brane. Beck and Wynne-Jones1 consider the asym-
metry potential time dependent and the real source of
so-called glass electrode errors. This led Covington
and Pruel6to the first truly precise measurements with
the glass electrode, utilizing a time extrapolation pro-
cedure for the cancellation of asymmetry potentials
identical in principle with the method of this work.

In brief the difference (or sum) of two independent
cell potentials, each with the same glass electrode, is
obtained. If one cell consists of the glass and a hy-
drogen electrode, complete cancellation of all com-
ponents of the glass electrode potential is achieved.
This will hold for any combination of cells provided the
hydrogen ion response of the glass electrode is identical
though not necessarily ideal in the two cell solutions.
The net result is thermodynamically equivalent to the
potential of the second cell alone with a hydrogen elec-
trode replacing the glass electrode.

Activity Coefficients of HC1.— Applying the above to
the measurements of cell pairs 1 and 2, potentials were
obtained for the equivalent cell

Pt, H2 (1 atm.)JHCI (m)]AgClI, Ag 3
the e.m.f. of which is given by
E = E° —2RT/F In my% 4)

where E is the observed cell potential, E° is the standard
potential of the Ag-AgCl electrode, m and y+ are the
molal concentration and mean molal activity coefficient
of hydrochloric acid, and the other symbols have their
usual significance. The data are summarized in Table
| with nearly all cell potentials the mean of six determi-
nations. A total of four Ag-AgCl and three glass elec-
trodes (B, C, and D) were used.

Table |

Difference in Potential at 25° of Cells 1 and 2

mof E, mof E, m of E,
HC1 abs. v. HC1 abs. v. HC1 abs. v.
0.0010028 0.57893 0.020017 0.43014 1.0049 0.23293
.0020035 54414 .050103 .38569 1.9880 .18670
.0049975 149844« .10049 .35211  2.9919 .15200
.009999 464151 .50842 27135 3.9994 12212

“1Mean of 12 and 3 values, respectively: all others mean of
6 values.

The measurements of Harned and EhlersI7and Bates
and Bower, Bhereafter abbreviated as H & E and B &
B, are the most thorough studies of cell 3 by conven-
tional methods and classical examples of precision work.
To compare these results and the present study, ac-
tivity coefficients of HC1were calculated independently
from each data set using the current best values of the
necessary constants. This was done by use of a

(14) By variations in composition of the glass membrane, response to other
cations can be enhanced: reference 4, pp. 234, 244.

(15) W. H. Beck and W. F. K. Wynne-Jones, J. chim. phys., 49, C97
(1952).

(16) A. K. Covington and J. E. Prue, J. Chem. Soc., 3696, 3701 (1955);
1567, 1930 (1957).

(17) H. S. Harned and R. W. Ehlers, J. Am. Chem. Soc., 54, 1350 (1932);
55, 2179 (1933).

(18) R. G. Bates and V. E. Bower, J. Res. Natl. Bur. Std., 53, 283 (1954).
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generalized non-linear least squares program for the
IBM 704 computer. Several semiempirical types of
Debye--Hiickel equations of the general form given by
Harned and Owen® were tried. Over the entire con-
centration range to 4 m HC1, the best four parameter
fit was found with the equation

log yx = —Acl//(1 + Ba*cn) + Ext. + Cc +
Dcn + Ec- - log (1 + 0.03603m) (5)

¢ = 0.9972m - 0.01817m?2 (6)

where ¢ is the molar concentration, A and B are the
familiar constants of the Debye-Hiickel theory, and
Ext. represents the total contribution of the extended
terms of Gronwall, LaMer, and Sandved.D The ion-
size parameter a* and the empirical parameters C, D,
and E were adjustable. Equation 6 gives the conver-
sion relation of ¢ and m valid to 4 m at 25° and was
taken fromH & E.7

In the computer program equations 5 and 6 were sub-
stituted into 4 in order to include E° as a parameter in
the least squares adjustment. Except for the B & BB
data where only smooth curve values at rounded molal-
ities were given, the individual data points (not mean
values) with equal weight assigned to each E were used.
The data of H & E I7 were converted to absolute volts
before use. The values of the Debye-Hiickel param-
eters A and B were taken from Robinson and Stokes2l
and R, T, and F were obtained from a recent listing by
Hetzer, Robinson, and Bates.2 Since the contribution
of Ext. in equation 5 was veiv minor, the values calcu-
lated by H & E Irfor a* = 4.3 A. were used regardless of
the final value assigned to a*.

A summary of the least squares treatment is pre-
sented in Table Il. With these parameter values ac-
tivity coefficients or cell potentials can be calculated
anywhere within the listed concentration range with the
full accuracy of the original data. With the exception
of E° an excess of significant figures has been retained
for calculating purposes.

Table Il

Least Squares Parameters at 25° for y* of

HC1 by Equation 5

This work B & BBBdata H & ET7data
E®, abs. v. 0.22235 0.22234 0.22253
a*, A. 4.901 4.512 4.766
10C 0.9681 1.3496 1.0851
100D 2.334 0 1.272
1000E 1.427 0 4.221
crfit, mV. 42 70" 60
Concn. range, m 0.001-4.0 0.001-0.1 0.003-4.0

“ Original data fit given by B & Bls; smooth curve data

actually gave 7 mv.

Note that the shorter concentration range of the B &
B Bdata allowed the use of a simpler form of equation
5 with parameters D and E set at zero. Similarly and
limited to the same concentration range, the values E°
= 0.22235 and 0.22257 abs. v., a* = 4.732 and 5.352 A,,
and 10C = 1.1853 and 0.6846 were obtained, respec-
tively, from the present data and that of H & E.I7 The

(19) Reference 2, eq. 11-5-2, p. 467.

~20) T. H. Gronwall, V. K. LaMer, and K. Sandved, Physik. Z., 29,
358 (1928).

(21) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,” 2nd Ed.,
Academic Press, Inc., New York, N. Y., 1959, p. 468.

(22) H. B. Hetzer, R. A. Robinson, and R. G. Bates, J. Phys. Chem., 66,
1423 (1962).

Elimination of Liquid Junction Potentials with the Glass Electrode

1477

respective standard deviations of E or it values were
36 and 65 gv.

The various a* values and the 4.3 A. results obtained
by both H & ET7 and B & BBindicate the empirical
nature of this parameter and the limited significance to
be attached to the “distance of closest approach.” 23
However, the E° results are in excellent agreement with
the values obtained by B & B,8Bwho have also sum-
marized other work on cell 3 and discussed the differ-
ence in the E° obtained from the data of H & E.T¥
Taniguchi and Janz2Zhave suggested a difference in bias
potentials of the thermal-electrolytic Ag-AgCl electrode
as the cause of the discrepancy in E° values. For-
tunately as long as the apparent E° remains constant
there is no error in the calculation of activity coefficients
from the e.m.f. data.

Smoothed cell potentials and activity coefficients
were obtained for all three data sets with the parameters
of Table Il, and representative values are presented in
Table 11l. Addition of the respective A quantities to
the E and y+ values obtained from the present investi-
gation will give the results calculated with the other
data sets. With the possible exception of the highest
HC1 concentration, where the difference is less than
0.2%, the values are seen to be in excellent agreement
and amply indicate the reliability of the glass electrode
results. Indeed, the standard deviations listed in Table
Il would suggest a higher precision level was attained
with the glass electrode than with the earlier, conven-
tional studies. The agreement is also notably better
than that achieved by Covington and Pruel® in their
precision glass electrode work.

Tabte Il

Smoothed Potentials of Cell 3 and y* of HC1 at 25°

X 10=
Mof E, e AE, mv.--— . H&
HC1 abs. v. B&BB H&E" T+° B&BB ET
0.001 0.57910 -0.01 0.18 0.9652 -0.1 0.0
.002 54419 - .01 .18 9521 - 1 .0
.005 49841 - 01 .18 9283 S 1
.01 46413 .00 .19 .9045 3 - 2
.02 43019 .00 19 8755 4 _ 2
.05 .38579 .00 .20 .8310 3 - 3
1 35237 - .03 .19 7963 2 3
. 27222 .15 7578 5
1 .23322 12 .8094 .9
2 .18626 .15 1.0093 6
3 15172 16 1.3178 .6
4 12211 .08  1.759 3.0

° This investigation.

Medium Effects.— In the experiments of the previous
section the glass electrode was interchanged between
identical cell solutions. Admittedly this represents an
ideal case of limited applicability. The other extreme
where the two cell solutions are deliberately made to
differ widely in acidity and composition is of more prac-
tical interest.

For a given glass electrode and except for asymmetry
potential changes, the potential of cell 1 should be in-
pendent of the concentration or type of acid employed.
That is provided the glass electrode passes the very
severe test of an ideal Nernst slope, perfectly cancelling
the hydrogen electrode over the hydrogen ion activity
range covered. This was tested in experiments using

(23) Reference 4, pp. 37, 38; reference 21, pp. 235-238.
(24) H. Taniguchi and G. J. Janz, J. Electrochem. Soc., 104, 123 (1957).
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CAYS

Fig. 1.—Daily record (at moment of transfer) of glass electrode
A vs. H2and Ag-AgCl electrodes: O, 0.1 m HC1; 0O, 0.1, 05, 1,
and 2 m HXS04in order; A, same as previous series using HC104;
V, 1m XaC104+ 1m HC104 m, 6 m HS04

Fig. 2.—Comparison of glas3 electrode C vs. H2 electrode in
0.1m HC1, O, and 4 m solutions of HC1G4 ®, or HC1, 0. Dashed
lines are moment of glass electrode transfer.

cell pairs similar to 1and 2. In this series a single glass
electrode (A) was used, cell 2 always contained 0.1 m
HC1, and a variety of perchloric and sulfuric acid solu-
tions were employed in cell 1. The results are pre-
sented in Fig. 1

This figure is merely a day by day record of the two
cell potentials (at the moment of glass electrode trans-
fer), and as such it includes the continual drift of the
glass electrode. It is probably only a fortuitous con-
venience that the drift for this particular electrode ap-
pears linear. The abrupt breaks in the plot at ca. 65
days represent vexing though typical glass electrode be-
havior. However, the observed constant difference in
the cell potentials is the important point. Twenty-two
cell pairs are presented in Fig. 1, eleven with the two

A. J. ZIELEN
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cell solutions identical (0.1 m HC1) and the remaining
half with varying degrees of difference in the cell solu-
tions. The mean potential differences and standard
deviations of the two sets are, respectively, 352.38 +
0.03 and 352.36 + 0.02 abs. mv., in excellent agreement
with the 0.1 m value of Table Ill. The check is also
notable in that these data were obtained using com-
pletely different apparatus and electrodes.
A second series of tests was run using the cell pairs

Pt, H2 (atm.)]HCI (0.1 m)]glass @)
Pt, H2 (1 atm.)|HX (w)[glass (8)

Here the potential difference of cells 7 and 8 should be
zero regardless of the nature of HX or the magnitude of
to, again provided the glass electrode response is ideal
between the two solutions. Table IV summarizes the
results with Es — E1 representing the observed dif-
ference in the above cell potentials at the moment of
glass electrode transfer. Multiple entries indicate re-
peated experiments.

Table IV

Difference in Potentials at 25° of Cells 7 and 8

Glass
elec-
Cell 8 solution J8 — Ei, mv. trode
0.05 m IlAc + 0.05 m NaAca 0.01,0.00 C
4 m HX04 -0.03,0.00 C
4 m HCIO4 -0.01, -0.02, -0.01 C
2 m NaC104 + 2 m HC104 0.00 C
2 mLICIO4+ 2 m HCIO4 -0.04,0.02,0.00 C, B C
0.5 m HCI -0.06 D
1m HCI 0.17 D
2 m HCI 0.58 D
3 mHCI -1.36 D
4 m HCI -2.91 D
4 m HCI -0.69, -0.89, -1.14 C
3.9 m NaCl + 0.1 m HCI -0.13, -0.15 B, C

Acetate buffer, ca. pH 4.7.

Clearly any errors in glass electrode response are
either negligibly small or at the limit of detection in
all solutions studied except the HC1 series. The
marked behavior difference of the same glass electrode
(C) in 4 m solutions of HC104and HC1 is vividly illus-
trated in Fig. 2. This figure also indicates that the
magnitude of the error in HC1 solutions depends on the
time of contact. Accordingly all the results of Table
IV were obtained with transfer of the glass electrode
from 0.1 m HC1 to the second cell, i.e., cell 8.

An adequate explanation for the HC1 errors cannot be
furnished at present. The data of Table IV show the
effect to be not very reproducible and to depend on the
electrode used. Also the chloride ion alone cannot be
the primary cause since the error at high NaCl concen-
tration is sharply reduced though still appreciable. An
entirely different possibility is that the hydrogen elec-
trode instead of the glass electrode is at fault. How-
ever, this can be eliminated since Pitzer and Brewers
have demonstrated that activity coefficients obtained
with data from cell 3 in the range 4 to 10 m HCL1 are in
good agreement with the results of vapor pressure
measurements. In any event the results of Table 111
at high HC1 concentration definitely indicate accurate
values can be obtained with the present procedure even
under conditions of errors in the glass electrode re-
sponse.

(25) Cl. M. Lewis and M. Randall (reviewed by K. S. Pitzer and L.

Brewer), “Thermodynamics,” 2nd Ed., McGraw-Hill Book Co., Inc., New
York, N. Y., 19G1, pp. 312, 317.
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A more exhaustive search probably would reveal
other examples of definite glass electrode errors. And
of course hydrofluoric acid or strongly alkaline solutions
where there is a definite chemical attack on the glass
membrane represent special cases. However, the essen-
tial point is that ideal behavior appears to be more the
norm than the exception. This is contrary to much of
the reported work on glass electrode behavior, especially
the so-called negative or high acid error.B In reality
there is no contradiction. Other than the special case
of zero asymmetry potential, the glass electrode must
always be considered in error; but this error can be can-
celled revealing the masked ideal hydrogen ion response.

The entire subject of errors in the high acid region
remains controversial. For many years Dole’'sZtheory
of difference in water activity on the two sides of the
glass membrane was widely accepted, but in the last
decade convincing evidence has been found against
it. B8 This led Schwabe and Gléckner® to a careful
study of the time dependence of glass electrode errors—

(26) Reference 4, pp. 244—246.
(27) M. Dole, 3. Am. Chem. Soc., 54, 2120, 3095 (1932).
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so important in the present application—and to the
development of an entirely new theory based on ex-
cessive sorption of protons by the glass membrane gel
layer in high acid solutions.

Regardless of the true origin of glass electrode errors,
the present work shows clearly that the proper tech-
nigue produces thermodynamically significant results of
the highest precision over a truly remarkable range of
solution composition and acidity. In essence the glass
electrode is converted into a chemically inert hydrogen
electrode, eliminating the need of physically separated
electrode compartments joined by a salt bridge. Of
course other reference electrodes could be used. How-
ever, the hydrogen electrode is by far the most reliable;
and by definition it is the reference standard of all rela-
tive electrode potentials. There is also the unique
practical advantage that the concentration of the cali-
brating cell solution need not be known accurately
when the hydrogen electrode is used.

(28) (a) E. E. Sinclair and A. E. Martell, J. Chem. Phys., 18, 224, 992

(1950); (b) M. Dole, ibid., 18, 573, 1411 (1950).
(29) Iv. Schwabe and G. Glockner. Z. Elektrochem., 59, 504 (1955).

DILUTE SOLUTION PROPERTIES OF TACTIC POLY-(METIIYL

METHACRYLATES). II.

ISOTACTIC FRACTIONS

IN A THETA SOLVENT

By Sonja Krause and Elizabeth Cohn-Ginsberg

Research Division, Rohm and Haas Company, Bristol, Pa.
Received December 31, 1962

Precipitation temperature-concentration measurements on fractions of different molecular weight «'ere used

to obtain the theta temperature of isotactic poly-(methyl methacrylate) in acetonitrile, 27.6°.
cosities of a number of fractions were measured at 20, 27.0, 35, and 50°.

Intrinsic vis-
These measurements were used to

calculate the intrinsic viscosity-molecular weight relationship at each temperature and various derived quan-

tities for each molecular weight used.

Introduction

In part | of this series,1lit was shown that the dilute
solution properties of isotactic poly-(methyl methacry-
late) differ from those of conventional, free-radically
initiated poly-(methyl methacrylate) even in the
thermodynamically good solvents, acetone and ben-
zene. The measured intrinsic viscosities and radii of
gyration of the isotactic poly-(methyl methacrylate)
fractions in acetone solution were used to predict the
intrinsic viscosity-molecular weight relationship of the
isotactic polymer in a theta solvent. From this, it was
further predicted that molecules of the isotactic poly-
(methyl methacrylate) should be much more expanded
in a theta solvent than molecules of conventional poly-
(methyl methacrylate) of the same molecular weight.
The work presented here confirms these predictions.

Experimental

The preparation and fractionation of the sample of isotactic
poly-(methyl methacrylate) used for this work have been de-
scribed previously.1 The polymer had been characterized as
isotactic from its infrared spectrum,2 having a /-value3 of 33.
Samples of isotactic poly-(methyl methacrylate) generally have
/-values between 25 and 35,3 the most isotactic samples having
the lowest /-values.

(1) S. Krause and E. Cohn-Ginsberg, Polymer, in press.

(2) U. Baumann, H. Schreiber, and K. Tessmar, Makromol. Chem., 36, 81
<1959).

(3) W. E. Goode, F. H. Owens, R. P. Fellniann, W. Il. Snyder, and J. E.
(Moore J. Polymer Sei.. 46, 317 (1960).

The number average molecular weights of all the fractions
used in this work were determined from the intensity of the ab-
sorption at 304 m/x of the fluorenyl end-group on each polymer
chain.4 Each fraction was further characterized either by its
weight average molecular weight as obtained from light scattering
data in acetone solutionlor by its viscosity average molecular
weight as calculated from its intrinsic viscosity in acetone:
M in dl./g.

] =

Equation 1 was previously obtained for these isotactic fractions
in acetone solution.1

The acetonitrile used for all our work was distilled through a
packed column and a center cut of constant boiling point was
collected in each distillation. The wxd of these center cuts
ranged from 1.34142 to 1.34147.

The thermometers used for precipitation temperature measure-
ments and for the intrinsic viscosities were calibrated against
other thermometers which had been calibrated at the National
Bureau of Standards.

Intrinsic viscosities were obtained at each temperature using
Cannon-Ubbelohde semimicro viscometers with solvent flow
times above 90 sec. so that no kinetic energy corrections were
necessary. No shear corrections were necessary because of the
low values of all the intrinsic viscosities obtained. At least
three concentrations were run for each intrinsic viscosity deter-
mination.

The solutions for the precipitation temperature-concentration
measurements were made up by weight in long test tubes which
were shaken continuously (mechanically) while immersed in a
water-propylene glycol or water-ethylene glycol mixture whose
temperature was changed at a rate not exceeding 0.2°/min.

2.30 X 10" 4M 063 (1)

(4) D. L. Giusker, E. Stiles, and B. Yoncoskie, ibid., 49, 297 (1961).



1480

G. POLYMER/IOO G. SOLN.

Fig. 1.—Precipitation temperature vs.
tions of isotactic pol!y-(methyl

concentration of frac-
methacrylate) in acetonitrile.

Fig. 2—1/T0vs. I / M for fractions of isotactic poly-(methyl
methacrylate) in acetonitrile solution.

The temperature at which turbidity first appeared on cooling and
the temperature at which the last of the turbidity disappeared
on heating were noted in sequence for each solution until a set of
four or five consistent readings was obtained. The average of
these readings was considered the precipitation temperature of
the solution.

Results

The molecular weight data obtained in acetone solu-
tion for the fractions used in this work are shown in
Table I.

Figure 1 shows the precipitation temperature-con-
centration data for five of the fractions in acetonitrile.

The theta temperature for the system isotactic poly-
(methyl methacrylate)-acetonitrile was obtained from
the data shown in Fig. 1by plotting the reciprocal of the
critical temperature (in degrees Kelvin) of each fraction
against the reciprocal of the square root of its weight or
viscosity average molecular weight (Mwwas used where
both averages were available) according to the equationl

1/Tc = (1/0)(1 + b/M'n @)

Sonja Krause and Elizabeth Cohn-Ginsberg

Vol. 67

Table |
Fractions of Isotactic Poly-(methyl methacrylate) Used

for this Work

M 30°

Frac- ?'m acetone Vv

tion xuo (HLlg) O 4 x o M./Bn My/M
B56A 3.89 0.875 5.2 535+ 0.01 1.4 1.3
A6 2.02 62 3.00 456 +0.13 2.3 1.5
B7,8B  1.93 670 2.62 1.4
B7,8D 1.46 483 1.87 1.3
B9,10A 1.33 42 161 1.2
B9,10B 1.13 B870 1.23 1.1
B12 0.77 295 0.91 0.90 +0.03 1.2 1.2
B13 692 w60 .70 1.0
B16 406 .21 50 1.2
B19 284 147 284 1.0
where

b= (FilmIrm (3)

where d stands for the theta temperature in degrees
Kelvin, M is the molecular weight of the fraction, W is
the molar volume of the solvent, v is the specific volume
of the polymer, and is an entropy parameter.5 This
plot, shown in Fig. 2, together with eq. 2 and 3, yields

e= 276 £ 05°

ilg = 0.068

for isotactic poly-(methyl methacrylate). Fox6 re-
ported a theta temperature of 45.0° and a \i value of

0.145 for conventional poly-(methyl methacrylate) in
acetonitrile.

Table Il shows the intrinsic viscosities in acetonitrile
solution at various temperatures of five of the fractions
of isotactic poly-(methyl methacrylate).

Table |l

Intrinsic Viscosities of Isotactic Poly-(methyl methacry-

late)
My x 105 Intrinsic viscosity in acetonitrile
Fraction (acetone) 20" 27.5¢ 35" 50
B7,8D 1.87 0.297 0.324 0.354 0.394
B9,10B 1.23 .244 .258 .276 .292
B13 0.70 .198 .205 .206 .219
B16 .50 .166 .168 .164 174
B19 .284 127 .128 127 132

The data in Table Il yielded the following intrinsic vis-
cosity-molecular weight relationships using least squares
calculations

T =20°[r] = 13.0 X 10-W 048 (4)
T = 276°b] = 755 X 10-W 08D
(if exponent is set at 0.500) (5)
= 35° b] = 46 X 10-W 056 (6)
T = 50° b] = 262 X 10-W 042 (7)
Discussion

The value, 7.55 X 10-4, of the constant in the
relationship of isotactic poly-(methyl methacrylate) at
its theta temperature in acetonitrile is quite different
from the value, 4.8 X 10-4, obtained by Fox8for con-
ventional poly-(methyl methacrylate) in anumber of sol-

(5; P. J. Flory, “Principles of Polymer Chemistry,” Cornell Univ. Press,

Ithaca, N. Y., 1953, Chapters X 11 and XII1.
(6) T. G Fox, Polymer, 9, 111 (1962).
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vents in which the theta temperature varied from about
30 to 70°. It isinteresting to note that a value of about
7 X 10_4 was predicted for this constant from the in-
trinsic viscosity-molecular weight data of these isotac-
tic poly-(methyl methacrylate) fractions in acetone.l
This constant, K, is related to the unperturbed end-to-
end distance of the polymer coils, (r®@'/!, by the equa-
tion7

K = 0(/V/i¥)in ®)

where $>is a universal constant used here as 2.1 X 10216
According to eq. 8, the higher value of K for isotactic
poly-(methyl methacrylate) indicates that the isotactic
molecules are more expanded in the unperturbed state
than are those of conventional poly-(methyl methacry-
late). The value of (r® M) 12 obtained for the isotactic
molecules in this work is compared with values obtained
for conventional poly-(methyl methacrylate) by previous
investigators in Table I11.

Tabte Il

Unperturbed Dimensions of Polt-(methyl methacrylate)

W/M)'A
Polymer type T (70.) K X 10¢ X ion
Isotactic 27.6 7.55 720
Conventional6 30-70 4.8 612
Conventional8 25 5.92 656
Conventional9 26.2 5.59 643

In part | of this series, it was shownlthat the mole-
cules of isotactic poly-(methyl methacrylate) remained
more expanded than those of conventional poly-
(methyl methacrylate) in acetone, a thermodynamically
good solvent for both polymer configurations.

It was rather startling to find that isotactic poly-
(methyl methacrylate), a crystallizable polymer (m.p.
~ 160°),10should fail to crystallize from acetonitrile, a
solvent from which it precipitates at a temperature so
far below its melting point. One might expect that

(7) P.J. Flory and T. G Fox, J. Am. Chem. Soc., 73, 1904 (1951).

(8) S. N. Chinai and C. W. Bondurant, Jr., J. Polymer Sci., 33, 471
(1958).

(9) S. N. Chinai and R. J. Valles, ibid., 39, 363 (1959).

(10) T. G Fox, B. S. Garrett, W. E. Goode, S. Gratch, J. F. Kincaid, A.
Spell, and J. D. Stroupe, J. Am. Chem. Soc., 80, 1768 (1958).
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rather unique specific interactions between polymer and
solvent in this system keep the polymer from crystal-
lizing. However, the polymer behaves as if this were a
perfectly normal polymer-solvent system, as can be
seen from Fig. 1 and 2, Table Il, and equations 4
through 7.

There is one extra item of information that shows
something unusual about the acetonitrile-isotactic
poly-(methyl methacrylate) system. The parameter,
\oi, which was obtained from Fig. 2, can also be obtained
from the data hi Table Il, that is, from intrinsic vis-
cosity-temperature data, by plotting (a6— a3/Mv*vs.
1/T according to the equation5

(@5- ad/M'/t = 2CuMI ~ 6/T)  (9)

where
Cm = 14 X 10~2 (vyV I)<t>/K (20)

and a is the expansion factor of the polymer coils, cal-
culated from

to] = KM /A3 (11)

where the constant K always refers to its observed value
at the theta temperature. Such a plot, based only on
the data from the two highest molecular weight frac-
tions in Table 11 (the others showed too small a varia-
tion in intrinsic viscosity with temperature to be very
useful for this calculation), yielded a value of about 0.05
for ifflUin good agreement with the value of 0.068 found
from eq. 2. This agreement is very unusual. Krig-
baumIland Fox6have pointed out that the values of i/r
obtained by the two methods used here are generally
not in agreement. Values obtained from equation 2
are almost always five to ten times greater than those
obtained from equation 9, except for some recent data
on polyelectrolyte systems, poly-(vinyl sulfate) in aque-
ous alkali halide solutions.12

Acknowledgments.—The authors wish to thank Mr.
R. J. Kerr, who obtained all the precipitation tempera-
tures, and Mr. K. E. Macon, who obtained all the in-
trinsic viscosities discussed in this work.

(11) W. R. Krigbaum, ibid., 7*, 3758 (1954).
(12) H. Eisenberg and D. WoocUide, J. Chem. Phys., 36, 1844 (1962).
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Kinetic data are reported for the decarboxylation of benzylmalonic acid in «-butyric acid, n-decanoic acid,

m-cresol, and p-cresol, and of cinnamalmalonic acid in phenol, m-cresol, and p-cresol.

The activation parameters

were calculated and the isokinetic temperatures for the two reactions were determined from the slopes of the

enthalpy-entropy plots.

These were found to be equal to the melting points of the acids.

A mathematical

analysis was made of the effect of experimental error on the validity of the observed enthalpy-entropy relation-

ship.

A change from one reaction to another in a reaction
series taking place in homogeneous solution may in-
volve (a) changes in solvent and/or (b) changes in the
species undergoing reaction. Both types of change are
capable of providing valuable information on the

mechanism and energetics of a reaction. Theoretically
an unlimited degree of change is possible in a given reac-
tion series.

The decarboxylation of malonic acid and its deriva-
tives in solution represents a reaction series which has
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been studied for over half a century. One aspect of
this study is to investigate the effect of change of solvent
on the decarboxylation of the parent substance, malonic
acid. The other aspect is to investigate the effect on
the reaction produced by modification of the parent
substance—in other words, the study of the decarboxyl-
ation of derivatives of malonic acid.

The first aspect—Kinetic studies on the decarboxyla-
tion of malonic acid in various solvents—has been
studied extensively, with results which have yielded a
wealth of data on the reaction.1 The second aspect-
kinetic studies on the decarboxylation of derivatives of
malonic acid—has not been studied as thoroughly as has
the first. Bernoulli and Jakubowics2studied the decar-
boxylation of several malonic acid derivatives in aque-
ous solution between 76 and 110°. Jakubowics3studied
the rate of decarboxylation of several disubstituted ma-
lonic acid derivatives in 0.2 N aqueous solution between
90 and 110°. Muus4has studied the decarboxylation of
dibromomalonic acid inwater, and Gelles6that of phenyl-
malonic acid in water at 45°. The present writer8 has
studied the decarboxylation of cinnamalmalonic acid in
several aromatic amines.

The present paper reports results of kinetic studies
which have been carried out in this Laboratory on the
decarboxylation of cinnamalmalonic acid in phenol, m-
cresol, and p-cresol, and of benzylmalonic acid in n-
butyric acid, n-decanoic acid, m-cresol, and p-cresol.

Experimental

The cinnamahnalonic acid used in this research was prepared
by the condensation of cinnamaldehyde with malonic acid in
acetic acid at 95° according to the procedure described in the
literature7 and was purified by recrystallization from absolute
ethanol. The melting point was carefully determined a large
number of times using a thermometer which was calibrated
against another thermometer calibrated by the TJ. S. Bureau of
Standards, and it turned out to be 199° (cor.). This issomewhat
lower than the value reported in the temperature (208°).7 The
benzylmalonic acid proved to be 100.0% pure by titration with
standard base. It melted at 121° (cor.).

The solvents were reagent grade and were distilled at atmos-
pheric pressure immediately before use.

The apparatus and technique have been described previously.8
In each experiment a quantity of acid was used which would
furnish 40.0 ml. of C02 at STP on complete reaction. This
amount was calculated on the basis of the actual molar volume of
COj at STP, 22,267 m1.9 These quantities were, for cinnamal-
malonic acid, 0.3917 g., and for benzylmalonic acid, 0.3489 g.

Results

The solubility of cinnamalmalonic acid in water at
25° was measured by titration of a saturated filtered
solution with standard base. It was found to be 0.138
g. per 100 g. of water.

Smooth first-order Kinetics over the greater portion of
the reaction were obtained in the decarboxylation of
both benzylmalonic acid and cinnamalmalonic acid in
the various solvents used. Reactions in each solvent

(1) (a) G. Fraenkel, R. L. Belford, and P. E. Yankwich, ./. Am. Chem.
Soc., 10, 15 (1954); (b) L. W. Clark, J. Phys. Chem., 66, 125 (1962), and
previous papers in this series.

(2) A. L. Bernoulli and H. Jakubowics, Helv. Chim. Acta, 4, 1018 (1921).

(3) H. Jakubowics, Z. anorg. allgem. Chem., 121, 113 (1921).

(4) J. Muus, J. Phys. Chem,. 39, 37%8 (1935).

(5) E. Gelles, 3. Am. Chem. Soc., (0, 6199 (1953).

(6) L. W. Clark, J. Phys. Chem., 66, 836 (1962).

(7) L. F. Fieser and M. Fieser, “Introduction to Organic Chemistry,”
D. C. Heath and Co., Boston, Mass., 1957, p. 443. See also Beilstein, Vol.
1X. p. 912.

(8) L. W. Clark, J. Phys. Chem., 60, 1150 (1956).

(9) S. Glasstone and D. Lewis, “Elements of Physical Chemistry,” 2nd
Ed., D. Van Nostrand Co., Inc., New York, N. Y., 1960, p. 43.

Louis W atts Clark

Vol. 67

were carried out two or three times at three or four tem-
peratures over a 20° temperature range. The average
values of the apparent first-order rate constants for the
decarboxylation reaction in the various solvents at the
different temperatures studied were obtained in the
usual manner from the slopes of the experimental log-
arithmic plots. These are shown in Table I.

Tabte |

A. Apparent First-Order Rate Constants for the De-

carboxylation of Benzylmalonic Acid in Several Solvents

Temp., k X 10* Av.
Solvent °C. (cor.) (sec. 1) dev.
m«.-Butyric acid 121.63 1.18 0.02
131.53 2.47 .02
141.25 4.94 .04
n-Decanoic acid 122.00 1.22 .02
131.66 2.79 .02
141.68 6.42 .03
m-C resol 120.46 2.21 .03
130,07 5.37 .03
140.63 11.3 .05
p-Cresol 120.46 2.27 .03
130.97 5.73 .01
140.63 12.9 .05

Apparent First-Order Rate Constants FOR the
carboxylation of Cinnamalmalonic Acid in Sever

Solvents

Phenol 158.30 1.37 0.02
167.S5 2.72 .02
177.10 5.17 .03
m-Cresol 150.49 1.17 .03
160.15 2.15 .04
170.35 3.95 .05
p-Cresol 160.05 1.58 .04
171.86 3.74 .04
180.25 0.71 .05

Table Il shows the parameters of the absolute reac-
tion rate equation calculated from the data given in

i
u_ _“ -AS*R —AH*/RT

h

Table 1. Corresponding values for the malonic acid
reaction are also included for the sake of comparison.

Tabte Il

Activation Parameters for the Decarboxylation of
M alonic Acid and Derivatives in Several Liquids
(AH* values are in kcal./mole, AS* values are in e.u./mole)

Benzylmalonic  Cinnamalmalonic

Malonic acid acid acid

Solvent AH* AS* AH* AS* AH* AS*
Melt 358 + 119 294 - 2.6
n-Butyric acid 32.3 + 2.5 23.0 -18.9
ro-Cresol 323 + 3.2 253 -11.6 22.0 -25.2
p-Cresol 298 - 24 276 - 57 271 -14.2
Phenol 27.3 - 8.9 26.3 -16.0
Decanoic acid 26.6 -11.0 26.9 - 9.0

Discussion of Results

A comparison of the AH* values in Table Il reveals
that the electrophilicities of the two derivatives are
larger than that of the parent acid. Also, the dif-
ferences in the A<S* values shown in the table are in har-
mony with the differences in the relative sterie effects of

the benzyl group and the rmnamal group as compared
with hydrogen.

(10) S. Glasstone, Iv. T Laidlcr, and H. Eyring, “The Theory of Rate

Processes,” McGraw-Hill Book Co., Inc., New York, N. Y., 1941, p. 14.
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Decarboxylation Studies.

Compound undergoing decarboxylation

I.  Cinnamalmalonic acid (m.p. 199°)
I1.  Oxalic acid”“ (m.p. 194°)
I11.  Oxanilic acidé (m.p. 150°)
IV. Malonic acide (m.p. 134°) (a)

V. Benzylmalonic acid (m.p. 121°)

“ See ref. 13. 6See ref. 14. c See ref. 12.

A plot of the values of AH* vs. AS* shown in Table 11
are linear for each reacting species. Line | of Fig. 1is
the plot for the cinnamalmalonic acid reaction in phenol
and cresols. Line Il is the plot for the benzylmalonic
acid reaction in the molten state and in the two acids,
n-butyric acid and n-decanoic acid. The parameters
for the benzylmalonic acid reaction in the cresols are not
plotted, but would form a third line, below and parallel
to line Il.  The fact that the parameters for the decar-
boxylation of each acid in the various solvents all fall on
a straight line is indicative of a uniformity of mecha-
nism.1l

The so-called isokinetic temperature is found from
the slope of the AH*-AS* plot. At the isokinetic tem-
perature the free energies of activation, and therefore
the rate constants, of all the reactions included in the

Decarboxylation of Benzylmalonic and Cinnamalmalonic Acids 1483
Tabi.f 111
Mathematical Analysis of the Effect of Errors on the AH*-aS* Relationship
Obsd. range
of AH* i Isokinetic
% (dA/%) dMi* temp.,
Solvents (kcal./mole) (kcal./mole) 5 °C.
Phenols, cresols 2.5 5.1 2.0 198
Cresols, glycols, amines 3.0 17.9 5.0 194
Ethers, tertiary amines 3.6 28.4 7.8 150
Cresols, acids, nitro compounds 3.7 12.3 3.3 134
(b) Alcohols 21 0.7 3.2 134
Acids, cresols 3.2 0.4 2.0 Al
AS* (e.u./mole).

plot are equal.ll The slope of line I of Fig. 1is 471°K.
This corresponds to 198°, which is very nearly the
melting point of cinnamalmalonic acid. The slope of
line Il of Fig. 1is 394°K. This corresponds to 121°,
which is the melting point of benzylmalonic acid. It
has been shown previously that the isokinetic tempera-
tures for the decarboxylation of malonic acid,12 oxalic
acid,13 and oxanilic acid,¥ are likewise equal to their
melting points.

Petersen, et cd.,n have discussed the effects of experi-
mental error on the validity of the enthalpy-entropy
relationship. It is worthwhile applying their analysis
to the results of the present investigation, as well as to
those in the three additional cases mentioned above.

They have shown that the maximum possible error in
AH* in the positive direction (5) can be calculated by
means of the equation

h(1+ a)
1 —a

or,ifa< <1

where a is the maximum possible fractional error in /;,
and T and T' are the temperature limits of the reaction.
If the range of AH* values be designated by dAFI*,

(11) J. E. Leffler, J. Org. Chem., 20, 1202 (1955).

(12) L. W. Clark, J. Phys. Chem., 67, 520 (1963).

(13) L. W. Clark, ibid.. 67, 1355 (1963).

(14) L. W. Clark, ibid., 66, 1543 (1962).

(15) K. O. Petersen, J. Il. Markgraf, and K D. Ross, ./. Am. Chem. *Soc.,
83, 3819 (1951).

Fig. l=—Enthalpy-entropy plots for the decarboxylation of
malonic acid derivatives in various liquids: I, cinnamalmalonic
acid in m-cresol, phenol, and p-cresol; II, benzylmalonic acid in
«-butyric acid, n-decanoic acid, and in the molten state.

and the total maximum possible error in AH* by 25
then the ratio: dAH*/28, must be at least equal to
unity if any validity can be assumed in the observed
enthalpy-entropy relationship. Furthermore, this ratio
must be much larger than unity if any details of the
relationship can be confidently inferred.

The results of the mathematical analysis in the case
of the five compounds in question, according to the
above discussion, are shown in Table 111, the compounds
being arranged in the order of decreasing melting points.
(The maximum possible fractional error in k has been
assumed to be 0.00.)

It will be seen in Table Il that the ratio, dA//*/25,
for all the reactions shown is greater than unity, and is
very much greater than unity in the case of oxalic acid
and oxanilic acid. These results indicate that the
coincidence between the melting point and the isokinetic
temperature is probably not fortuitous, nor the result of
experimental error, but is probably a general kinetic
relationship hi the case of unimolecular reactions.

It is of interest to point out in this connection that,
in the case of the isomerization of azobenzene in a series
of solvents, the isokinetic temperature has been found
to be equal to its melting point, namely 68°.%6
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the National Science Foundation, Washington, D. C,,
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(16) R J W Le Fevre and J. Northeott, J. Grem S, 867 (1959).
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The thermal dénaturation of chymotrypsinogen has been studied in the pH range from 2 to 3 by means of

viscometry, rotatory dispersion, refractometry, and ultraviolet spectroscopy.
a small helix content, if any, which is not altered by dénaturation in water.
Difference spectra are interpreted to mean that some indole
Two alternative descriptions of the reaction are given:

despite the very large thermodynamic changes.

groups come into contact with water on dénaturation.
(1) The denatured protein forms a porous ball of small dimensions.
The domain of dénaturation consists of most of the protein and there is much freedom of
Only a single cooperative unit consisting of side chains

of the polypeptide.
rotation about single bonds within this region. (2)

melts on dénaturation; the conformation of the backbone is unchanged.

Rotatory dispersion indicates
Changes in all parameters are small

Solvent penetrates to nearly all regions

Solvent penetrates the melted region,

but in a highly restricted manner such that single water molecules or small aggregates must be formed to com-

ply with space restrictions within this region.
their control by factors of water structure.
to accidental compensation.

Both descriptions emphasize the role of hydrophobic bonds and
The absence of change in the rotation parameter ao is attributed
Studies of organic additives and urea show two kinds of dénaturation phenomena:

(A) at low additive concentration the native protein is unstabilized in such a way that increased temperature
and increased additive concentration work in the same direction; (B) at high organic additive concentrations

(but not urea) increasing temperature reverses the effect of additive.
Rotatory dispersion studies suggest that there is an increase

measured parameters undergo drastic changes.

At high additive concentrations the

in folding though little increase in the net amount of right or left handed helix content.

Introduction

There exists at present little direct information leading
to a quantitative description of the factors determining
the stability of folded proteins. Even qualitative state-
ments are often uncertain. For example one may enter-
tain the point of view that hydrogen bonds stabilize or
that they unstabilize protein folding in solution as a
matter of faith rather than a matter of fact. Estimates
of the maximum stabilizing free energy per helix hydro-
gen bond in an unstrained a-helix obtained from the ti-
tration data of Wada for poly-a-glutamic acid place
this figure at about 400 cal.,3 but many consider this
value much too high for proteins. The status of hydro-
gen bonds in non-helix parts of the molecule is even more
complicated. One can say with some certainty that the
cost of unsatisfied hydrogen-bonding valences in
energy coin is too great to make this a common occur-
rence. However, the logistical problem which nature
has had to face in providing correct geometry for all
such hydrogen-bonding valences is very great. If she
has taken the pains to solve this problem in detail, hy-
drogen bonds in amoz'phous regions may be stabilizing.
If she has not, such valences may be a positive deterent
to stable folding. Since what little evidence there is
indicates that water molecules only very infrequently
are found to be permanent residents inside proteins, it
would appear that the orientation problem involved in
making four good hydrogen bonds to each water mole-
cule has thus far in evolution been only occasionally
solved. Whether the less complicated problems asso-
ciated with internal serine and threonine hydrogen
bonding, for example, have been solved or not remains
an open question. Whether or not such problems re-
quire solution in the construction of stably folded pro-
teins depends on the other sources of stabilizing free

(1) This work was supported by research grants from the National
Institutes of Health and the Louis and Maud Hill Family Foundation.
Fellowship support for J. B. was received from the National Science Founda-
tion and the General Electric Corporation.

(2) Taken in part from a thesis presented to the University of Minnesota
in partial fulfillment of the requirements for the Ph.D. Degree, August,

1961.
(3) A. Wada, Mol. Physics, 3, 409 (1960).

energy. Chief among these now appears the “hydro-
phobic bond,” 4a conceptually simple structure actually
made very complicated by its vital dependence on un-
known factors of water structure. The latter are no
less complicated today than they have been for many
years and it seems probable that a phenomenological
approach to the hydrophobic bond will be more useful
than one based on analyses of water structure. A
phenomenological approach to this problem, to hydro-
gen bond enthalpies and to the conformational entropy
problem as these problems appear in chymotrypsinogen
forms the subject of the subsequent paper.5 In the
present paper we shall describe experiments conducted
to characterize the reversible thermal dénaturation of
this protein in the acid region. There has been little
detailed work on the reversible thermal dénaturation of
golbular proteins until recently and our understanding
of such reactions is remarkably slight. The thermal
dénaturation of chymotrypsinogen was originally de-
tected by Kunitz and Northrup6 and in a pioneering
paper Eisenberg and Schwert7 provided much of the
fundamental work needed to support more detailed
study. They reported a standard enthalpy of dénatura-
tion of 100 kcal. and a standard enti'opy of dénaturation
of 315 e.u. at pH 2. What makes such a large entropy
change of particular interest, however, is Schellman’s8
finding that the dénaturation reaction occurs without
detectable change in specific rotation. It is a purpose
of this paper to provide a more detailed picture of
the dénaturation reaction.

Results

The Transition in Aqueous Solvents. Thermody-
namics.—Eisenberg and Schwert7 have shown that a
true equilibrium exists between native and thermally
denatured chymotrypsinogen in solutions of pH 3 or
below if the protein concentration is low and the solu-
4) W. Kauzmann, Advan. Protein Chem., 14, 1 (1959).

5) J. Brandts, to be submitted.
6) M. Kunitz and J. G. Northrup, J. Gen. Physiol., 18, 433 (1935).
7) M. A. Eisenberg and G. W. Schwert, ibid., 34, 583 (1951).

(8) J. A. Sehellman, Compt. rend. trav. lab. Carlsberg, Ser. Chim., 30, 450
(1958).
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tion contains no added neutral salt. In all of our
studies we have adjusted solution conditions to ensure
maximum reversibility. The above authors have as-
sumed, as is fully substantiated by their data and ours,
that an equilibrium exists between a single denatured
and a single native species, i.e.

N (native) < > D (denatured)
K = (D)/(N)

By taking advantage of the insolubility of the denatured
protein in a high salt buffer the thermodynamic con-
stants may be obtained from a van't Hoff plot by the
usual relations

AHo

-R d(In K)7d(1/T)
AS® = AHWO/To

where To is the temperature at which the standard free
energy change is zero and is ordinarily referred to as the
transition temperature. We will use TOas a measure of
the relative stability of native and denatured chymo-
trypsinogen since, in this instance, it is usually more
convenient to use than the free energy differences.

The above authors reported the following values at
pH 2.0: AH° = 100 kcal., A$° = 315e.u., and TO= 43°;
and at pH 3.0: AHO — i43 kcal., ASO = 432 e.u., and
TO = 57°. They reported that the van’'t Hoff plots
were linear for data at a single pH and concluded that
AHO and AS were temperature independent. In the
present study we have found a definite curvature in the
van't Hoff plots and, although our average values are in
close agreement with those previously reported, the pre-
cise values of AHOand ASOare markedly dependent on
temperature. The failure of Eisenberg and Schwert to
detect the temperature variations probably resulted
from the narrow temperature range, about 5°, over
which their measurements of the equilibrium constant
were made. The presentation of our thermodynamic
data and its probable significance will be discussed in
detail in the subsequent paper.5

Ultraviolet Absorption.—The ultraviolet absorption
spectrum of chymotrypsinogen in the wave length region
above 250 mu is largely determined by seven tryptophan
residues with minor contributions from four tyrosine
residues. Chervenka9 has reported a change in this
spectrum accompanying urea denaturation of the pro-
tein and our results show a similar shift during thermal
denaturation, the difference spectra being characterized
by three minima at 293, 286, and 276 mji, decreasing in
size in that order (Fig. 1). These minima arise from
blue shifts of about 1 mji in the absorption peaks during
denaturation as well as from a general decrease in ex-
tinction coefficients. The appearance of the dena-
tured form can be readily followed by the growth of the
largest trough in the difference spectrum as the tem-
perature is increased. An example of this procedure is
shown in Fig. 2. The abrupt changes in extinction co-
efficient illustrate the cooperative nature of the transi-
tion and the increased stability of the native protein as
the pH is increased is evident from the shift in TQ

The behavior of the chymotrypsinogen difference
spectra fits the picture presented by Yanari and Bovey,D
who suggested such effects were to be attributed to

(9) C. H. Chervenka, Biochim. Biophys. Acta, 31, 85 (1959).
(10) S. Yanari and F. A. Bovey, J. Biol. Chem., 235, 2818 (1960).
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WAVE LENGTH (m.A.).

Fig. I.—The difference spectrum of denatured (50°) and native
chymotrypsinogen at pH 2.0.

Fig. 2.—The influence of temperature on the extinction coef-
ficient at 293 myi.

changes in the immediate environment of the absorbing
residues. In particular the substitution of an environ-
ment of lower polarizability (e.g., water) for one of
higher polarizability (e.g., an organic solvent) has been
shown to produce difference spectra for the model com-
pound L-tryptophan which are quite similar in appear-
ance to that in Fig. 1.1011 The similarity of these
spectra lends support to the hypothesis that some tryp-
tophan residues in the native protein are located pri-
marily in local high-polarizability regions but become
exposed to water or other low polarizability neighbors
on denaturation.

Optical Rotation.—The use of optical rotation as a
means of measuring helix content of proteins still rests
on a very uncertain foundation and will continue to do
so at least until more definitive results are obtained in
the ultraviolet region where the active chromophores
absorb. Optically active structures other than a-
helices may well exist in proteins and their presence
can lead to quite erroneous results in interpretation.
Recognizing the limitations of the method we will
nevertheless attempt to obtain some information on
conformational changes during denaturation from rota-
tory-dispersion data.

The Moffitt equation may be expressed in the form12

= 100W2+ 2) r Q@ boXos
M -~ M LX2- V) + (% - V)2

where M is the average residue weight, n is the solvent
refractive index, and [a] the specific rotation at wave
length X It is customarily assumed that XOhas a value
of 212 m/i but in the present case it was found that no
single value of XOwould precisely represent the experi-
mental results over the entire wave length region from

(11) J. Foss, Biochim. Biophys. Acta, 47, 569 (1961).
(12) P. Urnes and P. Doty, Advan. Protein Chem., 16, 401 (1961).
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Fig. 3.—Moffitt plots for chyniotrypsinogen under various
conditions, curve 1, pH 2.0, 38°; curve 2, pH 2.0,54°; curved,
pH 2.S5, 48°; curve 4, pH 2.85, 64°; curve 5 13 M urea,
pH 2.0, 24°: curve 0, 1.3 M urea, pH 2.0, 45°; curve 7, 8 M
urea, pH 2.0, 20°.

Fig. 4— The effect of temperature on rotatory dispersion param-
eters at pH 2.0.

580 to 365 mp. We have therefore chosen a value of X
of 209 m/i since this value minimizes the deviations of
the experimental results from the Moffitt equation.
Some typical results are plotted in terms of the Mof-
fitt equation in Fig. 3. It is apparent that the syste-
matic deviations from linearity are very small, amount-
ing to less than a degree in specific rotation even at the
higher wave lengths, but they were found to be repro-
ducible and outside the range of experimental error.
The failure of chymotrypsinogen to follow the Moffitt
equation more precisely may result from its abnormally
high content of amino acids such as threonine, proline,
tryptophan, tyrosine, and phenylalanine which have
“unusual” 13 rotatory behavior in the visible and near-
ultraviolet. Other proteins checked in this Laboratory,
with the exception of chymotrypsin, appear to obey the

MB) T Strein, Y, S. Krisna-Prasad, and J. A. ttchellrnan, Tetrahedron, 13,
17(5 (1901).
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Moffitt equation as well as can be expected from the
approximate character of this expression.

Figure 4 shows the dispersion parameters, oo and b0
obtained from the Moffitt plots for chymotrypsinogen
in water solutions of pH 2.0 at various temperatures in
the region of the thermal dénaturation. The transition
temperature marked is that obtained from solubility,
difference spectra, and other physical properties. The
dénaturation is not well defined by rotatory-dispersion
parameters because the rather large temperature depen-
dence of the dispersion parameters of the denatured pro-
tein completely obscures the small differences between
the native and denatured forms in the transition region.

The low temperature value of bo, —138°, implies that
native chymotrypsinogen has a low helix content. The
customary method of estimation, i.e.n

% helix = (60-650°) X 100

leads to a helix content of about 20% if one assumes
that all helix present is of a right-handed twist. In the
temperature region from 38 to 48°, where chymotryp-
sinogen is more than 90% converted from the native to
denatured form as measured by other physical proper-
ties, bOchanges by only 5°.

Although the changes in aOduring dénaturation are
somewhat larger than those in b0 they are still small by
usual standards. In passing from the native protein
(38°) to the denatured protein (48°) aOchanges by only
13° from —517 to —530°. In terms of specific rotation,
this corresponds to a change of 1.5° at the sodium-D
line. In contrast to the thermally denatured protein it
will be seen that urea-denatured chymotrypsinogen has
an aawhich is 200° more levorotatory than the native
form. Thus, in terms of optical rotation alone, the
thermally denatured protein is very similar to the na-
tive form and quite different from the urea-denatured
species, suggesting that the urea-denatured protein is
probably more extensively unfolded than the thermally-
denatured form.

The Moffitt parameters for the dénaturation at pH
2.85 are shown in Fig. 5. The shift in Tato 56° is im-
mediately apparent. Once again at this higher pH, 60
is nearly constant throughout the transition region.
The change in a0is about 25°. This is about twice the
change observed at pH 2.0 and probably results from
the much greater temperature coefficient of rotation for
the denatured form than for the native form, clearly
illustrated in Fig. 4.

Viscosity.—Because the very large entropy of déna-
turation suggested that the structural differences be-
tween native and denatured chymotrypsinogen might
be large, it was thought that the small changes in rota-
tory dispersion parameters might not adequately reveal
the extent of unfolding during dénaturation. For this
reason we studied the changes in reduced viscosity dur-
ing dénaturation. This parameter generally is assumed
to be sensitive to the size-shape properties of macro-
molecules in solution.

The results of the viscosity studies at pH 2.0 in 1%
ethanol are seen in Fig. 6. The transition in viscosity
seems to parallel the changes in ultraviolet absorption,
solubility, and optical rotation, although the accuracy of
the viscosity data docs not permit a close comparison.
The reduced viscosity changes from 0.044 to 0.072 in the
transition region and, although this is a rather small
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change when compared to the five- and tenfold increases
common for urea dénaturation, it does suggest that
significant structural modifications occur during thermal
dénaturation.

Refractive Increment.—-The index of refraction of a
solution is related to the specific volume of the solution
by the Lorentz-Lorenz equation

(n2- D/I(n2+ 2) = r/V

where n is the index of refraction, r the specific refrac-
tivity, and V is the specific volume of the solution.
KauzmannX4 has measured the changes in both refrac-
tive index and volume which occurred in the urea dé-
naturation of ovalbumin and concluded that the changes
in refractive index could be accounted for entirely
in terms of the volume change and that the specific
refractivity remained constant during dénaturation.
If this is also true in the thermal dénaturation of chymo-
trypsinogen, as probably is the case, then the volume
change during dénaturation may be calculated readily
from the refractive increments of the native and de-
natured proteins.

The temperature dependence of the refractive incre-
ment of chymotrypsinogen at pH 2.0 is shown in Fig. 7.
The transition to the denatured form shows significant
changes in the refractive increment and if the extra-
polated value of the native protein at 50° is compared
with the observed value of the denatured protein at the
same temperature by the Lorentz-Lorenz equation, it is
found that the transition to denatured chymotrypsino-
gen occurs with an increase in partial molar volume
amounting to 125 ml./mole. This is comparable in
magnitude to the volume increases measured dilato-
metrically by HeymannX for the heat dénaturation of
other proteins. Holcomb and Van Holde®6have found
that the coefficient of expansion of thermally denatured
ribonucléase is fourfold greater than that of the native
form and, consequently, that dénaturation may occur
with either positive or negative volume changes de-
pending on the temperature. It is regrettable that
experimental difficulties prevented the measurement of
the refractive increment of denatured chymotrypsino-
gen at higher temperatures.

Stauff and RasperT reported that the refractive in-
crement of chymotrypsinogen showed an extremely
sharp increase at pH 2.7 and 39° which they attributed
to thermal dénaturation. They also found a corres-
ponding decrease in partial molar volume measured in a
dilatometer. We attempted to repeat their results on
several occasions but found the refractive increment ex-
hibited normal behavior characteristic of the native
protein below 50° at pH 2.7. The results in this study
show that the transition temperature at pLIl 2.7 occurs
at 55° rather than 39°, in good agreement with the re-
sults of Eisenberg and Schwert. There appears to be
no obvious explanation for these discrepancies in experi-
mental results.

The Influence of Solvent Composition. Organic
Solvents.—-The stability of the native protein is

(14) W. Kauzmann, in “Influence of Temperature on Biological Systems,’’
F. H. Johnson, Ed., American Physiological Society, Washington, D. C.,
1957, p. 9.

(15) E. Heymann, Biochem. J., 30, 127 (1936).

(10) D. N. Holcomb and K. E. Van Holde, J. Phya. Chem 66, 1999
(1962).

(17) Von J. Stauff and J. Rasper. Kolloid Z., 159, 97 (1958).
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TEVAERATURE (°0).
Fig. 5.—The effect of temperature on rotatory dispersion param-
eters at pH 2.85.

Fig. 6.—Reduced viscosity of chymotrypsinogen at pH 2.0 as a
function of temperature (in 1% ethanol).

Fig. 7—The influence of temperature on refractive increment,
pH 2.0.

markedly decreased in solutions containing moderate
amounts of organic additives such as ethanol and diox-
ane. Figure 8 summarizes difference-spectra data ob-
tained in solutions containing 6.25 volume % dioxane.
The observed transition temperatures, 34° at pH 2 and
50° at pH 3, are 9° and 7°, respectively, below those
found for the dénaturation in pure water at the same
pH values. The same trends in stability were observed
in ethanol-water solvents at pH 2.0. Table | shows
the decrease in transition temperature as the ethanol
concentration is increased. When the ethanol concen-
tration is as high as 19%, the denatured protein has a
greater stability at room temperature than the native.
The presence of organic solvents in the reaction mix-
ture does not seem to produce any serious alterations in
the character of the transition since the size and shape
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Fig. S.—-The effect of temperature on the extinction coefficient in
6.25% dioxane solutions.

Fig. I).—The effect of dioxane on the rotatory dispersion param-
eters at pH 2, 20°.

Fig. 10.—Changes in specific rotation and the state of aggrega-
tion after addition of 20% dioxane, pH 2.

of the difference spectra in these moderate concentra-
tions of ethanol and dioxane were similar to those ob-
served in pure water.  Similarly, the changes in rotation
for thermal dénaturation in ethanol-water solvents were
also very small as will be discussed below. The pri-
mary consequence of the presence of these additives in
the solvent is to produce instability in the denaturing
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Table |

The Transition Temperature of Thermal Dénaturation

in Varying Ethanol Concentrations, pH 2.0

Vol. % EtOH To, °C.
0 43
2 40
10 36
15 28
19 Below 25

region as measured by the decrease in transition tem-
perature. This cooperative action of organic solvents
with temperature toward the facilitation of thermal de-
naturation probably is an indication that hydrophobic
forces are of some importance in maintaining the in-
tegrity of the native protein.

There is yet another effect of organic solvents on the
conformation of this protein appearing at higher con-
centrations of added solvent. Figure 9 shows the be-
havior of the dispersion parameters as the amount of
dioxane in the solvent is changed at pH 2, 20°. The
changes in both a0and bOproceed rather slowly until a
concentration of 10-15% dioxane is reached and then
more pronounced changes occur as the solution is fur-
ther enriched in dioxane. It may be significant that
15% is the approximate concentration of dioxane at
which the “thermal” denaturation occurs at these con-
ditions of pH and temperature. In 70% dioxane, a0
has changed from the pure-water value of —530° to
—190° while b0 increases from —138° to —75°. The
large decrease in the levorotatory value of aOis in a di-
rection commonly associated with an increase in folding
while a strict interpretation of the bo change suggests a
small loss in helical folding. We do not want to over-
emphasize the popular interpretation of bafor the small
changes observed in the present instance since these
changes may be a reflection primarily of the changing
solvent composition. Nevertheless, it does seem signifi-
cant that there is no indication of a large increase in
net helix content as the activity of the water is de-
creased, a phenomenon which has been observed for
several other proteins.1820

It is not possible that the large changes in aaare en-
tirely the result of solvent effects since the rotation
changes did not occur instantaneously upon addition of
dioxane but extended over several hours. In addition,
the rotational changes appeared to be reversed by in-
creasing the temperature, which implies that conforma-
tional changes are at least partially responsible. Thus,
as a solution of chymotrypsinogen in 20% dioxane was
heated from 20 to 55°, aOchanged from —409° to —530°
while bOchanged from —119° at the lower temperature
to —146°. The high temperature values of both a0and
ko are very close to those of the thermally denatured pro-
tein in pure water. A mildly aggregated species of
chymotrypsinogen is also formed in slow equilibrium in
these higher concentrations of dioxane. The appear-
ance of the polymer was followed by taking aliquots from
the polarimeter tube and spinning these samples in an
ultracentrifuge until the two peaks were separated.
Both the monomer and heavy component gave sch-
lieren peaks which were sharp and symmetrical and no
intermediate components were indicated. The pro-

(18) C. Tanford, P. K. De, and V. G. Taggart, .7. Am. Chem. Soc., 82,
6028 (1960).

(19) R. Weber and C. Tanford, ibid., 81, 3255 (1959).

(20) P. Doty, Rev. Modern Phys., 31, 107 (1959).
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portion of heavy component in the dioxane solution was
calculated from the relative area under the two peaks
and appears also in Fig. 10. The changes in rotation
are completely over before 50% of the heavy component
has formed which suggests that the optical rotation
changes are brought about by monomolecular confor-
mational changes and the formation of the heavy com-
ponent proceeds somewhat slower and with little or no
change in rotation. It is not possible to say precisely
what is the molecular weight of the heavy component
since no attempt was made to determine its frictional
factor. Its sedimentation constant was about three
times that of the monomer in 20% dioxane but the pre-
cise value was quite dependent on the dioxane concen-
tration.

Identical temperature effects were observed with
ethanol solutions as seen in Fig. 11. Once again, there
is a definite decrease in levorotation as ethanol is added
at room temperature. At high temperature all the
curves appear to converge to that of the thermally de-
natured protein in pure water. The cooperative nature
of the transition is well illustrated in the higher ethanol
concentrations where the characteristic S-shaped curve
is evident. This high temperature transition in higher
concentrations of organic additives should not be con-
fused with the ordinary thermal dénaturation which, in
19% ethanol, occurs below room temperature and pro-
ceeds with only small changes in rotation. The foot of
the thermal transition can be recognized as the point
where a[a]/aT changes sign and this occurs at increas-
ingly lower temperatures as the ethanol concentration
is increased (Fig. 11). We emphasize that temperature
and organic solvent work in opposite ways in the second
dénaturation reaction occurring only at very high con-
centrations of organic additives.

Effect of Urea.—Most highly folded proteins are sensi-
tive to moderate concentrations of urea, particularly
when the folded form has only marginal stability in the
absence of urea. This iswell illustrated by the rotatory
dispersion data of Fig. 12 which show that a rather small
concentration of urea, 1.3 M, is quite effective in lower-
ing the transition temperature of the thermal dénatura-
tion from the pure water value of 43 to 32°. In addi-
tion to this shift in the stability of the two forms, the
small concentration of urea slightly alters the character
of the transition as indicated by the accentuation in the
changes in both 00 and ba during dénaturation. The
change in bOfrom —140 to —126° suggests a loss in
helical folding in 2% of the residues, a modest change
but considerably greater than that observed in pure
water. The change in a0 from —530 to —560°, is
over twice as large as that observed in pure water at this
pH. Another significant difference is that the high
temperature slope of aOis much smaller in urea. All of
these facts suggest that there are additional alterations
in protein structure which occur when the dénaturation
proceeds in urea, possibly the unfolding of a small helical
segment. These small changes are superimposed on the
more profound structural changes which occur in both
pure water and urea solutions; it is the latter changes
that are primarily responsible for the large increases in
enthalpy and entropy during dénaturation although
they provide only minor contributions to the optical
rotatory properties of the protein at the transition tem-
perature.
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Fig. 11.—-The influence of temperature on the specific rotation
of chymotrypsinogen in various concentrations of ethanol, pH
2.0. Volume concentrations of ethanol are given.

Fig. 12.—The effect of temperature on rotatory dispersion param-
eters in 1.3 M urea solution, pH 2.0.

Higher concentrations of urea produce more drastic
changes in optical rotation. Table Il shows the values
of the Moffitt parameters obtained in 8 M urea solution,
pH 2.0. It issignificant that, even in this high concen-
tration of urea, bOstill has a value of —96° at 20° com-
pared with the value of —138° for the native protein in
water at this pH and temperature. The non-zero value
of bain 8 M urea remains a puzzle in these studies. If,
as most current opinion holds, bo is strictly dependent
only on ordered sub-structures of the protein, chymo-
trypsinogen is markedly resistant to total unfolding of
such sub-structures. Such a situation might be a con-
sequence of an unusually large stabilizing effect of the
five disulfide bonds. There is, however, no particular
reason to suppose that these bonds are necessarily sta-
bilizing and there may be other sources of contribu-
tions to b0 Thus it has not yet been excluded that the
disulfide bonds themselves play such a role through
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nearby asymmetric carbons nor even that the asym-
metric carbons in the side chains of the threonine resi-
dues contribute to bOin the totally unfolded state. Chy-
motrypsinogen has an abnormally high content (22 resi-
dues) of the latter.

Table Il

The Moffitt Parameters for Native and Urea Denatured

Chymotrypsinogen, pH 2.0

ao o
Native, 20° -528 -138
8 M urea, 20° -728 -96
8 M urea, 57° —645 -126

It should be noted that Imahori2lreported a bOof zero
for chymotrypsinogen in 8 M urea at pH 7.7, quite at
variance with our results at pH 2.  Our results are, how-
ever, identical with those of Schellman2 for the same
protein in 8 M urea at pH 6.5 when compared in terms
of Acand [a]o-

Although high urea concentrations have only small
effects on 6n the increase of 200° in the levorotatory
value of aaindicates that profound structural changes do
take place. As the temperature of the 8 M urea solu-
tion is increased to 57°, aabecomes much less levoro-
tatory, in keeping with the usual temperature depend-
ence observed for flexible chains.23

Discussion

The Question of Reversibility.—Some time ago it was
pointed out that,2 at least in most cases, free energy
must be the determinant of protein folding with the con-
sequence that amino-acid sequence will in such cases
determine folding. In the present study we conclude
that the thermal denaturation of chymotrypsinogen is
totally reversible in the pH range 2-3 at temperatures
below 70° and it therefore is highly probable that the
forms characterized as “native” and “reversibly de-
natured” are the forms of greatest thermodynamic sta-
bility under the particular conditions in which they
exist. Accurate measurements of optical rotatory dis-
persion, ultraviolet difference spectra, solubility, vis-
cosity, sedimentation velocity, and refractive increment
indicate total reversibility. In terms of specific rota-
tion the initial native and the denatured protein were
identical within 0.05% in repeated experiments des-
pite the fact that the denatured state was maintained
for several hours at high temperatures before cooling.

The Influence of Solvent Composition. Hydrogen
lon Concentration—The data of Eisenberg and Sch-
wert,7consistent with our data, show that there is a net
uptake of three protons by chymotrypsinogen on
denaturation. Eisenberg and Schwert concluded that
both ASOand AH° were strongly pH dependent, con-
siderably more so in the case of the entropy change than
could be expected from any simple dependence on hy-
drogen ion concentration. It is now apparent, how-
ever, that this analysis is incorrect. The effect of de-
creasing hydrogen ion concentration on denaturation is
to shift the temperature range for denaturation to
higher temperatures. The thermodynamic quantities
are strongly dependent on temperatures as shown by

(21) K. Imahori, A. Yoshida, and H. Hashisume, Biochim. Biophys. Acta,
45, 380 (1080).

(22) J. A. Schellman, Compt. rend. trav. lab. Carlsberg, Ser. Chim., 30, 450
(1058).

(23) C. Schellman and J. A. Schellman, ibid., 30, 463 (1958).

(24) R, Lumry and H. Eyring, J. Phys. Chem., 58, 110 (1954).
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the curvature of the van't Hoff plots. Hence the effect
of pH as measured by Eisenberg and Schwert and by us
is primarily due to changing temperature.

lonic Strength.—The ionic strength studies carried
out in this investigation served only to confirm the re-
sults reported by Eisenberg and Schwert,7who found a
small apparent shift of the equilibrium constant to the
denatured form when neutral salt was added at pH 2.
In 0.02 M NacCl the shift amounts to a reduction in TOof
only 1° but it must be borne in mind that the con-
centration of protons is 10_2 M and the concentration of
chloride ions slightly higher since HC1 was added for pH
adjustment. However, aggregation occurs rather
rapidly even if no more than 0.001 M neutral salt is
added. Thus the charged groups which prevent aggre-
gation at low ionic strength have already become highly
shielded at this low salt concentration which has no ap-
parent effect on the reversible denaturation reaction.
This evidence supports the assumption that the elec-
trostatic differences between the native and denatured
forms make only minor contributions to their relative
stability.

Organic Solvents.—The position of the tryptophan
absorption maxima suggest that a large fraction of the
many non-polar residues in native chymotrypsinogen
are concentrated in hydrophobic regions of the protein
and are unavailable to solvent. The changes in ab-
sorption maxima further indicate that these groups
become more available to solvent in the denatured state.
This rupture of hydrophobic interactions appears to be
an important part of the structural changes associated
with the denaturation and this is verified to a large ex-
tent by the downward shift in transition temperature
observed when small concentrations of dioxane or etha-
nol are added. However, one must recognize several
potential effects of organic additives on folded proteins
in solution. As mentioned, they can reduce the sta-
bility of intramolecular hydrophobic bonds either by an
indirect effect on water’s tendency to form clathrate
structures or through the formation of hydrophobic
bonds between the added organic species and protein
groups. The lowering of the dielectric constant by the
addition of organic solvents can alter the electrostatic
energy associated with the existing charged groups and
it can also produce a change in the net charge by shifting
the pK values for the ionizable groups on the protein.
In the present case it does not seem probable that the
pK values of the three groups which are titrated during
denaturation will be altered in a large way by the
change in dielectric constant of the solvent since the pK
of these groups is abnormally low in the native protein
(below 1.5 at 25°) and is probably dependent primarily
on local environment in the folded protein rather than
the bulk solvent phase. Finally, if the presence of
organic additives significantly reduces the activity of
water, intramolecular hydrogen bonds should become
more stable.

Since low concentrations of dioxane and ethanol de-
crease Towithout any apparent qualitative changes in
the denaturation reaction, an unstabilizing mechanism
must be sought. In view of the lack of any pronounced
effect of ionic strength on the reaction, the electrostatic
factor cannot be very important. It appears probable
that the destabilization of the folded protein in the
presence of these additives results primarily from a
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weakening of hydrophobic interactions with a small
effect due to shifts in the pK's of the abnormal ionizing
groups.

Although not directly concerned with the dcnatura-
tion reaction, the large rotational changes which were
seen to occur in high concentrations of dioxane and
ethanol require some discussion. The “thermal” de-
naturation can be made to occur at room temperature
by the addition of approximately 15% ethanol or di-
oxane at pH 2 and, as mentioned before, this occurs
with large changes in thermodynamics but only nominal
changes in rotation. As larger amounts of organic sol-
vents are added at room temperature, chymotrypsino-
gen undergoes a second conformational change charac-
terized by a large decrease in levorotation. These
large rotational changes suggest a significant reorienta-
tion of the backbone and, since they are in a direction
opposite to those seen in unfolding by urea, it is prob-
able that they result not from a further unfolding but
from a refolding of the protein as it attempts to satisfy
its free-energy requirements as the solvent composition
is varied. We must expect in solutions of low water
activity that this is primarily accomplished by forming
hydrogen bonds. Th this case, however, the changes in
rotatory dispersion indicate that there is no increase in
excess right-handed helical content even when the water
concentration is as low as 30%. The data may be con-
sistent with the formation of an intramolecular /1-sheet
but it seems equally possible that some other ordered or
amorphous structure is formed. At high temperatures
the enthalpy stabilization of the hydrogen-bonded
structure is no longer sufficient to maintain the low en-
tropy structure and it transforms in a cooperative fash-
ion to a structure which, in terms of optical rotation,
appears identical with that of the thermally denatured
protein in pure water. There is no change in the spec-
tra of the tryptophan residues during this latter transi-
tion which may mean that the temperature-labile por-
tion of the molecule is available to solvent in both the
low and high temperature forms.

Urea.— The ability of urea to facilitate denaturation
has in the past been attributed to its ability to break
intramolecular hydrogen bonds. The validity of this
interpretation has been questioned recently by studies
which indicate that urea may not be a better hydrogen
bond former than water.®3'2 On the other hand, it
now appears certain that urea does weaken hydrophobic
bonds.48 The most direct evidence pertaining to pro-
teins comes from a recent study@which shows that the
free energy for the transfer of non-polar amino acid
side chains from a non-polar solvent to water solutions is
reduced by several hundred calories on addition of urea
to 8 M concentration. The comparison of these results
with the solubilities in aqueous ethanol5solutions sug-
gests that 2.5 M urea should be roughly equivalent to
10% ethanol in decreasing the stability of hydrophobic
bonds at 25°, but in the present study we have found
that it requires only 1 M urea to lower the transition
temperature by an amount identical with the lowering
produced by 10% ethanol and it would thus appear that

(25) I. M. Klotz and A. Franzen, 3. Am. Chem. Soc., 82, 5241 (1960).

(26) 1. M. Klotz, private communication.

(27) M. Levy and J. Magoulas, Abstracts, 139th National Meeting or
American Chemical Society, St. Louis, Missouri, March 1961, p. 20C.

(28) W. Bmining and A. Holtzer, 3. Am. Chem. Soc., 83, 4865 (1961).

(29) P. L. Whitney and C. Tanford, J. Biol. Chem., 237, PC 1735 (1962).
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the denaturing action of urea cannot be accounted for
entirely by its effects on hydrophobic bonds. A similar
conclusion was reached by TanfordBfor the denatura-
tion of /3-lactoglobulin. The results can be best ex-
plained in the present case by assuming that urea de-
creases the stability of both intramolecular hydrogen
bonds and hydrophobic bonds with perhaps small con-
tributions from electrostatics.

The Small Viscosity Change.—Viseosily data ob-
tained in water or very weak concentrations of ethanol
suggest that unfolding during denaturation is incom-
plete. The 75% increase we observe at pH 2 appears at
first glance to be inconsistent with large changes in
folded structure. Such a conclusion may be incorrect.
It is quite true that much larger increases in reduced
viscosity occur on denaturation by urea. For example,
Neurath®found a change from 0.04 to 0.16 for chymo-
trypsinogen on adding urea to a final concentration of
7 M. However Kauzmann has pointed out that water
is a much poorer solvent for denatured proteins than
urea solutions so that unfolded proteins will approxi-
mate random coils only in solvents at least as good as
urea solutions. There is a small but important set of
facts in the literature which suggests that size and shape
changes during thermal denaturation can be charac-
teristically small. Saenko3l concluded that in the ab-
sence of aggregation the intrinsic viscosity of serum al-
bumin does not increase on heat denaturation. Stra-
chitskii and Firfarova2 found no change in molecular
asymmetry for the same process. Holcomb and Van
Holde¥ have reported small changes in viscosity, sedi-
mentation coefficient, and molecular asymmetry during
thermal denaturation of ribonucléase. They were lead
to conclude that the process resulted in only a moderate
amount of unfolding, a conclusion which may be chal-
langed. It is quite possible that the thermal denatura-
tion of ribonucléase and chymotrypsinogen is essentially
the same as urea denaturation but that the unfolded
form in water shows a tendency to be oriented in confor-
mations which favor short-time contacts between hy-
drophobic groups or considerable intrapeptide hydrogen
bonding. Note that Kauzmann33 observed a fivefold
decrease in the viscosity of irreversibly denatured oval-
bumin on transfer from 10 M urea to water. The pos-
sibility thus exists that extensive unfolding of the native
conformation to form a poorly solvated porous ball can
occur without any large change in viscosity. Thus vis-
cosity does not yield any positive evidence unfavorable
to extensive unfolding. Nor if much unfolding occurs,
can viscosity distinguish between extensive unfolding of
only a fraction of the peptide chain and a partial un-
folding of the whole chain.

The ultraviolet difference spectra indicate a change in
solvation state on denaturation though these too pro-
vide no distinction as to the amount of protein thus af-
fected. The proton-exchange studies of Wilcox3t
demonstrated that a core of some thirty non-exchange-
able protons of the native protein disappeared on ther-
mal denaturation. The fact that all protons are fast-

(30) H. Neurath, J. A. Rupley, and W. J. Dreyer, Arch. Biochem. Biophys.,
65, 243 (195.6).

(31) T. V. Saenko, Ukr. Biokhim. Zh., 24, 196 (1952).

(32) K. I. Strachitskii and K. F. Firfarova, Biokhimiya, 18, 235 (1953).

(33) W. Kauzmann in “The Mechanism of Rnzymic Action,” W. D.
McElroy and B. Glass, Ed., John Hopkins Press, Baltimore, Md.t 1954, p.

70.
(34) P. E. Wilcox, Biochim. Biophys. Acta, 34, 602 (1959).



1492

exchanging in the thermally denatured form shows that
all parts of the molecule become exposed to water for
sufficiently long periods of time to combine with cat-
alytic ions. However this does not prove that the
time-average conformation is one of extensive unfold-
ing.

The Problem of the Small Rotation Change.—The
best evidence favoring extensive unfolding during
thermal denaturation is the large values of ASOand Af/°.
These large values as well as a number of our other ob-
servations might be consistent with a microscopic first-
order phase change of solvent water, perhaps a melting
of some extensive and well organized hydration shell
about the protein along the line originally suggested by
Schwert and Eisenberg7 or a release of internal water
molecules trapped in a protein-bounded hole as sug-
gested by Stauff and Rasper.I7 Interpretations of this
sort have the virtue that they provide a simple explana-
tion for the lack of any significant change in rotatoiy dis-
persion parameters on denaturation of chymotrypsino-
gen. They have the positive disadvantage that they
are totally inconsistent with our current pictures of pro-
tein hydration which emphasize strong hydration about
charges and poor hydrophobic interaction at the inter-
face between water and non-polar side chains. They
also appear inconsistent with the changes in solvation
indicated by difference-spectra and proton-exchange
experiments. It is thus necessary to turn to other ex-
planations of the data. The most confusing among the
observations is the small rotation change.

It is improbable that an entropy change of 400 e.u. can
be explained on the basis of any change in the interac-
tion between protein and water which leaves the confor-
mation of the protein essentially unchanged. This be-
ing true, it seems scarcely possible that increased free-
dom of vicinal groups can occur without changes in aa
no matter what the size of the cooperative unit for de-
naturation. It is very unsatisfying to be forced to con-
clude that the small rotation change is an accidental
consequence of a balance of the factors influencing rota-
tion. We may imagine that simultaneous unfolding of
equal segments of left- and right-hand helix occur to
explain the absence of any change in b0. However in
addition to the improbability of such an occurrence the
small value of bo implies that native chymotrypsinogen
is a protein of low helix content and is stabilized to a
large extent by an amorphous folding of the peptide
backbone which favors hydrophobic interactions at
least as much as hydrogen-bond interactions.3 Com-
pensatory action seems improbable in such a case. We
note also that even in 8 M urea the o value is only
slightly different from that of the native protein. It is
thus probable that relatively small changes in helix con-
tent occur on thermal denaturation.

The absence of change in aQis quite another matter
but it is possible that the effect on rotation of increased
freedom of vicinal groups may be exactly balanced by
some other effect, possibly an effect due to change hi
solvation state or possibly a coincidental aspect of

(35) Kraut's recent X-ray diffraction structure for chymotrypsinogen al-

lows for the possibility of only a very small amount of helix structure. If his
crystalline form is the same as that of the native protein in solution, and
this is by no means certain, the possibility of small 6o change through acci-
dental compensation of contributions from unfolding of left- and right-hand
helix segments can be discounted. The occurrence of negligible change in &
must then be attributed to no change in helix content. J. Kraut, Proc.
Natl. Acad. Sci. U. S., 48, 1417 (1962).
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averaging of the residue rotations in the native protein.
Such balancing conditions would appear to be accidental
rather than any natural consequence of the properties
of the sources of rotation themselves. Proteins such as
chymotrypsin,3 soybean inhibitor, and ribonucléase3
display significant aachanges on thermal denaturation
though soybean inhibitor under some pH conditions
becomes less levorotatory and ribonucléase more.
Foss1l appears to have found one transition on heating
lysozyme which is accompanied by a change in differ-
ence spectrum but none in rotation. There is thus in
these observations some support for the “accidental”
hypothesis as an explanation for the lack of aOchange in
chymotrypsinogen denaturation. In any event this
hypothesis is the only one reasonably consistent with
our several kinds of observations which has occurred to
us up to this time.

There is a further aspect of the rotation results which
is puzzling. It is generally believed that the absolute
magnitude of the rotation of a random polymer should
decrease with increasing temperature® as a result of
the increase in motion of vicinal groups. Such behavior
is observed with most urea-denatured proteins and with
some oxidized proteins thought to be in random con-
formations. Thermally denatured chymotrypsinogen
on the other hand shows a large temperature coefficient
but of opposite sign. Chymotrypsin® demonstrates
similar behavior but has a significant change in a0on
thermal denaturation.

The Alternative Interpretations of the Denaturation
Reaction.— Since optical rotation studies show no fur-
ther cooperative change on heating to 90°; since the
optical rotation of the thermally denatured form is
much less levorotatory than the urea-denatured species
which also has a larger ultraviolet difference spectrum;
and since trypsin-treated chymotrypsinogen has an
even higher difference in extinction coefficients at the
main peak of the difference spectrum than that of the
thermally denatured protein,fit is probable that there
is a part of the chymotrypsinogen molecule which is ex-
tremely stable and is unfolded only in high concentra-
tions of urea or other suitable dénaturants. This im-
plies the existence of two or more cooperative structural
units of different stability perhaps stabilized by dif-
ferent distributions of the various types of secondary
forces. Fossll has observed that for lysozyme thermal
denaturation proceeds in two distinct steps and he has
postulated that one step involves the unfolding of regu-
larly ordered regions of the molecule and the second
occurs in regions of predominantly amorphous structure.
Leonard and Foster4l have observed stable intermedi-
ates in the unfolding of serum albumin. Such results
are still fundamentally consistent with the “all-or-
none” concept of denaturation if one accepts the possi-
bility that local regions may have local integrity so that
more than one cooperatively folded region can exist
within a single molecule. This does not seem unreason-
able.

Our results suggest that the thermal denaturation of
chymotrypsinogen consists of a cooperative unfolding of

(36) J. Brandts and R. Lumry, J. Am. Chem. Soc., 83, 4290 (1961).

(37) J. Brandts, unpublished observations from this Laboratory.

(38) J. G. Foss and J. A. Schellman, J. Phys. Chem., 63, 2007 (1959).

(39) W. Kauzmann and H. Eyring, J. Chem. Phys., 9, 41 (1950).

(40) B. Labouesse, communicated by G. Hess.

(41) W. J. Leonard, Jr.,, and J. P. Foster, J. Biol. Chem., 236, 2062
(1961).
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amorphous structure of the compact native protein.
All indications are that the thermally-denatured protein
is freely available to solvent. The unfolding process
may be extensive in the sense that many or all of the
residues are involved but it appears certain that the de-
natured form does not have the properties of a random
coil. There is at present no satisfying explanation for
the small change in rotatory dispersion parameters on
dénaturation and the possibility seems to exist that cur-
rent interpretations of such data from dénaturation re-
actions may be inerror.

Two quite different descriptions of the dénaturation
reaction are possible.

A. On heating some only moderately stable surface
domain undergoes a cooperative general increase in
freedom which reduces the interaction between non-
polar groups and increases the interaction between
these groups and water.3 The melted groups are, how-
ever, held close to each other by the unchanged back-
bone and the remaining tertiary structure. The con-
formational entropy of the side chains is increased but
this increase is partially offset by the usual loss in water
entropy associated with the breaking of hydrophobic
bonds. In addition there is a requirement for the pro-
duction of single molecules of water or small aggregates
broken from the general solvent to fill the irregular and
frequently changing spatial requirements of the holes
which now exist among side chains. In terms of model
transfer reactions there is a transfer of non-polar groups
from non-polar or weakly polar solvents to water and
there is also a transfer of water from liquid water to non-
polar solvents. The latter transfer reaction would seem
to be required if the denatured protein retains a com-
pact structure. However the transfer of one mole of
water from liquid water to liquid hydrocarbons has a
large free-energy increase and as a result would appear
to be quite unfavorable. In the series heptane to bu-
tane the enthalpy increase is 85 to 11 kcal.2 For
benzene itis 7 kcal. The unitary entropy increase is in
the range of 11-20 e.u. The enthalpy and entropy
have the proper sign for dénaturation but the net free
energy change is so large and positive that the number
of such transfer reactions per denatured protein mole-
cule must be seriously limited.

B. The dénaturation process of chymotrypsinogen
is the same as is generally proposed for thermal dénatu-
ration. This process has not yet been established in
any case. A large part of the molecule experiences a
general loss of folded structure with concomitant in-
crease in conformational entropy partially offset by the
negative entropy contributions from oil-to-water trans-
fers of the non-polar chains. This process requires a
major decrease in the number of inter-peptide hydrogen
bonds.

Alternative B is on the whole more appealing and it
has provided a model with which a remarkably self-con-
sistent quantitative description of the process has been
made.6 However if the viscosity data are to be inter-
preted as meaning that the denatured protein has under-
gone only a small swelling, water to oil transfers must be
of some importance and it is probable that the correct
description of the dénaturation process will be found
to contain elements of both explanations. Although

(42) Calculated from the data of C. Block, G. Jaris, and H. S. Taylor,

J. Chem. Phys., 16, 537 (1948).
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neither explanation is satisfactory, especially in regard
to rotatory dispersion changes, both appear to be su-
perior to other alternatives and both are sufficiently de-
tailed to be susceptible to further theoretical and ex-
perimental test.

The large dependence of TOon hydrogen-ion concen-
tration first observed for chymotrypsinogen by Sch-
wert and Eisenberg is common to all reversible dena-
turation reactions which have been studied in any de-
tail. In chymotrypsinogen it cannot be due primarily
to the increase in electrostatic energy as the system de-
parts farther and farther from the isoelectric point. It
must therefore be due to the changed free energy state
of ionizable groups which either in the native or the de-
natured protein are buried in the restrictive internal
environment of the folded protein. These groups de-
tectable by their anomalous titration behavior prob-
ably make relatively small contiibutions to the total
values of A<S and AH° for denaturation but their con-
tributions are nevertheless crucial in determining the
balance of entropy and enthalpy and thus the sign of
the free energy of denaturation. The small contribu-
tions which these groups make to the thermodynamics
of denaturation are magnified by the temperature de-
pendence of entropy and enthalpy contributions from
hydrophobic bond breaking in a manner which will be
discussed in the subsequent paper.6

Material and Methods

Preparation of Chymotrypsinogen Solutions.—The a-chymo-
trypsinogen used in all the experiments was from batch 678-84A,
Worthington Biochemicals Corp. (Freehold, N. J.). The purity
of the preparation was checked by chromatographing a portion
on a column of carboxymethyl cellulose (Carl Scheicher and
Schuell Co.). Elution was accomplished by using 0.05 M citrate
buffer, pH 4.3, in which the NaCl concentration was varied
linearly from zero to 0.5 M. More than 99% of the material
emerged as a single symmetrical peak and further purification
was not attempted. The preparation showed a residual chymo-
trypsin activity of 0.4% when assayed using acetyl-L-tyrosine
ethyl ester.

Concentrations of solutions were measured by their absorption
at 282 nvx. The optical density of 1% solution at pH 2.0 was
20.3, determined from dry weights by heating the samples to
115° until constant weight was attained. In solutions contain-
ing dioxane, ethanol, or urea, a 40 1 dilution with water of pH 2
was made before reading the optical density.

The urea used was Merck reagent grade and was recrystallized
once from 35% ethanol. Eastman Red Label dioxane was
passed through an activated alumina column immediately before
using to remove peroxides. U.S.P. 95% ethanol was used di-
rectly. All other reagents were of the best grades available and
were used without further treatment.

pH Measurements.— The routine measurements of the pH of
solutions were made on a Cambridge Research Model pH meter
and were reproducible to 0.02 unit. In the case of mixed sol-
vents containing ethanol or dioxane there are small errors in the
readings given by the glass electrode. These amount to only
0.1 unit in 60% ethanol at pH 2.43 In the case of dioxane solu-
tions4the error is less than 0.1 when the dioxane concentration is
smaller than 20% but becomes appreciably greater in higher
concentrations. The readings given in the text are those indi-
cated by the pH meter and have not been corrected.

Difference Spectra.— Ultraviolet difference spectra were meas-
ured on the Cary 11 double-beam spectrophotometer using
matched 1-cm. quartz cells. For temperature studies two cells
were filled with aliquots of the same solution. The temperature
of the cell in the sample beam was changed by circulating water
through the cell housing and temperature control was found to be
better than 0.1°. The reference cell was held at room tempera-
ture.

(43) M. Dole, “The Glass Electrode,” John Wiley and Sons, New York,
N. Y.fp. 142.
(44) H. Edelhoch, J. Am. Cham. Soc., 80, 6648 (1958).
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Solubility.-—The procedure used for solubility analysis of
denatured and native chymotrypsinogen was identical in all
respects with that described by Eisenberg and Schwert.7

Optical Rotatory Dispersion.— Optical rotation data were taken
on a Rudolph Model 200 photoelectric polarimeter with the
rocking prism attachment. The photomultiplier voltage of the
photometer was increased to 480 volts to improve the sensitivity
without loss in signal to noise ratio.

The same two-decimeter, jacketed cell, which was found to
have excellent axial alignment, was used for nearly all experi-
ments. Optically inactive glass end plates were used and the
screw caps were put on very lightly to prevent the introduction of
strains. In aqueous solvents the end plates were sealed onto the
sample cell with a small amount of Apiezon T grease and the
screw caps put on just tight enough to prevent the end plates from
sliding. In this way, the cells could be made completely in-
active optically and, more important, they remained inactive as
the temperature of the cell was changed.

A medium-pressure mercury lamp (G.E. Uviarc, UA-3) was
used as a light source and the 577.0, 546.1, 435.8 404.7, and
365.0 m/i emission bands were sorted out with a dispersion mono-
chromator. The wave lengths of the transmitted light were
checked by measuring the optical rotation of a standard quartz
plate at the peak of the transmission bands in question. The
transmitted light was found to be accurate (when compared to
the literature values for the emission lines of low pressure mer-
cury lamps) and reproducible to 0.05 m/* when the slit width of
the monochromator was below 0.04 mm., the maximum value
used for nearly all readings.

Adequate temperature control, better than 0.1° at tempera-
tures below 60°, was obtained by circulating water from a con-
stant temperature bath through the jacket of the sample cell
and through the cell housing.

Under the conditions employed (symmetrical angle of 0.75°)
the average standard deviation in a set of readings was slightly
less than 0.001° of absolute rotation. Each data point repre-
sents two to six independent readings, depending on the pre-
cision. In solutions containing large amounts of dioxane there
was a noticeable amount of light scattering and the symmetrical
angle and the slit width had to be increased, introducing slightly
larger errors in both the measured rotations and the reported
wave lengths.

Viscosity.— Modified Ostwald viscometers were used for the
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measurements of reduced viscosity. These viscometers had flow
times of 15 min. at room temperature. To minimize any ir-
reversible aggregation protein concentrations less than 0.4% were
used in viscosity studies, as in all other studies. Both the protein
solutions and solvents were filtered through a fine sintered glass
funnel by applying positive pressure before they were introduced
into the viscometers.

For temperature studies two similar viscometers were used,
one filled with solvent and the other with solution. The viscom-
eters were immersed in a constant temperature bath, controlled
by a thermoregulator to +0.01. Flow-time ratios were deter-
mined at several temperatures and found to have a constant
value R. The reduced viscosity could then be calculated at
each temperature by the equation % — rm/c = (Rtl — (@)-
p/tozpo where ilis the flow time of solution in viscometer 1, (@2
the flow time of solvent in viscometer 2 at the same temperature,
and R is the flow time ratio t2tl for the same solvent at the same
temperature. The concentration in g./IOO ml. is c and p is the
solution density.

Refractive Increments.— The Rayleigh interference optics on a
Spinco Model H electrophoresis and diffusion apparatus were
used in the determination of refractive increments of chymotryp-
sinogen solutions. A medium pressure mercury lamp (G.E.
AH-4) was the light source and the 546 mp band was sorted out
with an absorption filter.

The number of fringes intercepted by a line extending parallel
to the fringes from the solvent side of the cell to the solution
side, AJ, was counted by using a traveling microscope. The
largest errors (0.1 fringe) were encountered at higher tempera-
tures where the fringes were not perfectly straight but showed a
waviness due to small temperature variations in the cell and to
pronounced mirror imperfection. The refractive increment,
An/c, was calculated from the number of intercepted fringes by
the relation An/x = AJX/L, where X is the wave length, L the
length of solution the light passes through, and c is the protein
concentration in g./I0O ml.

The use of expensive Tiselius cells at temperatures above 50° is
not recommended. It was found that cracks may develop at the
base of the center section where it is fused to the ground glass
plate.
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The photolysis of cyclopropane has been carried out at 1470 A. at room temperature.

The relative yields of

products as well as isotopic analyses of hydrogen, methane, and ethylene resulting from the photolysis of equi-
molar mixtures of cyclopropane and cyclopropane-tie indicate the following primary processes in order of de-

creasing importance:

c-CH6—=*=CH2+ C2H4; CC3H6 —mH. -f- C3H4; C-C3H6—=I1 -)- C3H5. Atomic hydrogen
probably forms molecular hydrogen by wall recombination.
formed from the methyl radical produced in the reaction: GIT + c-OjH,

It is suggested that methane and ethane are
c-0.-JTOH,* -* OHs + C3H5 The

mechanisms of formation of other products are discussed briefly-.

Introduction

In recent years, experimental studies have been car-
ried out on photolyses of some typical alkanesZ‘4
and alkenes23 with some very surprising results con-
cerning the nature of the primary processes. A third
class of hydrocarbon molecules, the cycloalkanes, has
not hitherto been subjected to a direct photochemical
investigation. The mercury (i) sensitized reaction

fl) Authors to whom requests for reprints should be directed.

(2) (a) H. Okabe and J. R. McNesby, J. Chem. Phys., 34, 668 (1961);
(b) ibid., 36, 501 (1962).

(3) M. C. Sauer, Jr., and L. M. Dorfman, ibid., 35, 497 (1961).

(4) H. Okabe and J. R. McNesby, ibid., 37, 1340 (1962).

of cyclopropane has been investigated recently.5 It
was concluded that the main primary process at room
temperature is the formation of an excited triplet
state rather than C-H bond rupture.

The photolysis of the simplest cycloalkane, cyclo-
propane, has been studied at 1470 A. in the present
work. There are three regions of continuous absorp-
tion in the spectrum of cyclopropane6with maxima at
1202, 1449, and 1594 A. The pyrolysis of cyclopropane

(5) D. W. Setser, B. S. Rabinovitch, and E. G. Spittler, ibid., 35, 1840
(1961).
(6) P. Wagner and A. B. F. Duncan, ibid., 21, 516 (1953).
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has been studied extensively7 and is certainly the sim-
plest organic reaction known, the only product being
propylene.

It is to be expected that the direct photolysis will be
quite different from the mercury-sensitized photolysis
because of the large difference in energies imparted to
the cyclopropane molecule. The large number of
reaction products signifies the complexity of the reac-
tion and no attempt has been made to understand all
reaction processes. In the present work, isotopic anal-
yses of some important products, hydrogen, methane,
and ethylene, were made in an effort to understand the
major chemical events in the cyclopropane photolysis.

Experimental

The light source was a conventional xenon resonance lamp2
with tantalum electrodes. The reaction vessel, 230 cc. in
volume, was isolated from the lamp by a lithium fluoride window.
The absorption coefficient of cyclopropane was measured either
with a McPherson 50 cm. monochromator in conjunction with a
sodium salicylate coated photomultiplier or by measuring the
photoionization current of triethylamine between two tungsten
electrodes placed behind the reaction vessel. In the latter case,
a potential of 70 volts (d.c.) was applied between two electrodes
and the current arising from the photoionization of 300 mof tri-
ethylamine (i.p. 7.5 e.v.) was measured by a Kiethley 610
electrometer.

The absorption coefficient, k, of cyclopropane, defined as
I = he~kpl, where p is the pressure in atmogpheres at 25°, and
I, the path length in cm., is 260 £+15 at 1470 A. The absorption
coefficients measured by the latter photoionization technique
are = 254 + 30 and k\-i, = 206 + 20, in good agreement with
the coefficient measured with a monochromator. In agreement
with other saturated hydrocarbons deuterated cyclopropane has
a smaller absorption coefficient.

Analyses were carried out by means of gas chromatography,
using two Perkin-Elmer D (tetraisobutvlene) columns in series
at room temperature or a single J (silica gel) column at 92°.
All products through C4were identified by the use of standard
samples of known pure compounds. When ambiguous, this
identification was confirmed by trapping the effluent fraction and
submitting the sample to mass spectrometric analysis. Esti-
mates of the relative amounts of C2 through C4 products were
made by comparing the chromatogram of a synthetic mixture
with that of the reaction mixture. The non-condensable
methane/hydrogen product ratio was measured on a mass
spectrometer and their total absolute amount was obtained with
a McLeod gage.

In experiments with isotopic mixtures, the isotopic composi-
tion of the products hydrogen, methane, and ethylene was
determined by mass spectrometry. In order to minimize
secondary reactions, conversions were kept below one per
cent.

Purification of Cyclopropane.—Cylinder cyclopropane and
cyclopropane-d6 were purified by means of gas chromatography,
using a silica gel column. The resulting cyclopropane contained
less than 0.02% propylene as the only impurity, and the eyclo-
propane-d6é contained less than 0.05% ethylene as the only
detectable impurity. The light and heavy materials were dis-
tilled through Ascarite and P2 6 and stored separately behind
metal valves. Repeated mass spectrometric analysis before
and after purification and storage showed that some exchange
took place when a mixture of the light and heavy cyclopropane
was purified together, the silica gel presumably catalyzing the
process. Mass spectrometric analysis showed that cyclopro-
pane-de contained 10.4% C3D5H. In the analysis of the C4
fraction, «-butane and irans-butene-2 as well as butene-1 and
isobutane were indistinguishable and are reported together.
Also the C3fraction contained a single peak corresponding to
CHgand CHX=CH and these are reported together. A few
analyses using a silica gel chromatographic column suggests that
the latter peak consists roughly of equal amounts of C3H8 and
CHX=CH.

(7) A. F. Trotman-Diekenson, "Gas Kinetics,” Butterworths, London,

196 p. 66
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Results and Discussion

A. The Photolysis Products.—The products of the
photolysis of cyclopropane at 1470 A. were found to
be methane, hydrogen, acetylene, ethylene, ethane,
propylene, propane, propyne, allene, isobutane, trans-
butene-2, and/or 7:butane, methylcyclopropane, cis-
butene-2. A complete product analysis is shown in
Table I.

Table |

Products of the Photolysis of Cyclopropane at tiie X enon

Resonance Lines

Time of photolysis, min. 30 30 30 30

Cyclopropane pressure 20 7 4.8 4.8
(mm.)

h2 15¢ 19.2¢

ch4 4.6 5.3

ch?2 14 1 14 19

CTL 100 100 100 100

chb6 20 15 19 11

chXh==ch?2 n 11 7 12

C3Hs+ CIL—C--CH 21 20 13 11

ch2 c=ch?2 31 31 19

Butene-1 + isobutene 17 15 19 10

(ran.s-Butene-2 - 3.9 3
n-butane

Methylcyclopropane 8.4 6 7

cis-Butene-2 14.8 8

Isobutane Trace

0 Determined in a separate experiment from the H22.CH4:CZH4
composition. Relative amounts of products normalized to
ethylene = 100.

It is difficult to attach quantitative significance to
the results in Table | since their precisions were severely
limited by the analytical method and low conversions.
The relative amounts were reliable to only about
+ 20%.

B. Mechanism of Ethylene Formation.—The fol-
lowing processes (1 and 2) may be postulated for the
formation of ethylene

hv
c-CTie—+ CHo + CH4 (D

GH2+ ¢-C,H« — » CH8 —> 2CH4 (2

In order to test whether process 2 can be of any
importance, an equimolar mixture of C-CH6 + c-
C3D 6 was photolyzed, and the result is given in Table
Il. If step 2 takes place to an appreciable extent,
it is expected that CHZD2 would be found in the
product along with CH4and CD4 The result clearly
shows that tiffs is not the case. The presence of only
minor amounts of CH3ID and CD H also excludes the
possibility that ethylene is formed from the dispropor-
tionation of the CH3radical.

2CH3—» CH4+ CH2 (3)

It is concluded that step 1 is the major source of
ethylene. The ratio, K.211,/<I'02J( = 1.2, agrees well
with the difference of the absorption coefficient of cyclo-
propane, ftAl/fAd6 = 1.2. The non-radical formation
of ethylene was also observed in the radiolysis of cyclo-
propane8 and was attributed to an ion-molecule reac-
tion of the hydrogen atom transfer type

c-CH+ + ccCHE6—"mc-CH-+ + CCHS5 (4)
(8) K. Yang, J. Phys. Chem 65, 42 (1961).
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Tabte Il
Photolysis of a Mixture of Cyclopropane and Cyclopropane-" at the X enon Resonance Lines: Isotopic Analysis of
Products
Cyclopropane Hydrogen Methane Ethylene
(mm. ‘%) (%> -(%)
A A£ES h2 HD D. CH, CHsD CH2D2 cd3 CD, CsHi CHID CHZD2 CDOH C2D4
0 5.0 7.1 7.9 85.0 13.0 87.0
0 6.0 7.5 6.6 85.9 13.0 87.0 2.0 10.3 87.7
3.0 3.0 53.2 20.5 26.3 30.7 15.8 15.S 20.4 17.3 48.9 3.3 5.6 5.1 37.1
3.0 3.0 53.2 19.4 27.4 31.6 16.2 16.2 18.2 17.8 51.0 3.5 5.3 0.7 39.0
11.0" 9.9 48.4 20.5 31.1 29.0 15.7 16.0 20.4 18.9 45.5 5.6 1.1 0.3 47.5
11.0¢ 9.9 48.5 19.2 32.3 28.0 16.0 18.0 19.5 18.5 47.5 7.7 2.8 0.6 41.4
10.0» 10.0 55.4 20.2 24.4 31.6 13.1 19.7 18.1 17.5
« Corrected for hydrogen, methane, and ethylene from A-tU
Tabte Il
Photolysis of Cyclopropane in the Presence of C2)6and CD4at Xenon Resonance Lines: Isotopic Analysis of Hydrooen
and Methane
Hydrogen Methane
e — — (%)
H2 HD Di CH, CH3D CH2D2 CDsH CD,
20mm. A + 20 mm. CD6 26.4 3.8 69.7 48 14 6 14 18
7mm. A+ 054 mm. CD, 86.0 3.9 10.0 81.5 10 3.8 2.5 2.0
9.9 mm. A+ 9.9 mm. CD4 14.4 2.7 82.0
C-CH7+— > CH3+ + ch4 (5) Now, it is knownD that kgZ/kn < 1 and it follows that

However, a mechanism involving a decomposition of a
neutral excited molecule into CH2 and ethylene is
equally probable.

C.
tion.—The isotopic composition of hydrogen in the
mixture of cyclopropane and cyclopropane-d6 (Table
I1) shows a substantial amount of HD (20%). The
ratio (HD)2(H23(D2 of 0.28, however, is consider-
ably smaller than the equilibrium ratio of about 4
derived from an entirely atomic, recombination mech-
anism. A large H2production in the presence of 7.7%
CD4(Table I11) signifies the importance of a molecular
process. Thus, although the main process is the forma-
tion of molecular hydrogen, the atomic process (reaction

(6)

6) contributes to the formation of hydrogen. The pres-
ence of 20% HD in the hydrogen fraction in the c-
CHO6 + cCID6photolysis proves that H and D atoms
are formed to a significant extent. Of considerable
importance is the question of how the H and D atoms
eventually form molecular hydrogen. It is generally
believed that abstraction reactions are responsible
ultimately for hydrogen production.

c-CHE6—>H + CH6

D+ ¢cCH6— HD + CH6 @
D+ cC3H6--» D2+ c3H6 (8)
Il + ¢cCH, - h2+ C3H5 9)
H+ cCH6—-mHD + CD5 (10)

These reactions must compete with the self-scavenging
reaction which, in the present case, is mainly reaction
11 and the corresponding reactions of the various iso-
topic species.

H+ CH4— CH6 (11)
Back9 has recently obtained the ratio kn/kn = 25,000
at room temperature

H+ CH6 >H2-TCH3 (12)

(9) R. A, Back, Can. J. Chem., 37, 1834 (1959).

Mechanism of Hydrogen and Methane Forma-

kuskg > 25,000. Referring to Table | in which reac-
tions proceeded to about 0.5% conversion, the average
ratio [CH4]/[c-C3HE] ~ 0.001 during reaction can be
estimated. The ratio of the rate of the scavenging
reaction, Rs, to that of the abstraction, Ra is given
approximately by Rs/R™ ~ (W % )([C H4])/([c-C H6])

RIJR&> 25 (18)

On this basis, nearly all H and D atoms should have been
self-scavenged and no HD should have been observed
in the photolysis of c-C3H6+ ¢c-CDO

In order to explain the appearance of large amounts
of HD in the photolysis of this mixture, it seems neces-
sary to invoke a mode of hydrogen production by an
atomic mechanism which is faster than the abstraction
mechanism. The most probable alternatives seem to
be a wall recombination of H atoms or abstraction by
hot H atoms. Since absorption is very strong in the
vacuum ultraviolet photolysis of hydrocarbons, the
reaction volume in which H atoms are present is very
small; the self-scavenger diffuses out of this reaction
zone thereby becoming unavailable to the H atoms.
Thus, the physical situation is favorable for the wall
recombination of H atoms.

The values of 13,000n and 40,0002 for the ratio ku/
fci2 were obtained independently and support this
postulate. Bradley, Melville, and RobbB3obtained 2100
for the same ratio but this value appears to be an order
of magnitude too low.

The isotopic composition of methane in Table Il
shows that the ratios CH4ACHD:CHD2.CD3H:CD4
are approximately 2:1:1.2:1.3:1.2. This indicates
that there is little possibility that methane is formed
primarily (1) from a molecular detachment process
or (2) from the abstraction of hydrogen by methyl
radicals or the combination of atomic hydrogen and
methyl radical, since process 1 should give CH4

(10) Reference 7, p. 177.

(11) K. R. Jennings and R. J. Cvetanovic, J. Chem. Phys., 35, 1233
(1961); B. deB. Darwent and R. Roberts, Discussions Faraday Soc., 14,
55 (1953).

(12) K. Yang and P. L. Gant, .7. Phys. Chem., 65, 1861 (1961).

(13) J. N. Bradley, H. W. Melville, and J. C. Robb, Proc. Roy. Soc.
(London), A236, 454 (1956)*
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and Ci)s predominantly and process 2 should give
CH4 CHsD, CDsH, and CD4 but not CH2:D2 It is
proposed that the mechanism of methane formation
involves reaction 14

CH2 + ¢c-CsHe — > c-C3HeCH3*— »

OHs + CsHs (14)
This reaction is analogous to the processia
CH2+ CHs4— > C2HE6*—" 2CHs (15)

The methane is formed either from the methyl radical
abstraction of hydrogen or combination of a hydrogen
atom with amethyl radical.

D. Higher Hydrocarbons.— Because of the com-
plexity of the nature of the higher hydrocarbon prod-

(14) J. A. Bell and G. B. Kistiakowsky, J. Am. Chem. Soc., 84, 3417

(1962).
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ucts, the mechanism suggested for their formation are
somewhat speculative. (1) Ethane is formed probably
by recombination of CH (radicals produced in the con-
secutive reactions : and s. (2) Propylene may be
formed in a primary process or by association of H
with CsHe radicals formed in reactions s and 14. (3)
Propane and n-butane may be formed by association
of CHs and C:H § respectively, with C2Hs being formed
by secondary reaction of H with CTT,. (4) Aliene
and propyne are formed by the primary process

hv

c-CsHe »CsHs + H: (16)

(5) The butenes and methylcyclopropanes are formed
by isomerization and collisional stabilizations, re-
spectively, of the excited methyleyclopropane formed
in reaction 14.5

(15) J. N. Butler and G. B. Kistiakowsky, ibid., 82, 759 (1960).
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The vapor phase dehydration of cyclohexanol on magnesium sulfate and magnesium sulfate-sodium sulfate
catalysts was studied. The effects of the incorporation of radioactive sulfur into the sulfate radical, of X-irradia-
tion of the catalyst while in use, and of preirradiation with Co® 7-rays were investigated. When compared on
a unit surface area basis, the radioactive catalysts were found to be less active than non-radioactive catalysts
of similar composition. This effect persisted even after the radioactivity had substantially decayed. Neither
preirradiation with Co® 7-rays nor X-irradiation of the catalyst while in use had any effect. It is concluded
that the reported enhancements of catalytic activity upon the incorporation of S® are erroneous and that
the emission of d-particles from the catalyst during its use is of no consequence. The reports of enhanced
catalytic activity may be attributed to the fact that for a given set of preparative conditions the radioactive
catalysts had larger surface areas than their non-radioactive counterparts and that apparently this had not

been considered.

Introduction

The study of the effects of radiation on solid catalysts
is a relatively new but growing field. Recent reviews
have been written by Turkevich,s Haissinsky,s+ and
Taylorss Bombardment of catalysts by 7-rays,
X-rays, neutrons, protons, electrons, d particles, and
argon ions has shown beyond doubt that ionization and
displacement effects caused by radiations can affect
the catalytic activity of solids, sometimes favorably
and sometimes adversely. In most studies, the
catalysts were irradiated before use. In a few cases,
radiation was externally supplied while the reaction
took place.

Balandin, Spitsyn, and co-workers in a novel ap-
proach have investigated the effects of incorporating
radioisotopes directly into solids. One of the systems

(1) This paper is based on a thesis presented to the University of Tennes-
see by N. A. Krohn in partial fulfililment of the requirements for the Ph.D.
degree, June, 1962. The work was carried out at Oak Ridge National
Laboratory.

(2) Operated by Union Carbide Nuclear Company for the U. S. Atomic
Energy Commission.

(3) J. Turkevich, Proc. U. N. Conf. Peaceful Uses At. Energy, 2nd, Geneva,
1968, 29, 375 (1959).

(4) M. Haissinsky, Actes congr. intern, catalyse, 2e, Paris, 1960, 2, 1429
(1961).

(5) E. H. Taylor, 3. chem. Educ., 36, 396 (1959).
(6) E. H. Taylor, Nucleonics, 20, No. 1, 53 (1962).

studied was the vapor phase dehydration of cyclo-
hexanol over magnesium sulfate-sodium sidfate cata-
lysts that contained various amounts of sulfur-35.7
Their results indicated that radiosulfur enhanced the
catalytic activity, the percentage increase being pro-
portional to the logarithm of the specific radioactivity
of the catalyst, and reaching 171% of the activity of
non-radioactive catalyst when the concentration of
S was 1052 me. Sse/g- The apparent activation
energies were found to be :-2 kcal./mole lower on the
radioactive catalysts.

In later studies on the dehydration of n-dodecvl
alcohol of MgSCh catalysts, the presence of sulfur-35 was
found to decrease the catalytic activity.s In this same
paper, data were reported on the dehydration of cyclo-
hexanol over MgSO, which showed the radioactive
catalyst to be more active at temperatures above
~330°, but less active at lower temperatures, with the
reaction having a much higher apparent activation
energy on the radioactive catalyst. In both cases,

(7) A. A. Balandin, V. I. Spitsyn, N. P. Dobrosel'skaya, I. E. Mikhailenko,
I. V. Vereschinskii, and P. Ya. Glazunov, Actes congr. intern, catalyse, 2e,
Paris, 1960, 2, 1415 (1961).

(8) V. L. Spitsyn, I. E. Mikhailenko, and G. N, Pirogova. x>okl. Akadr
Nauk SSSR, 140, 1090 (1961).
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however, the apparent activation energies were lower
then previously reported for magnesium sulfate.

In view of these conflicting results, a program was
undertaken to study these phenomena more exten-
sively.

Experimental

Cyclohexanol.—Eastman Kodak cyclohexanol was redistilled
through ai m. vacuum-jacketed column packed with glass
helices. The purified product had the following properties: b.p.
161° (760 mm.); m.p. 25.1°; n™D 1.46286.

Catalysts.—The catalysts were prepared by evaporating to
dryness mixtures of stock solutions of C.p. MgS04 and Na2So0 4.
The resultant cake was ground and sieved. The 30-40 mesh
particles obtained were further dried in air and in vacuo at 400 to
500° prior to use. Bulk densities varied from 0.48 to 0.85 g./m1.,
depending primarily on batch size.

Radioactivity was added as MgS30 4 obtained by neutralizing
H2S30 4 with MgO. The HC1 present with the H2S304 (as ob-
tained from the Oak Ridge National Laboratory Isotopes Divi-
sion) was removed by evaporating to fuming three times with 0.5
ml. of concentrated H2S04. This procedure was also followed in
preparing non-radioactive catalysts in several cases.

In order to make valid comparisons of the catalytic activity of
radioactive and non-radioactive catalysts, the surface areas were
measured by the B.E.T. method with nitrogen and krypton as
adsorbates. The Russian workers did not report surface areas
and apparently assumed that similar preparation procedures
would produce catalysts of similar specific surface areas. Our
results indicate that this is not the case, and that in general,
radioactive catalysts prepared side by side with non-radioactive
ones have larger specific surfaces, as shown in Table I. It was
also found that exposure to moist air must be completely avoided
in order to get reproducible surface area measurements on an-
hydrous MgS04.

Tabte |

Surface Areas of Radioactive and Non-radioactive Cata-

lysts after Similar Drying Treatments

Surface
Specific area by X-Ray
Heat treatment  radio- N7iad- crystal-
Catalyst Temp., Time, activity, sorption, lite
composition °C. hr. mc./g. m2/g. size, A.
MgSo04 500 20 0 4.6 656
48.0 7.0 508
MgS04~ 1% Na 400 16 0 6.0
45.8 13.1
MgS04~ 1.4% Na 450 16 0 1.8
7.5 9.0
MgS04~ 1.6% Na 410 16 0 2.2
40.5 3.2
MgSCh ~ 2.5% Na 425 4 0 3.3 722
10.3 4.2 454

Apparatus.— The kinetic measurements were made in an in-
dined tube flow system heated in a tube furnace. The cyclohex-
anol was metered in as liquid at 0.314 ml./min. from a syringe
operated through a gear train by a 1-r.p.m. Bodine motor. The
reaction tubes were made of 8-10-mm. Pyrex glass tubing about
60 cm. long with 50-150 mg. of 30-40 mesh catalyst supported in
the middle between two glass wool plugs.

The lower plug was supported on indentations in the tube wall
and after insertion was tamped down to give a.flat upper surface.
The catalyst was then loaded into the tube which was then
lightly tapped to settle the catalyst bed. The second glass wool
plug was then inserted and gently tamped so that the catalyst
bed was held firmly in place. The good reproducibility between
data taken on several catalyst beds of several sizes indicated that
uniform packing of the catalyst beds was achieved by this
technique. The upper half of the tube was filled with glass
beads to act as an evaporator for the cyclohexanol. At the outlet
the products and unreacted alcohol were condensed and collected
in a graduated receiver. Temperature was controlled to +1° by
adjusting the voltage supplied to the tube furnace.

Procedure.—The catalysts lose activity with time in use.
Therefore, after determining their initial activity as a function of
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temperature, they were aged to steady state conditions by 7 to 12
hr. of reaction time at the highest temperature at w'hich they
were subsequently to be used. After this treatment, the tem-
perature dependence of the catah’zed reaction rate was again
determined. The extent of reaction was determined by measur-
ing the bromine number of samples collected while the reaction
tube was maintained at constant temperature. No measurable
dehydration took place in the absence of catalyst. No products
other than cyclohexene and water were detected by vapor-phase
chromatography or by infrared analysis regardless of the catalyst
composition or the presence of radioactivity. Under the experi-
mental conditions used, the extent of reaction rarely exceeded
10%, so the per cent reacted could be plotted against the recipro-
cal of absolute temperature to obtain apparent activation ener-
gies. In preliminary experiments the effect of changing the space
velocity was studied by varying the feed rate from 0.125 to 0.314
ml./min. at constant bed size and by varying the bed size from
50 to 150 mg. at constant feed rate. It was found that the frac-
tion of alcohol dehydrated varied inversely with the space veloc-
ity indicating that the measurements were not diffusion or
equilibrium limited. It was also shown that contamination of the
hygroscopic cyclohexanol with as much as 10 mole % of water
had no effect other than as a feed diluent.

Results

Initial Rate Studies.— The variations found between
the measured surface areas of radioactive and non-
radioactive catalysts, even when prepared in the same
manner, made it plain that obtaining radioactive and
non-radioactive catalysts of the same surface areas and
with the same preparation histories for comparison
purposes was not practicable. Therefore, a series of
experiments was made on non-radioactive magnesium
sulfate and magnesium sulfate-sodium sulfate catalysts
to determine the effect of variations in the specific
surface area and in the preparation procedure on the
catalytic activity in the dehydration of cyclohexanol.

One large batch of non-radioactive magnesium sulfate
catalyst prepared from the C.p. salt and one large
batch prepared by the reaction of magnesium oxide with
sulfuric acid were split into several portions and each
portion given a different heat treatment. Two other
batches, smaller in size in order to duplicate more
closely the radioactive preparation procedures, were
prepared from C.p. magnesium sulfate. These were
not divided and only a single heat treatment was given
in each case. Catalyst properties are given in Table II.

The initial catalytic activity for the dehydration of
cyclohexanol was determined for each of the catalyst
preparations as a function of temperature. The results
are shown by the upper line in Fig. :. All of the
experimentally observed numbers were normalized to
one square meter of catalyst surface as measured by
the B.E.T. method with nitrogen gas as the adsorbate.
Actual conversions ranged from 0.6 to 28.8%. For
simplification a single line was drawn through all the
points from all of the runs to show the over-all behavior.
The apparent activation energy is 246 + 0.6 kcal./
mole.

When normalized to unit surface area, the catalytic
activity of non-radioactive magnesium sulfate was con-
stant to within £25% regardless of variations in the
specific surface area or the method of preparation used.

For comparison, three radioactive magnesium sulfate
catalysts were prepared and their initial catalytic
activities determined as a function of temperature.
When the per cent of cyclohexanol reacted was nor-
malized to one square meter of catalyst surface, as
shown in the lower curve of Fig. 1, good agreement was
again obtained among the radioactive catalysts, but
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Tabie Il

Properties of Catalyst Preparations

Surface area/' m2/«:.

) After Bulk

Ini tial use  activity, wt. density/
Catalyst (N,) (Kr) (Kr) mc./g. % Na K./ml.
MRA*“ 12.2 0 0 0.83
MRB* 15.2 0 0 .78
MRC" 7.7 0 0 .76
MR])“ 3.6 2.7 2 4 0 0 .85
MRF* 7.0 5.5 4.9 0 0
MOA6 10.3 0 0 72
MOB6 8.7 0 0 .76
MOC6 2.5 0 0 .73
MOF6 4.9 0 0
IABC 4.5 3.3 3.0 0 0 .48
IAR" 8.8 0 0 .49
AAe 7.4 5.2 5.0 45.5 0 .48
AB' 5.8 4.4 35.6 0 .57
AC’ 3.3 2.1 32.2 0 46
MSB* 5.7 4.1 2.7 0 1.63 .78
Msr' 1.5 1.1 0 1.03 .78
ISA' 6.2 4.4 3.9 0 0.98 .57
ISB’ 3.3 2 2 2 2 0 2.43 71
1S-2A" 3.0 0 1.60
ASA' 5.0 3.9 3.8 10.3 0.93 .55
ASH' 2.2 2.0 11.3 2.54

a C.p. MgSO04solutions dried under various conditions. 6 Mg-
SO< from reaction of MgO with H2S04 dried under various con-
ditions. c¢C.p. MgS04 plus indicated Na2S04 and MgS3()4
mixed in solutions and dried in small batches. if Solution of
C.p. MgS04and Na2S()4dried under various conditions. e Using

16.2 A.2 and 19.5 A.2 for the areas of N2 and Kr, respectively.
1 Measured on 30-40 mesh particles.

they were less than half as active catalytically as the
non-radioactive preparations.  The specific surface
areas varied from 3.3 to 7.4 m.2/g. as measured by the
B.E.T. method using nitrogen as the adsorbate, and
the sulfur-36 content varied from 32.2 to 45.5 mc./g.
at the time of the kinetic measurements. The value
of the apparent activation energy from a least squares
fit of all of the points was 24.5 = 1.0 kcal./mole, in
good agreement with the values observed for the non-
radioactive catalyst.

Similar experiments with sodium sulfate containing
catalysts again showed the radioactive materials to be
poorer catalysts than the non-radioactive, but in this
case an increase in the apparent activation energy was
also observed, as shown in Tig. 2. The initial catalytic
activity per unit surface was constant within =30%
despite variations in the amount of sodium present,
but was somewhat lower than that for pure magnesium
sulfate. The large decrease in catalytic activity upon
the addition of similar amounts of sodium sulfate re-
ported in the literature apparently was not corrected
for differences in specific surface area.7 Since the pres-
ence of sodium sulfate enhances the sintering of mag-
nesium sulfate considerably, catalytic activity com-
pared on a weight basis shows a large effect, its magni-
tude depending on the time and temperature of drying
of the catalysts.

Aging Studies.—The aging of the catalysts under
reaction conditions is a complex phenomenon. Typical
aging curves are given in Fig. 3. The dashed portions
of the curves indicate the time that elapsed during the
initial rate measurements as a function of temperature.
The second point on each curve represents the activity
of the catalyst upon reheating to 402 to 404°.
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Fig. 1.—The temperature dependence of the rate of dehydration
of cyclohexanol on fresh magnesium sulfate catalysts.

Fig. 2—The temperature dependence of the rate of dehydration
of cyclohexanol on fresh magnesium sulfate-sodium sulfate
catalysts.

The break in the curve of catalytic activity vs. time
is difficult to explain. It is not purely a temperature-
time phenomena, but occurs only on use. Balandin
reported similar behavior at 270 to 330° on 30-ml. beds
of magnesium sulfate after periods of time in use of 70
to 90 hr. and attributed the effect to progressive hy-
dration of the surface.9 At the temperature of aging

9) A. A. Balandin, M. B. Turova-Polak, A. E. Agronomev, |I. M. Khor-

lina, and L. S. Konkova, Dokl. Akad. Nauk SSSR, 114, 773 (1957).
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Fig. 3.—The aging of magnesium sulfate catalysts; 50 mg.
of catalyst, 402-404°: open symbols, non-radioactive; filled
symbols, radioactive catalysts.

Fig. 4.—The temperature dependence of the rate of dehydration
of cyclohexanol on aged magnesium sulfate catalysts.

used in the present experiments, however, hydration is
unlikely. Even in the presence of a 654 mm. pressure
of water vapor, magnesium sulfate is in the anhydrous
form at temperatures above 370°.10 Further, if only
hydration were involved, the catalytic activity should
be regenerated upon redrying of the material, whereas
it was shown in our work that such is not the case.
Therefore, the phenomenon must be related to a per-
manent change in the structure of the catalyst surface
which requires an induction period in the presence of
the reacting vapors.

Steady-State Reaction Rate Studies.—-After aging
to steady-state activity, the temperature dependence
of the reaction rate was again determined for several

(10) J. S. Cho, F. A. Olsen, and M. E. Wadsworth, “ Infrared Evidence for

liisulfate Formation in the Dehydration of Magnesium Sulfate,” Tech-
nical Report No. 1, University of Utah, October 5, 1962.
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Fig. 5.—The temperature dependence of the rate of dehydra-
tion of cyclohexanol over aged magnesium sulfate-sodium sulfate
catalysts.

TIVE AFTER PREPARATION IN DAYS.

Fig. 6.—The effect of storage time on the activity of mag-
nesium sulfate-sodium sulfate catalysts at 408°: O, radioactive;
A, non-radioactive.

catalysts. Because of the small size of the catalyst
beds, the final surface areas of the catalysts were meas-
ured using the B.E.T. method with krypton as the
adsorbate. Comparison of results of krypton adsorp-
tion with those using nitrogen for ten different catalyst
preparations showed the latter to average 1.37 + 0.07
times as great. Therefore, the results of these experi-
ments, shown in Fig. 4 and 5, were normalized on the
basis of a surface area obtained by applying this factor
to the measured surface areas, so that direct compari-
sons can be made between these figures and those
presented above when surface areas were measured
with nitrogen as adsorbate. It is seen that aging de-
creases the catalyst activity in all cases and tends to
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increase the apparent activation energy. The radio-
active catalysts remain inferior.

Miscellaneous Experiments.— One of the most
interesting observations reported in the literature of
the effect of S on these catalysts was a decrease of
catalytic activity as the radioactivity decayed.7 This
appeared to be powerful evidence that the reported
enhancements of catalytic activity depended on the
rate of emission of /3-particles by the catalyst during
use. However, studies were apparently not made of
the behavior of the non-radioactive catalysts after
similar storage times.

To clarify this point, the catalytic activities of a
radioactive and non-radioactive catalyst were redeter-
mined after storage times up to 227 days. It was
found that the catalytic activity decreased linearly with
time in both cases and that radioactive and non-radio-
active catalysts lost the same fraction of their steady-
state activity in the same period of time as shown in
Fig. 6. Since the effect is linear with time over the
period studied, it is obvious from the radioactive decay
law that the decrease of the catalytic activity of the
radioactive catalyst is also linearly related to the loga-
rithm of the specific radioactivity. However, since the
non-radioactive catalyst showed similar behavior, the
effect must be a property of the catalyst not dependent
on radiation.

In another group of experiments, the problems which
arise in trying to duplicate catalyst surfaces for com-
parative purposes were circumvented by directing Ar-
rays generated at 180 and 300 kv. on the catalyst bed
while the dehydration reaction was proceeding.1l The
dose rates of 123 and 113 rad/min., respectively, were
comparable to those from the S& in the radioactive
catalysts. No effects were found, in agreement with

(11) N. A. Krohn and H. A. Smith, J. Phys. Chem., 65, 1919 (1961).
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previous Russian work utilizing an 800-kev. electron
beam.7 Preirradiation with Co®y-rays to 1011 ergs/g.
was also without effect.

Conclusions

From the results of these experiments, it is concluded
that the reported enhancements of catalytic activity in
the dehydration of cyclohexanol by the addition of radio-
active sulfur to the sulfate catalysts are erroneous be-
cause comparisons were apparently made on the basis of
unit weight rather than unit surface area. When com-
pared on the latter basis, the radioactive materials were
found to be less active catalytically than non-radioactive
catalysts of the same composition. In general, for a
given set of preparative conditions, the radioactive
catalysts have larger surface areas than their non-
radioactive counterparts, and this was not apparently
considered in the previous work.

It isalso concluded that since both the non-radioactive
and radioactive materials lose catalytic activity with
storage time this phenomenon is not related to the decay
of the radioactivity, but is a property of the catalyst sur-
face. Thus, the emission of /3-particles from the cata-
lyst during the time the dehydration reaction is taking
place is of no consequence. This conclusion is sup-
ported by the fact that irradiation of the catalyst with
X-rays or electrons while the reaction was proceeding-
had no effect.
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IV. ORBITAL ELECTRONEGATIVITIES OF THE
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The orbital electronegativities of the neutral atoms of the A elements of rows three and four and of the
monopositive ions of periods one and two are reported and briefly discussed.

Introduction
In the preceding articles of this series,1 electronega-
tivity has been discussed, based on Mulliken’s theoret-
ically well justified34definition5

1)

This discussion leads to the conclusion that electro-

(1) (@ J. Hinze and H. H. Jaffé, 3. Am. Chem. Soc., 84, 540 (1962);
(b) J. Hinze, M. A. Whitehead, and H. H. Jaffé, ibid., 85, 148 (1963); (c)
J. Hinze and H. H. Jaffé, Can. J. Chem., 41, 1315 (1963).

(2) Department of Chemistry, Rice Univ., Houston 1, Texas.

(3) R. S. Mulliken, J. Chim. Phys., 46, 497 (1949).

(4) W. Moffitt, Proc. Roy. Soc. (London), A202, 548 (1950).

(5) R. S. Mulliken, J. Chem, Phys,, 2, 782 (1934).

negativity is the property not of an atom, but of an or-
bital of an atom in a molecule. The electronegativities
computed in the light of these considerations for the
elements of the first and second rows of the periodic sys-
temI*and for the elements of the first transition seriesl*
show that such orbital electronegativities are consider-
ably dependent on the character of the orbitals con-
sidered, and differences of more than one Pauling unit in
electronegativity of the same atom but different hybrid
orbitals are no exception. Consequently, it seems of
interest to have available orbital electronegativities for
different valence states for the heavier elements also.
Furthermore, it has beenindicated in the first articlel*
that, on the basis of Mulliken’s definition, one has to
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Table |

Valence State Promotion Energies in“ E.v.

Valence state K Ca+
s 0.0 0.0
p 1.61 3.13
K-> ca So+ Ga+
sp 2.43 2.15 1.88 6.59
pp 1.52 4.86 8.21 14.42
didi 1.73 1.91 2.09 5.89
d-TT 1.97 3.51 5.04 10.51
trtr 1.82 2.95 4.08 8.89
trx 1.82 3.96 6.09 11.81
tet.e 1.80 3.45 5.10 10.33
Zn~b Ga Ge+ As++ Se+++ ca-"
spp 3.64 5.84 8.13 10.35 12.52 2.4
PPP 8.00 12.50 17.27 21.91 26.26 5.3
didix 3.28 5.31 7.39 9.45 11.45 2.1
di 7171 5.82 9.17 12.70 16.13 19.39 3.8
trertr 3.16 5.13 7.14 9.15 11.09 1.9
tretrtrx 4.93 7.82 10.85 13.80 16.62 3.2
tetete 4.46 7.11 9.86 12.57 15.15 2.8
Ga-6 Ge As + Se++
sppp 4.10 6.58 S.48 11.24
didi7T7r 4.24 6.37 8.18 10.47
trtrx 4.28 6.30 8.08 10.21
tetetete 4.30 6.26 8.03 10.09
Ge"“6 As Se +
sdpp 0.92 0.89 0.86
spdp 3.52 7.4 11.45
didixx 2.22 4.19 6.15
didi7T2m" 3.43 7.14 10.85
trartrx 2.61 5.13 7.65
trtrtrjr2 3.39 7.02 10.65
teXetete 2.80 5.58 8.35
As-6 Se Br + Kr ++
s Pp 0.21 0.39 0.39 0.65
spdP P 4.75 8.22 12.05 15.34
didi2xx 0.21 0.39 0.39 0.65
didix2m 2.48 4.30 6.22 8.00
didix2x2 4.54 7.75 11.28 14.33
tr2arrx 1.72 3.00 4.28 5.55
trartrx2 3.14 5.40 7.82 10.00
teXe2Xete 2.43 4.18 6.03 7.74
Se“6 Br Kr+ Rb ++ Sr+++
$2p2p2p 0.06 0.15 0.22 0.30 0.40
spp 2 8.38 10.95 13.51 16.12 18.66
Rb Sr+
s 0.0 0.0
P 1.58 1.83

Valence state Rb~ Sr Y o+ In+
sp 0.45 2.04 3.63 6.10
pp 1.22 4.46 7.70 1251
didi 0.55 1.83 3.11 5.57
dix .84 3.25 5.67 9.30
trtr .75 2.75 4.76 8.00
trx 97 3.65 6.34 10.37
tete .86 3.20 5.53 9.17
cd-6 In Sn+ Sh++ Te+++ Sr'«
spp 4.05 5.70 7.41 9.21 1069 2.4
PPP 8.08 11.70 15.24 18.71 22.44 5.3
didix 3.79 5.25 6.80 8.50 9.72 2.1
dixx 6.07 8.69 11.32 13.96 16.56 3.8
trertr 3.70 5.11 6.59 8.27 9.40 1.9
trtrtrx 5.28 7.49 9.75 12.06 14.18 3.2
tetete 4.86 6.86 8.91 11.07 1290 2.8
In“6 Sn Sb+ Te ++
sdp 0.07 0.40 0.40 111
spd 5.38 7.47 9.66 11.69
p2pp 8.87 .71 16.78 18.49
didix2 5.05 7.08 8.91 11.04
dix2x 7.13 9,59 13.22 15.09
di2xx 5.07 6.82 10.09 11.09
diadix 2.66 3.93 5.03 6.40
trartr 3.15 4.94 6.24 7.88
trrx 5.02 6.87 9.17 11.00
trtrx 2 6.40 8.71 11.70 13.67
teZete 4.98 6.86 9.31 1091
sppp 4.56 6.42 7.91 9.95
didixx 4.23 6.04 7.16 9.30
trtrtrx 4.12 5.91 6.90 9.09
tetetete 4.06 5.84 6.78 8.98
Sn"6 Sb Te+
sdpp -0.30 0.29 0.89
spdp 2.09 6.63 11.17
di2dixx 0.89 3.46 6.02
didixV 2.04 6.30 10.55
trartrx 1.27 4.37 7.47
trtrtrx2 2.02 6.19 10.35
teZXetete 145 4.79 8.14
Sb-6 Te 1+ Xe ++
s 2p 0.21 0.44 0.69 0.91
spP D 4.10 6.95 10.70 13.10
dia2di2x x 0.21 0.44 0.69 0.91
diadix2x 2.15 3.70 5.70 7.01
didix2x 2 3.88 6.55 10.05 12.31
t,r2tr xrx 1.51 2.61 4.03 4.98
trartrx2 2.70 4.60 7.08 8.69
te2tezete 2.10 3.59 5.53 6.81
Te-6 | Xe + Cs++ Ba+++
SPPpd 0.16 0.31 0.44 0.57 0.74
Spp2Pp?2 6.32 10.17 11.26 15.84 18.96

° Calculations also have been made for valence states of the same elements with lower valence; such values are contained in J.

Hinze, Ph.D. Dissertation, University of Cincinnati, 1962.

expect considerably different electronegativity values for
ions. To demonstrate this and to make available or-
bital electronegativities of some positive ions we have
computed such values for the elements of the first two
rows of periodic table.

Procedure.— The evaluation of the orbital electro-
negativities with Mullikenrs definition has been de-
scribed in detail in the first article of this series,»
and only a short outline will be given here. The
essential part is the computation of the valence state
ionization potentials, Zv, and electron affinities, Ev, or in
the case of positive ions, the first and second valence

b Extrapolated values.

¢ Roughly estimated values.

state ionization potentials, Zv(l) and/v(z), respectively.

(@ Orbital Electronegativities of the Neutral Ele-
ments of Rows Three and Four.— The valence state
ionization potentials required are obtained from the
ground state potentials, and the corresponding pro-
motion of energies of the positive ion and atom, P+ and
P°, respectively, according to

v=1,+ P+ - Pn (2)

and analogously the valence state electron affinities are
calculated from the ground state electron affinities, Eg,
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and the promotion energies of atom and negative ion,
following

Ew= Es+ P« - P- (©))

Here the valence state promotion energies represent
the energies required to elevate an atom or ion to the
valence state, which, as defined by van Vleck s is the
hypothetical “state” of an atom, chosen so that the
interactions of the electrons of the atom are as nearly as
possible the same as they would be if the atom is part of
a molecule. The detailed description of the computa-
tion of such valence state promotion energies, following
Mulliken’ss and van Vleck’ss method, has been given
previously.is

The Slater-Condon parameters used here for the
computation of the promotion energies are those ob-
tained and reported earliers It is again necessary to
use the parameters determined from several con-
figurations simultaneously, implying that equivalent
parameters have the same value for the configurations.
Although it is known that the assumption of the con-
figuration independence of Slater-Condon parameters
is questionable, it has been shownz that this assumption
is acceptable on the level of the approximations inherent
in the Slater-Condon treatment.

The promotion energies of the negative ions, which
cannot be computed directly, are obtained as described in
the first articleis from a linear extrapolation of the cor-
responding promotion energies of successive states of
ionization in an isoelectronic sequence. Such an extrap-
olation, however, is not possible for the promotion
energies of Ca- and Sr-, since the necessary spectral
information is not available for the isoelectronic posi-
tive ions. Consequently the promotion energies of
Ca- and Sr- are estimated roughly, guided by the cor-
responding energies for Mg- and Be-, which are
known.la All the promotion energies computed and
used for the evaluation of valence state ionization po-
tentials and electron affinities are given in Table I.

Ground state ionization potentials, experimentally
determined from spectral data, are accurately known.
The values used here are chosen from Moore’s tables.s
Unfortunately, the ground state electron affinities are
not soreadily obtainable, and only the values for Br and
| have been determined experimentally.s The values
used for the other elements are those extrapolated by
Ginsberg and Miller..o The ground state ionization
potentials and the electron affinities used are listed in
Table II.

With the entries of Tables | and Il, the valence state
ionization potentials, valence state electron affinities,
and the orbital electronegativities are readily obtained
using eq. 1, 2, and 3. The results are listed in Table
I, where the last column gives the electronegativities
in Pauling units, more familiar to the chemist. The
transformation used isis

Xp = 0.336(Xm- 0.615) @

(b) Orbital Electronegativities of the Positive lons

(6) J. H. van Vleck, J. Chem. Phys. 2, 20 (1934).

(7) J. Hinze and H. H. Jaffé, ibid., 38, 1834 (1963).

(8) C. E. Moore, “Atomic Energy Levels,” National Bureau of Stand-
ards Circular No. 467, Vol. 111, and private communication.

(9) T. L. Bailey, J. Chem. Phys., 28, 792 (1958).

(10) A. P. Ginsberg and J. M. Miller, J. Inorg. Nucl. Chem. 7, 351
(1958).
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Table Il

Ground State lonization Potentials and Electron Af-

finities IN (E.v.)

h
K 0.00 4.34
Ca A1 6.11
Ga .18 6.00
Ge 1.20 7.88
As 0.65 0.81
Se 2.20 9.75
Br 3.55 11.84
Rb 0.00 4.18
Sr 0.10 5.69
In 0.20 5.78
Sn 1.00 7.34
Sb 1.10 8.64
Te 2.30 9.01
| 3.21 10.45

of the Elements of Rows One and Two.— The evalua-
tion of the orbital electronegativities for the positive
ions of rows one and two of the periodic system is
essentially the same as described above. However, it
is much simplified, since the promotion energies re-
quired, of atoms and singly and doubly positive ions,
have already been computed,:s and the ground state first
and second ionization potential can be taken from
Moore’stables.s Thus, it is merely necessary to combine
all these data analogously to eq.2,3,and : to evaluate the
valence state ionization potentials and orbital electro-
negativities of the positive ions. The results obtained
are listed in Table IV, where again the last column gives
the electronegativities in Pauling units, converted using
eq. 4.

Discussion

The Mulliken definition of electronegativity is
the only non-empirical one available, and has re-
ceived wide acclaim and acceptancell12 it is the only
readily available scheme for distinguishing be-
tween different hybrids and different types of orbitals.
However, in considering the problems of evaluation of
electronegativity it frequently has been pointed out that
the Mulliken electronegativity is difficult to compute
because electron affinity data are required which fre-
quently are not available. This apparent limitation of
the Mulliken definition, however, is not at all serious.
Generally the electron affinity can, by purely empirical
guesswork, be estimated to within 1 e.v., and the result-
ing uncertainty in electronegativity is only of the order
of 0.16 Pauling unit. Thus, any uncertainties in the
electron affinity obtained in the present work have very
little effect on the resulting electronegativities.

The electronegativities obtained in the present work
and listed in Table 11l for the neutral atoms of rows
three and four, and in Table IV for the positive ions of
rows one and two of the periodic system, show the con-
siderable dependence on valence states that would be
expected from the similar behavior of the electronega-
tivities of the neutral atoms of rows one and two re-
ported previously.is Again, as already reported for
the first two groups, the valence state electronegativities
are linear functions of the hybridization parameter.

It seems of particular interest to compare the electro-
negativities obtained in this wmrk with values for group

(11) C. A. Coulson, “Valence,” Clarendon Press, London, 1952.
(12) 1d. O. Pritchard and H. A. Skinner, Chem. Rev., 55, 745 (1955).
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Valence State lonization Potentials, Electron Affinities, and Orbital Electronegativities of Elements of Row 3

Atom

K(Vi)

Ca(V2)

Ga(Va3)

Ge(Va)

As(V3)

se(V2)

Br(vi)
Rb(Vi)

Sr(Vs)

IV elements obtained empirically by other workers.is
Our values for tetrahedral Ge and Sn are seen to be con-

(13)

Configuration
S

P

sp

pp
didi
dix

trtr

tr7r

tete

spp

PPP
didix

dixx

trtrtr

trtrx

tetete

sppp
didixx
trtrtrx

tetetete
S=ppp
spdp

di2dixx
didix2x
tratrtrx

trtrtrx2
te2tetete
s 2p
spP P

dia2di2xx
di2dix2x

didix2x 2
tr2tr2trx

tratrtrx2
te2te2tet.e
sppd
Sp2p2p2

S

P

sp

pp
didi
dix

R. S. Drago, J. Inoro. Nucl. Cliem., I1S. 237 (1960); A. L. Allred and

Orbital

S

308 30

2

1%

See footnote &, Table |.

E. G. Rochow, ibid., 5, 269 (1958).
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.89
.43
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,48
.36
.22
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.39
.75
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.00
.24
.84
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.49
.44
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.06
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.25
.09

28

.13
.69
.02
.86

26

.35
.14

89
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66
33

.92
.38

63

.36
.31
.25
.06
.64
.53
.81
.52
.36
.04
.52
.44
.28
.73
.14
.37
.17
.24
.70
.50

.84
.14
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.94
.93
.15
.65
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Xp
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.38
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.42
.65
.93
.83
.43
.68
.66
.45
.63
.18
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.54
.20
.09
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.88
.82
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.60
.02
.06
.09
.08
.98
.70
.95
.50
.59
.84
.40
.82
.99
.13
.39
.66
.12
.88

2.58

Noos

Now N

Now w

- 0 O o N w w

LIS
.97
.56
.18
.78
.37
77
.29
.31
.33
.07
.62
.94
.50
.54
.26
.34
.34
.85
.73
.34

and 4"

Atom Configuration

Sr(V2 trtr
trx

tete
In(Vs) spp

PPP
didix

dixx

trirtr
trtrx

tetete
Sn(V2) sdp
spP

P'PP
didix2
dix2x

di2xx
di2dix

trartr
trarx

trtrx2
teZete
sSn(v.) sppp

didixx
trtrtrx

tetetete
Sb(V3) sdpp
sp2p

di2dixx
didix2x
trartrx

trtrtrx2
teXetete
spPp
spPD

Te(V2

di2di2xx
di2dix2x

didi x 2X2
trrarx

lr-trtrx2

tSteZete
(V) sPPd

SpP P2

Orbital

or
cr
T

cr

Q X

X QX3 x0T 0o

2

2 XxQ2a X3 X® 0T 9

Q

no

4.92
5.01
4.02
4.72
12.60
6.19
6.62
9.84
6.11
9.61
6.40
8.68
,8.67
6.30
8.10
6.94
16.34
8.51
12.10
12.81
14.22
10.30
10.15
13.04
7.90
11 .43
12.65
9.50
12.49
11.57
16.16
8.32
12.64
8.10
11.17
8.02
10.40
8.75
18.80
11.68
15.27
10.21
15.56
11.25
13.89
10.51
14.16
13.16
11.04
20.78
14.80
11.04
17.12
12.91
18.19
15.36
12.29
16.26
15.11
12.67
18.00

Ev

— .15

.46
.65
.30
5.83
0.52
3.01
2.79
0.40
3.82
1.76
1.89
2.67
1.29
2.08
0.87
7.94
5.54
10.11
6.35
8.92
7.82
6.15
4.40
3.20
4.61
6.55
5.80
7.64
6.16
7.72
5.33
6.15
5.00
5.64
4.89
5.39
1.18
7.51
3.62
4.35
2.41
5.25
3.52
3.97
2.77
4.58
3.79
2.58
9.09
2.93
2.58
5.84
2.76
5.61
4.75
2.70
4.69
4.20
3.52
13.38

X
.59
.56
.36
.54

2.88
0.92
1.41
191
0.88
2.04
1.16
1.57
1.70
1.07
1.50
1.10

3.87
2.15
3.52
3.01
3.68
2.84
2.53
2.72
1.66
2.49
3.02
2.36
3.17
2.77
3.80
2.08
2.94
1.99
2.62
1.96
2.44
1.46
4.22
2.36
3.09
191
3.29
2.27

2.79
2.02
2.94
2.64
2.08
4.81

2.77
2.08
3.65
2.43
3.79
3.17
2.31

3.31

3.04
2.52
5.06

sistently somewhat higher than the empirical values (Ge

20, 1.8-1.9; sn1 19, 138).

This fact may, most

likely, be ascribed to some hybridization with d-orbitals
in the heavy elements; the d-orbitals have low ioniza-



July, 1963

Orbital Electronegativities of Neutral Atoms

15065

Table IV
E lectronegativity and lonization Potentials of Positive lons

Configuration Orbital ly Ey )@ lon Configuration Orbital ly Ey )@
Be + 8 s 18.21 9.32 6.10 Mg + S S 15.03 7.64 3.60
P p 14.25 5.32 3.08 P P 10.60 4.67 2.36
B+ sp s 25.40 14.05 6.42 Al+ sp S 20.15 11.32 5.08
p 19.40 7.38 4.29 p 13.48 5.99 3.07

pp p 18.91 7.37 4.21 PP p 14.34 6.03 3.21
didi 54 23.48 9.64 5.36 didi @ 17.47 8.00 4.07
dix < 22.16 8.94 5.02 dix 54 17.25 7.59 3.97
m 19.16 7.37 4.25 ™ 13.92 6.00 3.14

trtr a 21.72 8.33 4.84 trtr a 16.28 7.01 3.70
trx 4 21.08 8.02 6.36 trx @ 16.28 6.74 3.68
m 19.08 7.37 4.23 L3 14.06 5.92 3.17

tete a 20.93 7.88 4.63 tete a 15.75 6.64 3.56
spp S 33.03 19.42 8.60 Si+ spp S 24.68 14.93 6.45
p 23.93 9.91 5.48 P 16.56 8.61 4.02

Ppp p 23.29 11.65 5.66 PPP P 16.56 11.42 4.49
didix g 29.85 13.29 7.04 didix 4 21.43 10.95 5.23
m 23.86 9.83 5.45 LY 16.50 8.60 4.01

dixx I 28.16 12.96 6.70 dixx @ 20.62 11.56 5.20
m 23.61 10,78 5.57 m 16.55 10.02 4.26

trrtr g 28.14 11.83 6.50 trertr a 19.96 9.99 4.83
trtrx 4 27.36 11.91 6.39 trtrx @ 19.62 10.57 4.87
M 2368 10.45 5.52 NV 16.53 9.54 4.17

tetete 4 26.71 11.37 6.19 tetete @ 18.97 10.08 4.67
sppp S 41.84 25.59 11.12 P+ sSppp S 31.24 18.61 8.17
p 28.69 12.48 6.69 P 20.72 11.55 5.22

didi XX T 37.00 17.24 8.90 didixx 7 27.01 14.05 6.69
s 28.70 12.06 6.64 m 20.69 10.96 5.11

trtrtrX g 34.62 15.09 8.15 trtrtrx g 25.14 12.72 6.15
s 28.71 11.96 6.63 m 20.68 10.76 5.08

tetetete g 33.29 14.14 7.76 tetetete T 24.10 12.09 5.58
0+ spp P 34.15 14.61 7.98 s+ sPppp P 22.91 11.05 5.50
spdp S 51.41 32.29 13.86 spdp S 35.18 21.13 9.26
P 34.22 15.86 8.21 p 24.49 11.98 5.92

didixx @ 46.80 23.45 11.59 didixx (U 31.57 16.09 7.80
m 34.19 15.24 8.10 m  23.70 11.51 5.71

didixV I 44.56 22.34 11.03 didix2x @ 30.61 15.78 7.59
m 33.95 15.53 8.11 m 24.00 11.92 5.83

trartrx 4 42.49 20.15 10.32 teXetex @ 28.99 14.38 7.08
m 34.08 15.30 8.09 NV 23.74 11.65 5.74

trtrtrx2 r 41.39 19.64 10.05 trtrtrx2 g 28.51 14.33 6.99
teXetete 4 40.31 18.70 9.70 teZetete @ 27.65 13.64 6.73

tion potentials and electron affinities, and hence must
have low orbital electronegativities. Even arelatively
small contribution of such orbitals would consequently
be expected to significantly depress the electronega-
tivity. Unfortunately, a calculation of d-orbital elec-
tronegativity by the Mulliken method is not feasible,
because the necessary spectroscopic data are not avail-
able. Finally, the sensitivity of the electronegativity
of the heavy elements to d-orbital hybridizationo indi-
cates that their electronegativities need to be con-
sidered as especially variable, since this hybridization
itself is a sensitive function of many factors, e.g., the
formal charge.is

The electronegativities calculated for the positive
ions are, as might have been expected, considerably
higher than for the neutral atoms. The magnitude of
the difference may seem somewhat surprising, ranging
from about a factor of 3 for the early members in a
period to a factor of 2 in the late members. It must,
however, be realized that these values refer to integral
positive charges not compensated by inductive effects
or ionic character, and are calculated from data appli-

(14) H. H. Jaffé, J. Phys. Chem., 58, 185 (1954); D. P. Craig and C.

Zauli, J. Chem. Phys., 37, 601, 609 (1962).

cable to the gaseous state, whereas the electronegativi-
ties are to be used generally for molecules in solution.
Obviously, effects such as stabilization by solvation
with polarization (charge shift) of solvent molecules
may appreciably affect these values.

It may further be worth noting that the ion com-
monly encountered as an intermediate in organic chem-
istry, say C(tr,tr,tr). An electronegativity can also
be obtained for an “ion” in which the charge is ac-
cumulated on the central atom by inductive charge
transfer.us say C(tr!/trl/itr!/r). The electronega-
tivity of an “ion” formed in this way tends to be
slightly lower than for the more normal one; thus, as a
comparison

x [C+(tetete) ] = 6.19; x[C +(te/te'/tevite)l = 6.11
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The standard energies of combustion of ZrH2and ZrD2were determined by precision oxygen bomb calorime-
try. The values found for AEJ were —290.03 = 0.24 kcal. mole-1 of ZrlL and —290.80 + 0.18 keal. mole-1

of ZrD>.

At 298.15°K. the enthalpy of formation, AHA, and the Gibbs energy of formation, AG{°, were cal-

culated to be —38.90 + 0.31 kcal. mole-1 and —29.32 = 0.31 kcal. mole-1, respectively, for ZrHs, and —40.22 +
0.27 kcal. mole-1 and —29.86 + 0.27 kcal. mole-1, respectively, for ZrD2

Introduction

The heat of combustion of Zrlli 9. was measured at
18° by Sieverts, Gotta, and Halberstadt: They re-
ported an energy of combustion of —282.0 kcal. mole-:
for this material. They also.measured the energy of
combustion of zirconium using the same source material
as was used to make their hydride. The energy of com-
bustion of this zirconium was — 255.5 kcal. mole-1.
Using the above values for zirconium and ZrH-> and a
value of — 67.57 kcal. mole-: for the energy of formation
of water, they calculated enthalpy of formation values
of —38.9 kcal. mole.1 of ZrHi s2 and — 40.5 kcal. mole-:
of ZrHo. No calorimetric data leading to the enthalpy
of formation of ZrD:2 have been published.

Equilibrium hydrogen pressures at various H/Zr
atomic ratios in the temperature range 600 to 1200 °K.
have been measured by a number of investigators.z
These data can be used to obtain partial molal enthal-
pies of solution of hydrogen in the hydride phases.
These partial molal enthalpies of solution can be inte-
grated over the composition range to give the enthalpy
of formation of a particular hydride. Martin and ReesX
reported avalue of —41.4 kcal. mole-1 for the enthalpy
of formation of ZrH2 Morton and Starks have meas-
ured equilibrium dissociation pressures for deuterides
with D/Zr atomic ratios between 0.02 and 1.80. They
report partial molal enthalpies of solution of deuterium
over this composition range. On the basis of their data,
we estimate the enthalpy of formation of ZrD:2 to be
about — 42 kcal. mole-1.

Because of uncertainties due to sample impurities,
experimental errors, and approximations, all of the above
values of a//te are believed to be uncertain by at least
+3 kcal. mole-1. It therefore seemed worthwhile to
determine these enthalpies more accurately try using
purer samples and precision bomb calorimetry.

(1) This work was performed under the auspices of the U. S. Atomic
Energy Commission.

(2) A. Sieverts, A. Gotta, and S. Halberstadt, Z. anorg. allgem. Chem., 187,
159 (1930).

(3) (a) A. Sieverts and E. Roell, ibid., 153, 289 (1926); (b) M. N. A.
Hall, S. L. H. Martin, and A. L. G. Rees, Trans. Faraday Soc., 41, 306
(1945); (c) S. L. H. Martin and A. L. G. Rees, ibid., 50, 343 (1954); (d;
R. K. Edwards, P. Levesque, and P. Cubicciotti, 3. Am. Chem. Soc., 77, 1307
(1955); (e) E. A. Gulbransen and K. F. Andrew, J. Metals, 7, 136 (1955);

(f) C. E. Ells and A. D. McQuillan, J. Inst. Metals, 85, 89 (1956-57); ()
M. W. Mallett and W. M. Albrecht, J. Electrochem. Soc., 104, 142 (1957);

(i) L. D. LaGrange, L. J. Dykstra, J. M. Dixon, and U. Merten, J. Phys.

Chem., 63, 2035 (1959); (i) G. G. Libowitz, 3. Nucl. Mater., 5, 2 (1962).
(4) J. R. Morton and D. S. Stark, Trans. Faraday Soc., 56, 351 (1960).

This paper describes measurements of the energies of
reaction represented by the equations

ZrHRs) + V=02(9g) Zr0z2(s) + H20() (1)

and

ZrD2(s) + 3%02(9g) Zr02(s) + D20(1) (2)

at 298.15°K. These data were combined with other
appropriate thermodynamic quantities to calculate
enthalpies of formation, AH", at 298.15°K. and at
0°K. and the Gibbs energy of formation, AGP, at
298.15°K. of ZrHs and ZrIX The uncertainty in the
value of AHfOfor ZrH: reported in this paper is about
an order of magnitude less than the values reported
previously. The difference between the AHIiO of ZrH:
and that of ZrD: at 298.15°K. calculated from these
results agree with the difference calculateds from heat
capacity data.

Experimental

Samples.— The ZrH2 and ZrD. samples which were used for
the heat of combustion measurements reported in this paper
were previously used at this Laboratory for heat capacity deter-
minations.5 It was found5 by analyses that the impurities in
each sample amounted to less than 0.1%. The compounds as
originally prepared were in the form of irregular pieces which
varied in size from about 0.1 to 3 mm. on an edge. Preliminary
attempts to burn this material in the combustion bomb were
unsatisfactory because some of the hydride pieces exploded and
the scattered fragments did not burn completely. This difficulty
was eliminated by burning powdered samples of particle size 100
m or less. The powdered material with its concomitant large
surface area was found to oxidize at a measurable rate in air.
The samples were therefore prepared, weighed, and sealed in
plastic bags in a helium-filled drvbox where the combined
oxygen and water concentration was less than 0.1%,. ZrLL
is hard and brittle and it was found convenient to prepare
powdered samples in the drybox by crushing the ZrH2and ZrD2
with a hardened steel pestle on a hardened steel plate. Particles
which would pass through a 240 mesh brass screen but which were
retained on a 400 mesh brass screen were used for the calori-
metric measurements.

Spectrographic analyses of the powdered ZrH2 and ZrD2
samples showed that both samples contained, within the error of
the analyses, the same impurity levels. The elements detected
were present in amounts equal to the following in parts per
million: Mg, 3; Cu, 40; Fe, 200; andPb,40. Other elements
looked for, but not detected, are given with the lower limits of
detection in reference 5. Chemical analysis of the ZrH> showed
564,19, and 170 parts per million of oxygen, nitrogen, and carbon,
respectively. For ZrD» the results of the chemical analyses for

(5) H. E. Flotow and D. W. Osborne, J. Chem. Phys., 34, 1418 (1961).
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oxygen, nitrogen, and carbon were 562, 19, and 170 parts per
million, respectively.

The amounts of hydrogen and deuterium in the powdered
ZrHo and ZrD» samples, respectively, were determined by
measuring the volumes of H2and D2evolved at 1300°. For the
ZrH2sample, the volume of pure H2obtained per gram of hydride
1wes 239.8 £ 0.2 cc. (STP) and for ZrD2the volume of D 2 and
HD obtained per gram of deuteride was 235.1 + 0.2 cc. (STP).
The volumes calculated for pure ZrH2 and ZrD2are 240.40 cc.
(STP) and 235.35 cc. (STP), respectively. The gas obtained
from the ZrD* contained 99.65 atom % D and 0.35 atom % H.
The fact that the experimentally obtained volumes are a little
less than the theoretical ones can be accounted for by the impuri-
ties. It therefore seems reasonable to assume that the hydrogen
and deuterium are combined with zirconium to form the com-
pounds ZrHo.0oo0 2= o004 and ZrD2.Go == 000, respectively.

Apparatus.— The calorimetric system consisted of a rotating
bomb calorimeter6 and a platinum-lined combustion bomb.
This is a stainless steel bomb lined with 0.01 in. thick platinum.
The electrodes and internal fittings are fabricated from platinum.
The energy equivalent of the calorimetric system, i?(calorim-
eter), was determined by combustion of benzoic acid (National
Bureau of Standards, sample 39 h) in oxygen at 30 atm. pressure.
A series of seven combustions gave a value of 3578.99 = 0.22
cal. deg.-1 for E (calorimeter); the uncertainty given is the stand-
ard deviation of the mean.

Combustion Techniques.— The powdered samples were sealed
in Mylar polyester plastic bags by a procedure adapted from one
used by Good and co-workers.7

Figure 1 shows the sample support arrangement. A 0.050 in.
thick platinum plate attached with posts to the bomb head sup-
ports the sample dish and shield. The Mylar bag containing the
sample lies on a 0.187-in. layer of ZrO2pressed into a platinum
dish. This layer of ZrO2prevents the platinum from melting.
A platinum shield around the dish prevents any particles from
spattering onto the bomb walls. The bomb was filled with oxy-
gen at 15 atm. pressure and also contained 1 ml. of H2 The
addition of water is a standard calorimetric practice to minimize
the correction for the heat of vaporization wdiere water is one of
the products of the combustion. Ignition w-as accomplished by a
cotton fuse attached to a platinum wire which was electrically
heated.

Because combustion of the Mylar used to encapsulate the
samples contributes about 7% of the total heat evolved, an
accurate value of the energy of combustion of Mylar was deter-
mined. The Mylar samples were equilibrated and weighed in a
drybox to eliminate a correction for absorbed moisture. Ap-
proximately 0.5-g. samples were burned in oxygen at 20 atm.
pressure using the same arrangement as was used for the benzoic
acid calibration experiments.

Reaction Products.— ZrH2burns in oxygen in accordance with
eq. 1 and ZrD* in accordance with eq. 2. In each case the solid
product was examined by X-ray diffraction analysis and found
to be a single phase of monoclinic ZrO2. No appreciable change
in weight of this ZrO2occurred when it was heated in air at 1000°
for 1 hr. Analysis of the gas evolved when this ZrO2was heated
in vacuo at 1300° showed negligible amounts of hydrogen or
deuterium.

The DD formed by the combustion of ZrD2equilibrated with
the H2D present in the bomb according to the equation

D:0(1) + HoO(l) = 2HDO(I) (3)
The enthalpy change for this reaction has been measured by

Skripov and Povyshev.8 They correlated their data by using
the equilibrium constant9 for eq. 3

[HDOj2
[D20][H20]

3.80 at 298.15°K.

and obtained a value of AH = 15.5 + 0.5 cal. mole 1of HDO
formed. The heat absorbed bv reaction 3 is included in item 6
of Table I1I.

(6) W. N. Hubbard, C. Katz, and G. Waddington, J. Phys. Che-m., 58,
142 (1954).

(7) W. D. Good, et al., ibid., 63, 1133 (1959).

(8) V. P. Skripov and L. V. Povyshev, Zh. Fiz. Khim., 36, 325 (1962).

(9) 1. Kirshenbaum, “Physical Properties and Analysis of Heavy Water,”
McGraw-Hill Book Co., Inc., New York, N. Y., 1951, p. 54.
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Fig. 1.— Sample support arrangement for the combustion of
ZrH2andZrD2: A, platinum lining; B, enclosed sample; C, Zr02
layer; D, platinum plate; E, capsule with 1 ml. of HD; F, cotton
fuse; G, platinum ignition wire; H, platinum spatter shield; |,
platinum dish; J, electrode for ignition wire.

Results

Experimental Results.— Tables | and Il give the com-
bustion data and the calculated standard energy of
combustion for Zrliz and ZrD2 respectively. The
energy values are expressed in terms of a calorie defined
as exactly equal to 4.1840 absolute joules. The molec-
ular weights of Zrllz and ZrD2were taken as 93.24 and
95.24, respectively. The corrections to standard states
were applied in the manner described by Hubbard,
Scott, and Waddington..o The symbols employed in
Tables | and Il are explained in ref. 10. The meaning of
the symbols used in Tables | and Il are as follows: (1)
m', the mass of material burned corrected to the
weight in vacuo; (2) Atc, the. observed temperature
Increase of the calorimeter corrected for heat exchange
between the calorimeter and its surroundings; (3)
£(calor.)(— A(c), the energy equivalent of the calori-
metric system multiplied by the corrected temperature
increase; (4) AEcontenta the energy absorbed by the con-
tents of the bomb during the hypothetical isothermal
process at 298.15°K; (5) AEigdioni the measured
energy input for ignition of the fuse; (s) AEQ the sum
of several minor corrections to the measured energyl0Q
(7) Al?Myiar, the energy associated with the combustion
of the Mylar bag, based on avalue of —5477.19 + 1.03

(10) W. N. Hubbard, D. W. Scott, and G. Waddington, Chapter 5 of

“‘Experimental Thermochemistry,” Vol. 1, F. D. Rossini, Editor, Inter-
science Publishers, Inc., New York, N. Y., 1956, pp. 75-128.
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Tab

Results of ZTH2Com

D. R Fredrickson, R |_ Nuttall, H E Flotow, and W N Hubbard

\ol. 07

1e |

bustion Experiments

1. 7n'yg. 1.0878 1.0914 1.1004 1.0972 1.0935
2. AU, degrees 1.01495 1.01454 1.02613 1.02168 1.01841
3. 8(calor.)(—Ate), cal. -3632.50 -3631.03 -3672.51 -3556.58 -3644.88
4. ABoontonts, CAl. -7.08 -7.08 -7.16 -6.93 -6.91
5. AT gnition, Cal. 2.90 2.83 2.83 2.83 2.83
6. AEgot cal. -2.03 - 2.11 - 1.01 -0.70 -0.70
7. AEMyar, Cal. 249.76 247.02 253.05 256.33 257.43
8. Adkiotton, cal. 5.75 5.79 5.67 5.43 5.67
9. af£c/M, cal. g.-1 -3110.13 -3101.14 -3107.17 -3098.45 -3096.99
10. Av. AEc°/M = -3.102.77 + 253 cal. g.">
11. Energy cor. for impurities = —7.77 + 0.67 cal. g.-1
12. AE,°/M (ZrH2 = -3110.54 = 2.62 cal. g.~'1
13. AECP (ZrH2) = -290.03 + 0.24 kcal. mole-1
Tabte Il
Results of ZrD2Combustion Experiments

1. m', g 1.0839 1.1147 1.1058 1.1043

2. Aic, deg. 0.99121 1.01975 1.00978 1.00910

3. 8(calor.)(—Alo), cal. -3547.53 -3649.68 -3613.99 -3611.56

4.  AHcontents, CILI -6.72 - 6.92 -6.85 -6.84

5. AEignition, Cal. 2.83 2.83 2.82 2.83

6. AEoat, cal. -1.78 - 1.01 -1.71 -2.65

7. ABEWlar, Cal. 245.38 248.66 248.66 251.95

8. AEcotton, cal. 5.87 5.55 5.75 5.99

9. AECZ/M, cal. g.-1 3046.36 -3050.66 -3043.34 -3042.91

10. Av. AEc°/M, = -3045.82 + 1.79 cal. g.-1

11. Energy cor. for impurities = -7.49 + 0.66 cal. g.«1

12. AEE¢/M (ZrD2 = -3053.31 £ 1091 cal. g.-1

13. AE®(ZrD2 = —290.80 + 0.18 kcal. mole-1

cal. g.-1 of Mylar (this value was obtained from five
combustion experiments and compares with the value of
—5476.1 cal. g.-1 of Mylar obtained by Good and co-
workers?; (s) AEcotton, the energy associated with the
combustion of the cotton fuse, based on avalue of — 4050
cal. g.-1 of cotton obtained in this Laboratory; (9)
AEc°/M, the standard energy of combustion per gram of
sample when reacted according to eq. 1 or 2 (AEc’/M is
the sum of items 3 through s divided by the mass of the
sample); (10) Av. AEc’/M, the average standard energy
of combustion per gram of sample; (:1) the energy cor-
rection per gram of sample for impurities described in
the next paragraph; (12) AEC/M(Zrli3 and ARJQY
M (ZrD 2, the standard energy of combustion per gram
for pure ZrH2 or ZrD2 (13) Af?c°(ZrH3 and AEc°
(ZrD 2, the standard energy of combustion per mole of
ZrH2 and ZrD2 The uncertainties given with items
10-13 are expressed as standard deviations.

The thermal corrections for impurities in the samples
were made by assuming the impurities to be present as
follows: Magnesium as M gO; copper, iron, and lead as
elements; nitrogen as ZrN; carbon as ZrC; hydrogen
in ZrD2 as ZrH2 and oxygen as Zr02 Oxygen is the
major impurity. It requires the addition of a 0.22%
correction to the heat evolved in a combustion. The
assumption that the oxygen is present as Zr0: is con-
sistent with the results of some combustion experiments
made by us using samples of considerably higher oxygen
content than the samples used in the presently reported
series. This assumption is also in accord with the dis-
cussion of Martin and Reess on the zirconium-hydrogen
system. The amount of Zr0O: present in our samples is
too small to be detected by X-ray analysis. The cor-
rection for all the other impurities amounts to 0.03% of
the heat evolved.

1

Derived Results.— The values of some thermo-
dynamic functions which were derived from available
data are presented in Table IlI.

Tabie I

Derived Thermodynamic Functions

T, °K. ZrH2 ZrD2
Alic®, kcal, mole-1 298.15 -290.92 b 0.24 -291.69 + 0.18
kcal, mole-1 298.15 -38.90 + .31 -40.22 + .27
ASF, cal. deg.-1 mole-1 298.15 -32.13 + .04 -34.75 = .04
kcal, mole-1 298.15 -29.32 & 31 -29.86 = .27
AH{°, kcal, mole-1 0 -36.85 + .31 -38.33 x .27

The relationship AH,0 = AEc¢® + ANnRT is used to
change from a constant volume process to a constant
pressure process. The value of the term AnRT
amounted to — 0.89 kcal. mole-: for the combustion of
either ZrHz2 or ZrD2 The value —2615 + 0.2 kcal.
mole-1 was used for the enthalpy of formation of ZrO2u
The enthalpy of formation of H20:12 and D201 were
taken as — 68.3174 kcal. mole-:1 and — 70.4133 kcal.
mole-1, respectively. ASfo is the entropy of forma-
tion. The entropies, 8° at 298.15°K. of Zr,i3 liz21a
ZrH26 D214 and ZrD2 were taken as 9.292, 31.209,
8.374, 34.622, and 9.168 cal. deg.-1 mole-1, respectively.
The data given in ref. 5 13, and 14 were used to cal-
culate the enthalpies of formation at o °Iv.

The difference, AHIO (ZrH2 AHf (ZrD2, at
298.15°K. has been reported by Flotow and Osbornes
to be 1.01 * 0.08 kcal. mole-1. This difference cal-

(11) G. L. HumphrejG J. Am. Chem. Soc., 76, 978 (1954).

(12) “Selected Values of Chemical Thermodynamic Properties,” National
Bureau of Standards Circular 500, U. S. Government Printing Office,
Washington, D. C., 1952.

(13) G. B. Skinner and H. L. Johnston, J. Am. Chem. Soc., 73, 4549
(1951).

(14) H. W. Woolley, R. B. Scott, and F. G. Briclcwedde, J. Res. Natl. Bur.
Std., 41, 379 (1948).
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culated from Table Il is 1.32 + 0.29 kcal. mole-1;
the limit of error is the standard deviation based upon
the scatter of the experimental data given in Tables |
and Il as item 10. The two values agree within the
limits of the errors.

THE SURFACE CHEMISTRY OF CONDENSATION NUCLEI. 1.

Surface Chemistry of Condensation Nuclei

1509

Acknowledgment.— The assistance of Edgars Rud-
zitis for performing preliminary exploratory experi-
ments and Ben Holt and his analytical group for per-
forming the chemical and mass spectrometric analysis is
greatly appreciated.

THE SINTERING

OF SILVER IODIDE

By M. L. Corrin and Nancy S. Storm

Department of Chemistry, University of Arizona, Tucson, Arizona
Received January 11, 1968

Several methods for the preparation of finely divided reasonably pure silver iodide were investigated. The
most satisfactory involved the solution of precipitated Agl in liquid ammonia and the removal of the ammonia

under anhydrous conditions.

30 on gentle grinding.

Specific surface areas on the order of 0.6 m.2/g. thus were obtained.
face area whs found to decrease slowly with time at room temperature.

The sur-
The area was reduced by a factor of

All samples investigated were contaminated to some extent with ammonium nitrate.
The rate of change of surface area with time at 77, 100, and 125° was determined.

The rate data could be

fitted to a second-order rate equation if it were assumed that only 62% of the surface was involved in the sintering

process.
of the Agl surface is pointed out.

Introduction

For some time silver iodide has been the focus of con-
siderable attention as an efficient nucleating material
for the formation of ice from supercooled water vapor.
Although silver iodide was originally selected on the
basis of an epitactic argument,: i.e., the close similarity
of its lattice parameters to those of ice, there is presently
considerable question regarding the actual mechanism
by which silver iodide, or other solid nucleant, acts.
Presumably the surface properties of the nucleant must
be of major importance since it is the interaction be-
tween the surface of the nucleant and the surrounding
vapor which leads eventually to the formation of the
new phase.z-s

We have begun a systematic study of the surface
properties of those solids which serve as ice nucleants
and of the interaction between the surface of the nu-
cleant and water vapor. The items reported in this
investigation deal with the preparation of finely di-
vided silver iodide and with the stability of the silver
iodide surfaces thus prepared. The stability has been
measured in terms of the specific surface area and its
variation with time and temperature.

Experimental

Preparation of Agl. Precipitation from Dilute Aqueous Solu-
tion.—The optimum ion concentration for the coagulation of a
silver iodide hydrosol has been shown to be 0.142 molar.6 In
accordance with this value, silver iodide was prepared by the
dropwise addition of a 0.284 M solution of potassium iodide to a
0.284 M solution of silver nitrate to the stoichiometric end point.
The rate of addition was about 20 ml./min.; the mixture was
maintained at the boiling point and stirred vigorously during the
addition. The resulting precipitate was washed with hot water
until the washings were free of nitrate ion; all manipulations
were carried out under a red safelight. The specific surface area
of the material thus prepared as determined by the application

(1) B. Vonnegut, Appl. Phys., 18, S93 (1947).

(2) B. J. Mason, “The Physics of Clouds,” The Clarendon Press, Oxford,
1957.

(3) A. C. Zettlemoyer, N. Tcheurekdjiian, and J. J. Chessick, Nature,
192, 653 (1961).

(4) P. G. Hall and F. C. Tompkins, Trans. Faraday Soc., 58, 1734 (1962).

(5) H. A. Laitinen, “Chemical Analysis,” McGraw-Hill Book Co., New
York. N. Y., 1960.

Activation energy for the sintering process was on the order of 16 kcal./mole.

The extreme lability

of the BET relation to the adsorption of krypton at liquid nitro-
gen temperature was 0.5 m.2/g.

Decomposition of Silver lodate.—Attempts to prepare silver
iodide of large specific surface area by the thermal decomposition
of silver iodate were unsuccessful.

Precipitation from Concentrated Aqueous Solution.—It has
been reported by Birstein6 that silver iodide with a specific sur-
face area of 12.5 m.2g. was prepared by precipitation from
concentrated aqueous solution. Birstein’s procedure was
essentially duplicated by rapidly pouring together a solution
containing 59.6 g. of NH(I in 200 ml. of water and a solution
containing 67.8 g. of AgN03in 200 ml. of water. The precipi-
tate was washed at room temperature until the wash water was
free of nitrate ion. The specific surface area was found to be
0.9 m.2/g. It was suspected that the prolonged exposure of the
solid to water vapor during washing and drying may have led to
particle growth and hence the relatively low surface area. The
Birstein procedure was repeated with the addition of two washes
with absolute ethanol and one wash with anhydrous diethyl
ether. The solid was dried in vacuo. The surface area was
again about 0.9 m.2/g. Six batches of Agl on the order of 120 g.
each were prepared in this manner. The specific surface areas
ranged from 0.1 to 1.2 m.2/g. The initial colors were varying
shades of pale yellow. On exposure to light the resulting colors
ranged from orange to black. It isobvious that these supposedly
similar solids were quite different in surface properties.

Precipitation from a Nucleated Solution.—This method was
essentially that described by Jaycock and Parfitt.7 A nucleat-
ing solution was prepared by adding sufficient ethyl iodide to 200
ml. of AgNO03in ethanol to produce a solution initially one milli-
molar in silver and iodide ions. After aging this solution should
contain about 1010 Agl nuclei per ml. The solution was allowed
to stand for 20 min.; aqueous solutions of AgN03 and NH3
then were added. The solid cake obtained on filtration was
difficult to break up and the resulting low specific surface area of
0.1 m.2g. determined for the solid may have been due to the
excessive manipulation of the solid rather than to the method of
preparation.

The preparation of monodisperse Agl sols by precipitation from
aqueous solutions under conditions of controlled nucleation has
been discussed by Ottewill and Woodbridge8 and by Edwards,
Evans, and LaMer.9 The latter workers also investigated the ice
nucleating properties of their preparations. These methods,
however, involve the use of fairly dilute systems and are not
reasonably applicable to the preparation of finely divided Agl in
the large quantity required for adsorption studies.

(6) S. J. Birstein, J. Meteorol., 12, 324 (1955).

(7) M. J. Jaycock and G. D. Parfitt, Trans. Faraday Soc., 57, 791 (1961).
(8) R. H. Ottewill and R. F. Woodbridge, J. Colloid Sci., 16, 581 (1961).
(9) G. R. Edwards, L. F. Evans, and V. K. LaMer, ibid., 17, 749 (1962).
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Fig. 1. —BET plot for the adsorption of krypton on standard
anatase at 76.9 °K.

Time (days;.
Fig. 2.—The specific surface area of Agl as afunction of time of
storage at room temperature.

Precipitation from Liquid Ammonia.—It has been shown by
Coulter and Candelail that Agl may be obtained in relatively
finely divided form by decomposition of the complex formed by
Agl in liqguid ammonia. We have found that if the complex
is decomposed by removal of the liquid ammonia in the absence
of water vapor, a finely divided solid is obtained directly. In
the presence of water vapor (e.g., the use of a water aspirator to
remove the ammonia) a lump of solid is obtained. Two hundred
grams of Agl prepared by precipitation from aqueous solution
was dissolved in 150 ml. of liquid ammonia previously dried
over metallic sodium. The ammonia was removed by distil-
lation into a bath held at liquid nitrogen temperature. The
solid was brought to room temperature under fore-pump vacuum.
When the white complex had completely decomposed, the yellow
Agl was obtained largely in the form of a fine powder. Two
hundred grams of Agl prepared in this manner were used for the
sintering studies described below.

It has been shown by Biltz and Stollenwerka@ that the equi-
librium pressure of ammonia over the most stable Agl ammonia
complex (Agl-0.5NH3) is on the order of 30 mm. at 20°. Since
the samples of Agl which we employed in our adsorption studies
maintained a pressure of less than 1 x 10“4mm. for at least 3 hr.
after pump-out, it is quite obvious we were not dealing with the
complex. X-Ray diffraction studies indicated the material pre-
pared from liquid ammonia solution was silver iodide with a
complex fault structure. These X-ray diffraction results will be
discussed elsewhere.

.Effect of Grinding on Surface Area.— The material used was
prepared by precipitation from aqueous solution. The sample
used as control had a specific surface area of approximately
1 m.2/g. A second sample was placed on a watch glass and a
second watch glass placed over the first was rotated gently.
This second sample possessed a specific surface area after such
gentle grinding of less than 0.03 m.2/g.

(10) L. V. Coulter and G. A. Candela, Z. Elektrochem., 56, 449 (1952).
(11) W. Biltz and W. Stollenwerk, Z. anorg. allgem. Chem., 114, 174
(1920).

M. L. Corrin and Nancy S. Storm

Yol. 67

Contamination.—When Agl prepared by precipitation from
aqueous solution was heated to temperatures exceeding 50°
in vacuo on the order of 1 X 10-s mm., a white sublimate col-
lected in the cold portion of the system. This material was
identified by spot tests as ammonium nitrate. The amount of
sublimate varied from sample to sample and was observed w'ith
material prepared by means of the liquid ammonia treatment.
Thus even though the wash water in the Agl preparation was
free of nitrate ion, the precipitated Agl contained this ion as a
contaminant. Some doubo thus arises as to the validity of
measurements made of the adsorption of water vapor on Agl
prepared by precipitation from aqueous solution. The existence
of a hygroscopic impurity in their material was suspected by
Coulter and Candela.10

Determination of Surface Area.— Specific surface areas were
calculated by the method of Brunauer, Emmett, and Teller2
from krypton adsorption data determined at liquid nitrogen
temperature. The adsorption system employed was conven-
tional; samples were metered out with a doser and pressures
measured with a McLeod gage and a cathetometer. At the
pressures involved thermal transpiration corrections are negli-
gible. Krypton and helium used for dead space determinations
were obtained in sealed glass bulbs. The adsorption bulb was
wrapped in black plastic tape to minimize the effect of light on the
Agl.

There has been some question in the literature with regard to
the proper saturation pressure and area per molecule in the mono-
layer to be used with krypton.13-17 Consequently we calibrated
the krypton technic by determining adsorption isotherms on a
sample of anatase of known area.18

The vapor pressure of solid krypton in the liquid nitrogen bath
was measured as 1.62 mm. This, according to Freeman and
Halsey,10 corresponds to a temperature of 76.9°K. (The at-
mospheric pressure over the liquid nitrogen bath was on the
order of 710 mm.) From the equations of Freeman and Halsey
the vapor pressure of supercooled liquid krypton at 76.9°K.
may be calculated as 3.09 mm. A krypton adsorption isotherm
at 76.9°K. was measured on the Harkins and Jura standard
anatase (specific surface area of 13.8 m.2/g.); the BET plot for
this isotherm is given in Fig. 1 with p0 = 3.08 mm. From the
BET monolayer capacity, the area occupied”™per krypton mole-
cule in the monolayer was calculated as 18.2 A.2 This value was
employed in all further calculations.

Treatment of Samples.—The adsorption bulb employed was
cylindrical in form. In all temperature runs a zero time isotherm
and surface area were measured. The various samples were
heated in a 1-1. silicone oil bath controlled to + 2° by a thermo-
regulator; magnetic stirring was employed. Temperatures
were measured with a mercury in glass thermometer checked at
the ice point. Time intervals were measured from the time the
bath was placed about the sample tube and the time the bath
was removed. The bulb was allowed to cool in air.

In one run the Agl was exposed during heating to water vapor
supplied from a reservoir of the liquid maintained at 0°. The
sample was then dried for at least 48 hr. at room temperature
and in vacuo before the isotherm leading to the surface area was
measured.

Results and Discussion

It was found impossible to prepare samples of re-
producible surface properties by the precipitation of Agl
from aqueous solution. The maximum surface area ob-
tained by such precipitation was 2 m../g- The surface
areas of the various preparations differed widely. The
use of liquid ammonia as a solvent allowed the repro-
ducible preparation of Agl samples with surface areas of
approximately 0.6 m.2/g. All samples prepared from
AgNOsand NH4 were contaminated with NHsN O 3

The finely divided Agl proved very sensitive to han-

(12) s. Brunauer, P. H. Emmett, and E. Teller, 3. Am. Chem. Soc., 60, 309
(1938).

(13) R. A. Beebe, J. B. Beckwith, and J. M. Honig, ibid., 67, 1554 (1945).

(14) P. J. Malden and J. D. F. Marsh, J. Phys. Chem., 63, 1309 (1959).

(15) G. L. Gaines, Jr., and P. Cannon, ibid., 64, 997 (1960).

(16) P. Cannon and G. L. Gaines, Jr., Nature, 190, 340 (1961).

(17) J. M. Haynes, J. Phys. Chem., 66, 182 (1962).

(18) W. D. Harkins and G. Jura, J. Am. Chem. Hoc., 66, 1362 (1944).
(19) M. P. Freeman and G. D. Halsey, J. Phys. Chem., 60, 1121 (1956).
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dling in terms of its surface area. Simple grinding be-
tween two watch glasses resulted in a loss in surface
area from 1.0 to 0.03 m../g. This effect is not due to
pressure alone. When a sample of Agl was stored for
26 days under a weight equivalent to a pressure of o.1
atmospheres the surface area decreased by only 1:1%.

The specific surface area was found to decrease
slightly with time during storage. Over a period of
ninety days the area decreased from 0.576 to 0.437 m .2/g.
A plot of specific surface area vs. time of storage is given
in Fig. 2. This is another measure of the instability of
the Agl surface.

The change in specific surface area with respectto time
at 55, 77, 100, and 125° is illustrated in Fig. 3. The
reproducibility of sintering runs as well as the effect of
water vapor during the run is indicated in Fig. 4 for
100°. Heating in the presence of 4.58 mm. of water
vapor at 100° does not affect the sintering rate of Agl.

Our results may be tentatively explained on the fol-
lowing basis. It is obvious that the plots of specific sur-
face area vs. time level off and do not approach zero sur-
face area at infinite time. Therefore we assume that
only aportion of the surface is involved in the sintering
processwhile theremainderisinactive; we designate that
portion which sinters as the active portion of the surface.
Thus & = *81 — b) in which brepresents the inactive
fraction of the surface area. The specific surface areas
at the various temperatures as a function of time of
heating are given within 2% by a relation of the form

*Se/dE = -fcSa:

i.e., in effect a second-order rate equation in active sur-
face area. The best fit of this equation to the observed
data is obtained if bis set equal to 0.38 for runs at 125,
100, and 77°. No attempt was made to fit the data ob-
tained at 55 ° since the change in surface area with time

was small. The following rate constants were obtained
K, specific rate constant,
Temp. (°C.) g. hr./m.2
7 0.125
100 0.540
125 2.09

The activation energy for the sintering process calcu-
lated from the values of k at 125 and 100°is 16.0 kcal.
while that calculated from the constants at 100 and 77°

Surface Chemistry of Condensation Nuclei loll

Fig. 3.—The specific surface area of Agl as a function of time of
heating at 55, 77, 100, and .125°.

Time (hr.).
Fig. 4.—The effect of water vapor on the sintering of Agl at 100°:
O, 4.58 mm. of H20.

is 16-6 kcal. This activation energy is quite small for
processes involving solid phase reactions and serves, in
some sense, to explain the great lability of the Agl sur-
face. The second-order rate equation also indicates
that the sintering occurs by the fusion of particles
rather than by particle growth
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The resolution and analysis of the components in hydrogen—deuterium-tritium mixtures have been accom-

plished by gas chromatography at 77°K.
tities (VT2 = 10~&2 X 10_I me. per standard ml.).

Tritium was incorporated into the sample mixtures in tracer quan-
Helium, hydrogen, and neon were employed as carrier
gases with several columns containing activated alumina and ferric oxide on alumina.
tope separation were observed with different carriers, adsorbents, and conditions of column activation.
tion factors for the hydrogen isotopes and isomers on various columns at 77 °K. were calculated.

Varying degrees of iso-
Separa-
Flow-modified

ionization chambers and a Cary Model 31 vibrating reed electrometer equipped with a 1010 (or 1011) ohm leak
resistor were employed in series with thermistor-equipped katharometers for the detection of radioactive and

non-radioactive hydrogen isotopes.

Outputs from the electrometer and the katharometer were recorded simul-
taneously on two synchronized Brown electronic recorders.

Simultaneous ionization chamber and katharometer

detection of para-hydrogen, ortho-hydrogen, hydrogen deuteride, and deuterium has been observed.

lii recent years various degrees of separation and
analysis of hydrogen isotopes and isomers by gas
chromatography have been reported.:i-11  These in-
vestigations, in general, have concentrated on the resolu-
tion of para-hydrogen, ortho-hydrogen, hydrogen deu-
teride, para-deuterium, and ortho-deuterium, or normal
hydrogen, hydrogen deuteride, and normal deuterium
without the inclusion of the radioactive hydrogen iso-
topes in the gas mixtures.

Gant and Yangi2 have reported the resolution of hy-
drogen, tritium hydride, and tritium in gas mixtures
containing approximately 1 atom per cent tritium on a
molecular-sieve column at — 161° with helium carrier.
Smith and Carteris have extended the resolution and
analysis to mixtures containing tritium in tracer quan-
tities (mole fraction = 10“4 on several columns
with helium and hydrogen carriers at 77°K.

With some modifications in previous techniquesis and
equipment, the resolution and analysis of gas samples
containing all of the various hydrogen isotopes and
isomers, where tritium-containing components were
present at tracer levels, have been effected.

Experimental

Apparatus and Materials.—The essential features of the
chromatographic and detector systems employed were as fol-
lows: The carrier gas from a tank was passed through a sampling
system as shown in Fig. 1, thence through the chromatographic
column followed immediately by a thermostated (25°) katha-
rometer, similar to that described by Thomas,14 and a 50-ml.
Borkowski ionization chamber, or interchangeable 5-ml. brass
chamber, attached to a Cary Model 31 vibrating reed electrom-
eter obtained from the Applied Physics Corporation, Monrovia,

(1) C. O. Thomas and H. A. Smith, Phys. Chern., 63, 427 (1959).

(2) H. A. Smith and P. P. Hunt, ibid., 64, 383 (1960).

(3) P. P. Hunt and H. A. Smith, ibid., 65, 87 (1961).

(4) W. R. Moore and H. R. Ward, J. Am. Chem. Sot.., 80, 2909 (1958).

(5) W. A. Van Hook and P. H. Emmett, J. Phys. Chem., 64, 673 (1960).

(6) S. Ohkoshi, Y. Fujita, and T. Kwan, Bull. Chem. Snr. Japan, 31,
770 (1958); 3. Ohkoshi, S. Tenma, Y. Fujita, and T. Kwan, ibid., 31, 772
(1958); S. Ohkoshi. S. Tenma, Y. Fujita, and T. Kwan, ibid.. 31, 773 (1958).

(7) W. R. Moore and H. R. Ward, J. Phys. Chem., 64, 832 (1960).

(8) T. Kwan, J. Res, Inst. Catalysis Japan, 8, 18 (1960).

(9) S. Furuyama and T. Kwan, J. Phys. Chem., 65, 190 (1961).

(10) F. Botter, G. Perriere, and S. Tistchenko, Comm. Energie At.
(France), Rappt., CEA No. 1962 (1961).

(11) L. Bachmann, E. Bechtold, and E. Grenier, J. Catalysis, 1, 113
(1962).

(12) P. L. Gantand K. Yang, Science, 129, 1548 (1959),

(13) H. A. Smith and E. H. Carter, Jr., “ Proceedings of the International
Atomic Energy Agency Symposium on the Use of Tritium in the Physical
and Biological Sciences,” Vol. I, Vienna, Austria, 1962, pp. 121-133.

(14) C. O. Thomas, J. Chem. Edw., 36, 527 (1959).

California; thence through a flowmeter followed by an oxidizing
unit to convert any hydrogen to water vapor and finally through
a trap containing Linde Molecular Sieves (size 5A) at Dry Ice-
acetone temperature. The katharometer and electrometer
outputs were connected to synchronized Brown recording poten-
tiometers. A leak resistor of 1010 (or 10u) ohms was installed
in the electrometer head between the input terminal and the
feedback line, thus allowing the use of a flow system for con-
tinuous monitoring of tritium activity emerging from the column.

The reservoirs attached to the sample by-pass cell, as shown in
Fig. 1, were used for the preparation of equilibrating or equili-
brated mixtures of hydrogen-deuterium-hydrogen deuteride,
hydrogen-tritium-tritium hydride, and deuterium-tritium-tri-
tium deuteride. They consisted of 100-ml. glass bulbs carrying
two tungsten leads which were brazed to coiled nichrome wire
heating elements for isotope exchange equilibration. Various
sample mixtures from these reservoirs were injected, at known
pressure and volume, into the chromatographic column by di-
version of the carrier gas stream through the sample by-pass cell.

The tritium content of one-curie ampoules13 of tritium contain-
ing 0.89 ml. of tritium at 475 mm. pressure was expanded into
evacuated metal cylinders of known volume and diluted with
hydrogen, deuterium, helium, or neon to the desired tritium
activity per standard ml. of gas (0.20-0.25 me.) for use in the
chromatographic experiments. The original mole ratios of
tritium to diluent in these gas mixtures were in the range 1 .0-
1.3 X 10-4. However, since slow exchange of tritium-hydrogen
and tritium-deuterium occurred in the metal reserve tanks, this
figure, when corrected for radioactive decay, actually represented
one-half the tritium hydride or tritium deuteride mole fraction
plus the tritium mole fraction present at any time.

The following procedure, similar to that of Moore and Ward,®
was used to prepare the ferric oxide on alumina columns: An
80-100 mesh cut of Grade F-20 activated alumina, obtained
from the Aluminum Company of America, weighing 250 g. was
covered with 400 ml. of a 2 M solution of ferric chloride in a 1-1.
erlenmeyer flask. Stirring was carried out intermittently to
allow adequate penetration of the alumina by the ferric chloride
solution. After a 15-min. stirring period, 3 M aqueous am-
monia was added to the slurry until ferric hydroxide precipitation
was complete. Stirring was continued during this precipitation.
The suspended material was then stirred thoroughly over a 1-hr.
period and filtered. The ferric hydroxide precipitate adhered to,
or coated, the alumina in this process. The filtered material
was then washed several times with distilled water, transferred
to an evaporating dish, and placed in a preheated oven at 120°
for 24 hr. The dried material was then crushed, rescreened to
80-100 mesh, and used to pack several 7-mm. diameter Pyrex-
eoiled columns of various lengths for use in the chromatography
experiments. These columns were equipped with small stand-
ard-taper ball and socket joints for attachment to the apparatus.

The uncoated activated alumina columns were prepared by
packing various lengths of 7-mm. diameter Pyrex coils with 80-
100 mesh, Grade F-20, activated alumina.

Each column, after installation into the chromatography
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apparatus, was cooled to liquid nitrogen temperature (77 + 1°K.)
in a2-1. or 1-1. dewar flask for the elution experiments.

Helium, hydrogen, and neon were employed as carrier gases.
Helium, hydrogen, and deuterium have only slightly different
thermal conductivities. This property necessitated operation of
the katharometer circuit at very high sensitivity for adequate
detection of these gases in the presence of excess helium, or
preliminary sample oxidation to water vapor prior to detection
in the katharometer. For samples containing tritium activity,
preliminary oxidation resulted in considerable loss in ionization
chamber sensitivity to this activity, in comparison with unoxi-
dized gas-phase detection, and produced considerable elution
peak tailing for radioactive tritium components. Therefore
unoxidized gas-phase detection of the isotopes was employed
and adequate sensitivity to non-radioactive isotopes obtained
by high-sensitivity operation of the katharometer circuit.

Helium in a high state of purity was obtained from the Medical
Gas Division of Welding Gas Products Company, Knoxville,
Tennessee, and was used with and without purification with no
resultant change in characteristic hydrogen and deuterium
chromatograms. Purification was attempted by passage of the
helium through a Linde Molecular Sieve (5A) trap cooled to
77°K.

Neon produces greater sensitivity to hydrogen and deuterium
detection by change in thermal conductivity than does helium
and can be employed as a carrier gas at liquid nitrogen tempera-
ture. Research grade neon was obtained in a high state of
purity from the Matheson Company, East Rutherford, New
Jersey, and was used without further purification.

Hydrogen was also used as a carrier gas. The hydrogen em-
ployed was obtained from Welding Gas Products Company,
Knoxville, Tennessee, and was used with and without purification
with no resultant change in characteristic deuterium chromato-
grams. Purification was identical to that employed with helium.
Deuterium reported to be 99.5% pure was obtained from General
Dynamics Corporation, San Carlos, California.

Experimental Results and Conclusions

Activated Alumina Columns.— With an s-ft. acti-
vated alumina column varying degrees of column ac-
tivity (dehydration) had a marked effect on the reten-
tion times and resolution of hydrogen isotopes. This
effect is shown in Fig. 2 for the resolution of the radio-
active hydrogen isotopes. As can be seen from an ex-
amination of the figure, a progressive increase in activa-
tion or dehydration produced an increase in the isotope
separation. The method of column activation was un-
important but the final state of activation (extent of
water removal) was extremely important and exhibited
an upper limit beyond which isotope retention times
became prolonged and considerable band broadening
was observed even with marked increase in carrier
flow rate. Similar degrees of column activity to that
given for part C of Fig. 2 were obtained by column ac-
tivation at 370° for a period of s hr. under a low helium
flow rate.

Under the latter conditions of column activation, the
alumina column was found to be effective in the resolu-
tion of hydrogen, tritium hydride, deuterium, tritium
deuteride, and tritium, as shown in Fig. 3, with only
partial equilibration of para-hydrogen and ortho-hydro-
gen observed at the high column activity. The partial
p-H2  o-H:interconversion was evidenced on alumina
columns which had been extensively dehydrated. This
phenomenon has been reported previously by Moore and
Wardz and good agreement was found here.

An interesting feature of the electrometer recorder
traces for samples similar to that shown in Fig. 3 was
evidenced upon conversion from the small-volume (5-
ml.) ion chamber to the larger-volume (50-ml.) Bor-
kowski chamber. A somewhat elevated background
ion current was exhibited by this chamber partly due to
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Fig. 1.—Chromatographic sample by-pass cell.

20 25 30 35 40
Time after sample introduction, min.

Fig. 2—Typical electrometer recorder traces for H2 + T2 c-
2HT and D2 - T2 <5 2D T samples showing the effect of varying
degrees of column activation on retention times and resolution of
active components on the 8-ft. alumina column with helium
carrier at 77°K. lon chamber, 5 ml., polarizing potential, —135
v. Column activation prior to samples: (A) heated column in
air to 138° for 48 hr. after complete deactivation with H20, then
heated at 200° for 3 hr. under vacuum; (B) part A, then heated
in a gas-air flame under vacuum for 5 min.; (C) parts A and B,
then heated in gas-air flame under vacuum for 10 min.

Time after sample introduction, min.

Fig. 3.—Typical synchronized electrometer and katharometer
recorder traces for H2+ T2 <=i2HT (0.68 std. ml.) and D2+ T2ut
2DT (0.83 std. ml.) sample mixtures with neon carrier at a flow
rate of 65 ml. per min. through 8-ft. activated alumina column
at 77°K. lon chamber, 5 ml., polarizing potential, —135v. Col-
umn activation prior to sample—part C of Fig. 2.

its inherently greater sensitivity to small residual ion
currents and also to a pretreatment procedure with a
neon-tritium sample having an activity of 245 X 10_:
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62 67 72 77 82 87 62
Time after sample introduction, min.

Fig. 4—Typical electrometer recorder trace for H2H T-D 2
DT-T. sample mixture (5.23 std. ml.) with helium carrier at a
flow rate of 100 ml./min. through an 8-ft. activated (370°, 8 hr.)
alumina column at 77°K. lon chamber, 50 ml., polarizing poten-
tial, —135 v.

me. per standard ml. Under these conditions resolu-
tion of hydrogen, tritium hydride, deuterium, tritium
deuteride, and tritium was evidenced and adequate
detection of both radioactive and non-radioactive hy-
drogen isotopes was observed with the ion chamber and
electrometier as shown in Fig. 4. The small-volume
chamber did not exhibit this property.

Hydrogen and deuterium detection sensitivity on the
electrometer has been investigated and seems to be a
function of the background activity level in the ion
chamber. The higher the background ion current, up
to a maximum of about 1 X 10~n amp., the greater was
this detection sensitivity. However, no appreciable
difference in hydrogen and deuterium detection was ob-
served for equivalent samples eluted at various back-
ground levels in the range 10-12 to 10_u amp. At
backgrounds below 10 -~12 or 10 - 13 amp. this sensitivity
decreased. These measurements, of course, were ob-
served at a fixed electrometer sensitivity. At higher
electrometer sensitivities adequate detection of hydro-
gen and/or deuterium elution was obtained even at
residual ion current levels as low as 10-:3 amp. For a
given electrometer setting this detection characteristic
was reduced considerably by prolonged evacuation and
heating of the ion chamber. This procedure, applied
over a 24-hr. period, reduced the residual ion current in
the chamber to about 10- 16 amp. With the small-vol-
ume chamber this detection did not occur appreciably,
though it could be induced slightly with high back-
ground activities (200-400 /:,c. C 14 in the form of labeled
nonadecanoic acid deposited on a copper plate attached
to the inner wall of the chamber) and high ion-current
sensitivities on the electrometer.

With hydrogen as the carrier gas, no detection of deu-
terium and/or hydrogen deuteride was observed on the
electrometer. With neon carrier, ion-chamber elution
of hydrogen and deuterium was indicated but at con-
siderably decreased sensitivity to that observed with
helium carrier. Adequate detection sensitivity to non-
radioactive isotope elution by the 50-ml. chamber with
helium carrier occurred in every instance where the re-
sidual ion current was ~ 10-12 or / 10_u amp. Re-
sidual ion currents greater than 10 ~u amp. were imprac-
tical since high electrometer sensitivities were necessi-
tated for adequate detection of the tritium concentra-
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tions employed, and conversely low electrometer sensi-
tivities were necessary for maintenance of a sufficient
electrometer bias range at high background currents.
These conditions, therefore, limited the residual ion-cur-
rent elevation.

No relationship between polarizing potential applied
to the chamber and electrometer sensitivity to hydro-
gen and deuterium detection was observed, as long as
this potential was maintained in the ionization chamber
region (0-500v.).

A direct quantitative relationship between hydrogen
and deuterium pressure, at fixed volume, and elec-
trometer response with the high-background 50-ml.
chamber was also observed; that is, the magnitude of
the shift in the charge rate <*leak rate equilibrium posi-
tion was found to be directly proportional to the hydro-
gen or deuterium concentration in the helium carrier.

To eliminate the possibility of a memory effect, a
separate alumina column was prepared and pure hydro-
gen, deuterium, and hydrogen-deuterium chromato-
grams were obtained, identical to the hydrogen and
deuterium bands shown in Fig. 4, prior to the exposure
to any tritium activity.

There was a striking similarity between the proper-
ties of the 50-ml. ion chamber plus low specific back-
ground activity in conjunction with the vibrating reed
electrometer and beta-ionization detectors of low vol-
ume plus high specific background activity employing
helium as the carrier gas.isite These beta-ionization
detectors v'ere of mudi lower volume (-: ml) and
employed a fixed beta source (Sr-90) of much higher
specific activity than the tritium employed in the work.
Less-sensitive electrometers were employed for ion-cur-
rent amplification since residual ion currents were much
greater. The Sr-90 beta source in these detectors pro-
vides beta particles of sufficient energy to excite carrier
gas molecules to a metastable energy state, which upon
collision with sample molecules release this energy
through ion-pair formation. Commercial helium gen-
erally contains sufficient neon, as an impurity, to make
it unsuitable for a carrier gas in such detectors, since
transferal of energy by metastable helium to neon oc-
curs thereby decreasing the probability of occurrence of
energy transfer through ion-pair formation. This dif-
ficulty was partially overcome by decreasing the neon
content of the helium carrier by passage through a trap
containing silica gel at liquid nitrogen temperature prior
to the detector. A similar purification occurred in this
work since neon was more strongly adsorbed on the
alumina columns at liquid nitrogen temperature than
was helium. The 50-ml. ion chamber could thus have
functioned as a beta detector with helium carrier
through the presence of residually adsorbed tritium in
the chamber.

With a 12-ft. alumina column, activated at 340° for
53 hr. under a low helium flow rate, helium failed to
elute adequately the hydrogen isotopes at 77°K. W ith
hydrogen carrier, however, adequate resolution of hy-
drogen deuteride, tritium hydride, deuterium, and tri-
tium was observed as shown in Fig. 5. The addition of
tritium deuteride to similar sample mixtures resulted in
considerable overlap of the deuterium, tritium deuteride,
and tritium bands as shown in Fig. 6. These results in-

(15) R. V. Parish and W. H. Parsons, Chem. Ind. (London), 1951 (1901).
(10) J. Serpinet, Anal. Chini. Acta. 25, 505 (1961).
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dicated that longer and more highly activated alumina
columns were adequate for the resolution of isotope mix-
tures with hydrogen carrier which did not contain tri-
tium deuteride. In such instances where complete
resolution of isotopes is not necessary, adequate detec-
tion of the five remaining isotopes of hydrogen can be
observed. Increased column length and similar condi-
tions of activation were found to improve the tritium
deuteride-tritium resolution. However, pronounced
improvement was not evidenced for appreciable in-
creases in column length.

Ferric Oxide on Alumina Columns.— With three ferric
oxide on alumina columns containing 20% by weight
ferric oxide in series and having a total length of 19 ft,.,
adequate resolution of all the hydrogen isotopes was ob-
served with helium carrier at 77°K. A typical syn-
chronized electrometer and katharometer recorder
trace for a sample mixture of the hydrogen isotopes is
shown in Fig. 7.

Preliminary deactivation and partial reactivation of
the column was necessary in order to obtain optimum
isotope resolution. This procedure consisted of column
deactivation by filling with distilled water followed by
reactivation at 145° for a period of 8-12 hr. under a low
helium flow rate. An alternative procedure for water
removal, which proved equally effective, was to heat the
column to 250° after deactivation for a period of 3 hr.
under vacuum. The resolution of hydrogen isotopes
under these conditions was such that fractional oxida-
tion and collection of sample components could be ef-
fected. W ith these columns hydrogen was detected in a
single band as normal hydrogen since the columns ef-
fectively catalyzed the interconversion of spin isomers.
This column series also proved effective in the resolution
and analysis of isotopes involved in separate equilibrat-
ing mixtures of H>T >H T, IT T.,, DT, and H2>D 2-HD.

Activated Alumina-Ferric Oxide on Alumina Column
Series.— Of concern in the resolution of hydrogen, hy-
drogen deuteride, and deuterium on alumina columnss
and molecular sieve columnss- 10 has been the ever-exist-
ent overlap of the ortho-hydrogen and hydrogen
deuteride bands. This overlap is, of course, eliminated
by the presence of a paramagnetic material on the
columnss which rapidly catalyzes the interconversion of
nuclear spin isomers and hence is not important in
terms of resolution and analysis of hydrogen-hydrogen
deuteride-deuterium mixtures. It would be of inter-
est, however, to resolve para-hydrogen, ortho-hydro-
gen, hydrogen deuteride, and deuterium on a single
chromatogram.

Recently, Furuyama and Kwans suggested that this
could be accomplished by the use of an alumina column
and a paramagnetic-supported alumina column in
series at 77°K. with helium carrier. Their reasoning
was that leading para-hydrogen eluted from the alumina
column should undergo rapid para ortho intercon-
version during passage through the paramagnetic col-
umn and thus present a single band, and that trailing
ortho-hydrogen from the alumina column .should
undergo a similar interconversion and also present a
single band. Hence, if the first column was effective in
the resolution of para-hydrogen, ortho-hydrogen plus
hydrogen deuteride, and deuterium, and the second
effective in the resolution of normal hydrogen, hydro-
gen deuteride, and deuterium, the column series

Separation oe Hydrogen-D euterium-T ritium Mixtures by Gas Chromatography
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Fig. 5.—Typical synchronized electrometer and katharometer,
recorder traces for H2+ T2~ 2HT (0.28 std. ml.) and H2 + D2
ca 2HD (1.84 std. ml.) sample mixtures with hydrogen carrier at
a flow rate of 75 ml./min. through a 12-ft. activated (840°, 58
hr.) alumina column at 77°K. lon chamber, 5 ml., polarizing
potential, —135 v.

0 25 5 75 10 125 15
Time after sample introduction, min.

Fig. C—Typical synchronized electrometer and katharometer
recorder traces for H2 + D2 2HD (3.38 std. ml.), H2 + T2i=i
2HT (0.84 std. ml.), and )2+ T2 2DT (0.43 std. ml.) sample
mixtures with hydrogen carrier at a flow rate of 65 ml. per minute
through a 12-ft. activated (340°, 53 hr.) alumina column at 77°K.
lon chamber, 5 ml., polarizing potential, —135 v., 100 mv. full-
scale sensitivity.

should resolve para-hydrogen, ortho-hydrogen, hy-
drogen deuteride, and deuterium. These investiga-
tors, however, failed to show a chromatogram for such a
resolution.

Recent investigations in this Laboratory, as shown in
Fig. s, with asimilar column series at 77°K., have shown
that the resolution of para-hydrogen, ortho-hydrogen,
hydrogen deuteride, and deuterium by this technique
was difficult and incomplete due to the remaining over-
lap of the ortho-hydrogen and hydrogen deuteride
bands. Even though the inclusion of hydrogen deu-
teride in the sample mixtures thus necessitates, at pres-
ent, the use of paramagnetic-supported alumina for ade-
guate resolution of hydrogen and hydrogen deuteride,
further work was indicated with longer columns, smce
the reasoning about the feasibility of such columns’in
series for such a separation seems to be correct. Two
bands (ortho-hvdrogen and hydrogen deuteride) were
definitely in evidence, as shown in Fig. s, whereas with
pure alumina only a single band occurs.

Separation Factors.— Separation factors for various
hydrogen isotopes and isomers on various columns at
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Fig. 7—Typical synchronized electrometer and katharometer
recorder traces for H2 + D2 us 2HD (1.48 std. ml.), H2 + T2
2HT (1.20 std. ml.), and D2 -f- Y2 2DT (0.69 std. ml.) sample
mixtures with helium carrier at a flow rate of 75 ml./min. through
a series of partially deactivated ferric oxide on alumina columns,
19 ft. in length, at 77°K. lon chamber, 50 ml., polarizing poten-
tial, —135 v., 1-v. full-scale sensitivity.

Time after sample introduction, min.

Fig. 8 —Typical electrometer recorder trace for H2 + D2 <%
2HD sample (1.91 std. ml.) with helium carrier at a flow' rate of
150 ml./min. through a 6-ft. activated (370°, 8 hr.) alumina col-
umn in series with an 8-ft. partially deactivated (water, 140°)
ferric oxide on alumina column at 77°K. lon chamber, 50 ml.,
polarizing potential, —135 v., 100-mv. full-scale sensitivity.

77°K. were calculated from sample chromatograms us-
ing the relationshipw

U — to
«1,2 A — 1o (1)
where h and k are the retention times for the individual
components, and to is the retention time of a marker
not adsorbed on the column.

Since both the electrometer and katharometer re-
corders had synchronized chart speeds, each chart
could be marked simultaneously and reproducibly with
recorder polarity reversal switches upon introduction of
the chromatographic sample to the column. The re-
sulting fiducial marks were taken to be zero time, and
all component retention times were referred to these
zero-time reference marks. Equation 1thus simplifies
to

(17) V. J. Coates, H. J. Noebels, and |I. S. Fagerson, “Gas Chromatogra-
phy,” Academic Press, New York, N. Y., 1958, p. 315.
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hc
«1,2 2
hc 2)
where C represents the synchronized chart speed in in./
min. Equation 2further simplifies to

<h
12 = 3
« dl ( )
where <hand <hrepresent the distances (in. or cm.) from
the zero-time reference to the respective component
peak maxima in the chromatograms. Some relative
separation factors calculated in this manner are given in
Table I.

Table |

Separation Factors for Various Hydrogen' Isotopes and
Isomers on Various Columns at 77°K.
Chromatographic Chromatographic

column@ column®

«6 1 I 11 A 1 1 11
HD, H2 1.22 DT, HT 1.60 1.30 1.34
d2 h2 1.49 t2, HT 1.93 1.47 1.486
HT, H2 1.42 t2,dt 1.20 1.13 1.13
DT, H2 1.85 o-H2 p-H, 1.37
t2 h2 2.08 HT, p-H2 2.01
D, HD 122 1.32 d2p-H2 2.25
HT, HD 1.17 1.10 DT, p-H2 3.30
DT, HD 1.52  1.48 T2, p-H2 3.86
T., HD 1.71 1.70 HT, o-H2 1.46
Ds, HT 1.12 1.05 1.20 D», o-H?2 1.64
DT, D2 1.43 1.24 1.11 DT, o-H2 2.33
72 Do 1.72  1.40 1.28 T2 o-H2 2.81

“ Column 1, 8-ft. activated alumina (Grade F-20, 80-100 mesh),
helium carrier; 11, 19-ft. ferric oxide (20%) on alumina, helium
carrier; 111, 12-ft. activated alumina (Grade F-20, 80-100 mesh),
hydrogen carrier. hThese are average values obtained from sepa-
ration factors calculated from a series of chromatograms. The
average deviation from the mean for the calculated factors was
+ 0.01.

It should be emphasized that differing degrees of
alumina dehydration for the s-ft. and :2-ft. alumina
columns and the reactivation conditions for the ferric
oxide on alumina columns markedly affected the magni-
tude of the separation factors, and hence component
resolution, for various hydrogen isomers and isotopes.
In particular, those isotopes showing the largest separa-
tion factors were affected more by varying degrees of
column activity than were those showing smallseparation
factors. The values given in Table | are thus values
which were obtained after column activations which
would produce optimum resolution for amaximum num-
ber of hydrogen isotopes with reasonably short retention
times for the various components.

Factors ranging from 1.00 (no resolution) up to the
optimum (not necessarily maximum) resolution values
given were observed on all three of the columns reported
and were dependent upon the degree of column activity
during the sample run. The column activity was de-
termined directly by the column pretreatment condi-
tions, temperature, and time of activation and was em-
pirically measured as a function of the observed magni-
tude of the tritium -tritium hydride separation factor.
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FURTHER STUDIES ON THE MASS SPECTRA OF BUTANOLS.

Mass Spectra of Butanols
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The mass spectra of 1l-butanols labeled in the 3- and 4-positions have been obtained in order to extend the

existing knowledge of the fragmentation characteristics of alcohols.

It is shown that transfer of a hydrogen

leading to the rearrangement in which H2 is lost and the C4H8+ ion is formed is specific to the hydrogens on

position 4.
from those on carbons 2, 3, and 4.
change with the others.

Introduction

In prior publicationszs the mass spectra of 1,1-di-
deuterio-l-butanol, :-monodeuterio-l-butanol, and -
monodeuterio-lI-butanol were reported. The data
permitted conclusions with respect to many of the im-
portant reactions of :-butanol under electron impact.
The selectivity of alcohols to break at the positions /?
to the hydroxyl in forming simple bond break ions was
shown in accordance with prior studies on alcohol
fragmentation..s 7 Some selectivity was indicated
for the abundant ion CsHs+ formed by loss of |i 2D
but without data from compounds labeled in posi-
tions 3 and 4 a fuller understanding of this rearrange-
ment could not be obtained. Similarly, no informa-
tion on the formation of the interesting rearrangement
ion at mass 33, CHsOH2+, was possible. In view of
continued interest in the field of mass spectral frag-
mentation, this study was made to clarify uncertain
features not determined in the prior works.

Experimental

Sample Preparation. 3-Deuterio-lI-butanol.—A solution of
2.40 g. of 3-chloro-I-butanol prepared either from 1,3-butanediol
sulfate8 or from 1,3-butanediol9and hydrochloric acid, in 10 ml.
of anhydrous ether was added to a cooled, stirred solution of 1.66
g. of lithium aluminum deuteride in 25 m|. of ether. Stirring was
continued for 24 hr., and the reaction mixture was slowly hy-
drolyzed with cold water. Cold dilute hydrochloric acid then
was added to neutrality and the ether layer was separated. The
aqueous layer was extracted twice with 15-ml. portions of ether
which were combined with the original ether layer. This was
washed with a small amount of water, dried over magnesium sul-
fate, and the ether removed by fractional distillation. The
residue was purified by gas chromatography on a Carbowax-20M
column, 7 ft. long X 1in. diameter at 120°. The 3-deuterio-I-
butanol was collected and re-run for further purification. Vac-
uum transfer yielded 3-deuterio-l-butanol (as shown by proton
magnetic resonance spectrum) in about 15% yield.

4-Deuterio-l-butanol.—A solution of 6.0 g. of 4-chloro-1 -butyl
benzoatelo dissolved in 20 ml. of ether was added to a solution of
1.6 g. of lithium aluminum deuteride in 50 ml. of ether with stir-
ring, as described above. After 24 hr. the reaction product was
worked up in the manner previously described. In addition to
4-deuterio-l-butanol, the a.a-dideuteriobenzyl alcohol formed
from the benzoyl moiety of the starting material was also sep-

(1) A Laboratory of the Western Utilization Research and Development
Division, Agricultural Research Service, U. S. Department of Agriculture.

(2) W. H. McFadden, M. Lounshury, and A. L. Wahrhaftig, Can. J.
Chem., 36, 990 (1958).

(3) E. L. Eliel and T. J. Prosser, 3. Am. Chem. Soc., 78, 4045 (1956).

(4) J. G. Burr, Jr., ibid., 79, 751 (1957).

(5) F. E. Condon, H. L. McMurry, and V. Thornton, J. Chem. Phys., 19,
1010 (1951).

(6) L. Friedman and J. Turkevich, J. Am. Chem. Soc., 74, 1666 (1952).

(7) C. S. Cummings, Il, and W. Bleakney, Phys. Rev., 58, 787 (1940).

(8) J. Lichtenberger and R. L. Lichtenberger, Bull. Soc. Chim. France,
1002 (1948).

(9) J. Verhulst, Bull. Soc. Chim. Beiges, 40, 85 (1931).

(10) Org> Synthesis, 29, 30 (1949).

The rearrangement ion CH30H2+ is apparently formed by statistically selecting two hydrogens
The hydrogens present on carbon 1 show only a modest tendency to ex-

arated in much higher yield. The low yields of butanols are
obviously due to procedural difficulties in their extraction and
trapping after gas chromatography.

Isotopic Purity.—The two deuterated 1-butanols were ex-
amined by n.m.r. spectrometry to determine isotopic purity.
Both samples were shown to be completely monodeuterated
within the limits of the method (+ 1%). However, actual loca-
tion of the deuterium is less certain. The similarity of the en-
vironment of the various hydrogens (particularly the important
ones on carbons 3 and 4) makes quantitative interpretation of the
integrated n.m.r. curve difficult. The assignment of proton
signal to a particular carbon depended upon a partly arbitrary
selection of a point on a line whose slope was not zero. The re-
sults, although not as favorable as would be desired, are presented
in Table I and in the Discussion the mass spectra are interpreted
with proper consideration. For the most part, the two spectra
are sufficiently similar that any corrections would not alter the
conclusions. A detailed discussion of possible corrections is
given in the section dealing with loss of H20.

Tabite |

Distribution of Hydrogens as Found by N.m.r.

Spectrometry
oil C-l Cc-2 C-ii C-4 5
3-D-1-butanol 1.06 196 2.00 1.19 2.79 9.00
4-D-1-butanol 1.05 196 2.00 1.78 2.17 8.96

The n.m.r. spectra also indicated about 1% chemical impurity
(due to unexplained methylene hydrogens) in 3-D-I-butanol but
this could not be detected in the mass spectrum. The high value
for the hydroxyl hydrogen may be due to a trace of water in the
samples.

Mass Spectrometer.—The mass spectra were obtained with a
Bendix time-of-flight mass spectrometer. The electron ac-
celerating voltage was 70 e.v. and the ionization current was 0.2
I<a. Temperature was not measured in the ionization chamber
but the source end of the mass spectrometer was 100 + 5°.
Background pressure was less than 8 X 10-8 torr and pressure
during introduction of a sample was 2-3 X 10~7 torr. The
spectra were recorded on a Minneapolis-Honeywell Visacorder at
a scan rate of m/e 12 to m/e 100 in 2 min.

Experimental Results

The mass spectra obtained for the two deuterated
butanols are presented in Table Il along with the spec-
trum of the nndeuterated alcohol. (An abbreviation
is used such that -3-D refers to 3-monodeuterio-I-
butanol and this convenience will be utilized where
desirable.) The ion abundances are the averages of
two separate runs and are reported as the percentage
of the total measured ionization (m/e 12to 80). Unless
it seemed pertinent to the discussion or general under-
standing, ions less than o.2% of the total ionization
were omitted.

Background corrections were made in the usual way.
No corrections were made for isotopic impurity that
may have been indicated by the n.m.r. data. The
spectra are not corrected for natural isotopic abun-
dances.
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Table Il
M ass Spectra of Deuterated 1-Butanols
m/e Do -3-Di -4-7>i mle Do -3-D. -i-Di
14 0.25 0.26 0.18 37 0.25 0.16 0.21
15 1.44 1.16 .93 38 0.56 0.35 0.43
16 0.09 0.33 .56 39 3.47 2.00 2.08
17 .08 .18 .16 40 0.85 1.73 1.78
Is .16 .60 .51 41 10.83 4.51 4.34
19 .58 .52 .54 42 7.17 8.55 8.14
20 .07 .07 43 10.96 6.16 6.51
44 1.20 9.09 10.51
26 et .78 0.92 45 1.38 1.79 1.76
27 8.87 5.43 5.83 16 0 15 0.30 0.30
28 3.41 5.25 5.23 47 0.06 0.06
29 5.57 4.20 4.10
30 0.44 3.11 2.63 53 0.26 0.12 0.13
31 14.69 14.34 14.40 54 0.12 0.17 0.16
32 0.38 1.20 0.62 55 2.61 0.60 0.84
33 1.62 1.17 1.23 56 18.18 4.38 7.16
34 0.51 0.53 57 1.66 17 .58 13.85
58 0.07 1 .49 0.95
59 .08 0.10 0.08
73 .35 .07 .07
74 52p .39 40
75 .55p 52p
Discussion

Loss of OH or HD.— From previous work it had not
been possible to determine the mechanism for the
formation of the prominent ion CsH 8+ by loss of H 20.
It was apparent that neither the hydrogens on carbon :
or those on 2 were involved in forming the H2D frag-
ment. From the work presented here it is possible
to show that the hydrogens on carbon 4 are considerably
favored in formation of this complex.

The data confirming this event are summarized in
Table Il1l. The abundance of the ions due to loss
of masses 17 to 20 are tabulated for 1-butanol and the
two deuterated alcohols investigated in this work.
Similar data are given for the alcohols reported in ref.
1 and 2 but in this table those data have been made
about 10 % larger, as a group, so that the total ioniza-
tion due to loss of masses 17 to 21 appears to be the
same and thus gives a better comparison.

Table II1

lonization Observed Due to Loss of Masses 17 to 21

Mass

lost -1-Di -2-Di -1-Di
from ref. 2 ref. 2 ref. 1
parent -Do -3-Di -i-Di —-———renormalized—
17 1.66 1.49 0.95 1.20 1.28 1.22
18 18.2 17.6 13.8 17.6 18.2 17.6
19 2.6 4.4 7.16 2.96 2.16 2.08
20 0.12 0.60 0.84 0.78 0.37 1.26

21 0.39

It can be seen that location of deuterium at positions
1, 2, or 3 causes only a modest influence in the ioniza-
tion due to loss of mass 18 or 19. When one of the
three hydrogens on position 4 is substituted with deu-
terium there is a noticeable reduction in the ionization
due to loss of mass 18 and a corresponding increase in
that due to loss of 19. To estimate the percentage of
hydrogen that is transferred from carbon 4 in this
intramolecular reaction, it is necessary to assume that
the percentage of ionization due to each mode of break-
down (i.e., loss of OH, loss of H:0, etc.) is the same
for the substituted molecules. When account is taken
of the increased ionization due to loss of 20 mass units
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(H2DO) so that the contribution due to loss of H3
and HD O can be estimated, then it is apparent that in
the rearrangement which subsequently leads to loss
of water, more than 80% of the hydrogen that is trans-
ferred to the hydroxyl must come from carbon 4.
This confirms the previously suggested six-membered
cyclical intermediate:

If 1[

e \ / -
110 CH: HO CH:
h 2 ch2 HoC CH:
H:2 I'12

and is in agreement with much recent evidence for
cyclical intermediates in estersiiiz and hydrocar-
bons.iz14 It is contradictory to the frequent sug-
gestion that formation of an olefinic structure by trans-
fer of an adjacent hydrogen contributes to the stability
of the system. If such occurs, it apparently does so
after decomposition of the parent ion.

Table 11l also indicates that H-D exchange prior
to loss of a hydroxyl favors the 4-position. Because
the mass spectrometers used in ref. 1 and 2 yield a
different percentage of ionization due to loss of OH,
direct comparison of the data given of the first row in
Table Il cannot be made. However, reference to the
data for the undeuterated butanol of the original
work shows that H-D exchange between the hydroxyl
hydrogen and deuterium on positions 1, 2, or 3 occurs
only about 10% (per deuterium) but, as is indicated in
Table 11, occurs about 45% when substituted in posi-
tion 4.

The compound I-butanol-3-Di appears to yield
significantly more ionization due to loss of mass 19 than
would be expected considering that there is only a slight
reduction in that due to loss of mass 18. This may be
due to any of the following causes: (1) lossof DHO, (2)
loss of H3s0, (3) presence of the isotopic impurity -4-Dx
asindicated by Table I. It does not seem reasonable at
this time to speculate on this observation.

The possibility of considerable amounts of -3-Di in 1-
butanol-4-A and of-4-7)tin 1-butanol-3-A must be con-
sidered. Table | indicates that these may be present in
amounts of about 10 to 20%. The n.m.r. data are un-
fortunately not certain enough to rely on for correction
calculations but they definitely establish an upper limit.
It must now be noted that if such calculations were per-
formed on the basis of the n.m.r. results, then the conclu-
sions stated with respect to the loss of H2 would be more
firmly established. In Table Il the data for loss of 18
would be greater for -3-/>i and less for -4-Zfi and that for
loss of 19 would be less for -3-D) and greater for -4 -A-

Formation of the lon CH3OH,+.— The rearrangement
ion CH3sOH2+ observed at mass 33 had been shown to
retain deuterium substituted on carbon 1. Presumably
this ion is formed by transfer of two hydrogens from car-

(11) Ng. Dinh-Nguyen, R. Ryhage, and S. Stallberg-Stenhagen, Arkiv
Kemi, 18, 393 (1901).

(12) H. O. Colomb, Jr., B. D. Fulks, and V. A. Yarborough, 10th Annual
Meeting, A.S.T.M. Committee E-14, New Orleans, La., 1962.

(13) J. H. Beynon, R. A. Saunders. A. Topham, and A. E. Williams,
J. Phys. Chem., 65, 114 (1961).

(14) M. Y. Gurev, M. Y. Tikhomirou, and N. N. Tunitskii, Zh. Fiz.
Khim., 32, 2847 (1958).
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bons 2, 3, or 4to the CH2H group. From the present
data, and that of Eliel’s, it is seen that the transfer of
the two hydrogens (deuterium) occurs from any of these
three positions in a ratio that is close to that expected if
the hydrogens from these positions are randomly
selected.

The per cent ionizations observed at masses 32 to 35
for the various deuterated i1-butanols are presented in
Table IV. Where a sizable contribution occurs at
masses 32 or 33 from deuterated CH:0H+, the data
have been omitted. For the same reason it was not
considered practical to renormalize the data of ref. :
and 2 as was done for Table Il so that they appear
about 15t0 20 % lower than those of the present work.

Table IV
lonization D ue to CH;OH+, CH30H2+, or Deuterated

Equivalent Structures

-1-Di -2-D, -1-Do
Mass Do -3-Di -4-Di (ref. 3) (ref. 3) (ref. 2)
32 0.38
33 1.62 1.17 1.23 0.51 1.17
34 0.51 0.53 1.40 0.34 0.36
35 1.32

As was previously noted, the deuterium in position :
is retained with very little exchange in formation of the
ion CH3sOH2+. With deuterium in positions 2, 3, or 4
there is in all cases a noticeable contribution from the
ion (CHsOH)D+ corresponding to the amount expected
from a statistical selection of the various hydrogen or
deuterium. This point is to be particularly noted be-
cause it is not consistent with an observation made from
deuterated isobutyl alcohols. Eliels has shown that for
isobutyl alcohol there is no contribution to the CHsOH:2+
ion from the hydrogen on carbon 2 and the transfer of
both hydrogens is apparently from either or both of the
methyl groups which in this case are carbon 3. These

THE FRACTIONATION OF CARBON

Fractionation of Carbon Isotopes by lon Exchange
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scattered and inconsistent results on the formation of
this uncommon ion indicate a need for further investi-
gations.

Other lons.— -For the most part no conclusions can be
made regarding the formation of the other ions except
to confirm those of earlier work. These are briefly
summarized in the following.

In accordance with previous data, CsH 7+ is shown to
occur by simple bond break with very little exchange of
hydrogen and deuterium.

The ion C2:H4«OH+ occurring at mass 45 had been
shown to retain the hydrogens (deuterium) on carbons
1 and 2. Possible exchange of deuterium from those
carbons could not be determined. The present data
show that the hydrogens on carbon 3 and 4 will exchange
with those of the C:HDH to the extent of about 15%
for one deuterium.

The ions observed at mass 29 in the spectrum of 1-
butanol-Do have been shown by high resolution mass
spectrometry to consist of about 25% CHO + and 75%
C2Hs+.15 When one deuterium was placed on any of
positions 1, 2, 3, or 4, the ionization observed at mass 30
is greater than could be attributed to CD O + so that ap-
parently some C:H4D + is formed regardless of the
original position of the deuterium. Further specula-
tion would require high resolution data on the deu-
terated species.

The ions CsH 5+, CsH 3+ etc., all contain deuterium
regardless of the original labeled position indicating
that they occur as secondary daughter ions in which
considerable H -D exchange is possible. 16

Acknowledgment.— We wish to thank Dr. It. E.
Lundin for performing the necessary n.m.r. analysis.

(15) J. H. Beynon, private communication.
(16) W. H. McFadden and M. Lounsbury, Can. J. Chem., 40, 1965
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The fractionation of carbon isotopes has been achieved by ion-exchange displacement chromatography with
a CH3COO--HCOOH-HCI system on strongly basic Dowex 2 resin. Experiments utilizing C 4labeled formic
acid solutions indicated the lighter C12 to be enriched in the resin phase. The separation factor, K = (C12
D14)r/(C12/C 148 was measured as a function of temperature and found to increase from 1.0032 at 35.4° to 1.0002
at 6.0°. From the temperature-dependence of K, AH° for the equilibrium HC12200H 5 HCI00 _r=>HCHY
OOHs + HC120 0 “r was calculated to be —4.3 cal./mole, and ASOwas found to be —6.3 X 10-3 cal./mole-
degree at 25°. K varied from 1.0028 for resin with 2% DVB content to 1.0059 for Dowex 2X10. The sub-
sequent decrease to 1.0055 for resin with 24% DVB was explained by dehydration effects. An extended run
utilizing multiple-column operation resulted in enrichment of C14by afactor of almost two in the leading fractions.

Introduction

An efficient, rapid process for the fractionation of the
isotopes of carbon is of significant value for several
reasons. A large increase in the Ci1/C1 ratio of a
sample would permit extension of the presently avail-
able range of carbon-dating experiments. High purity
C12 would have a variety of uses in nuclear physics.

1) Supported in part by the U. S. Atomic Energy Commission through

Contract No. AT-(40-1)-2434 at Florida Svate University.

For example, its use in the preparation of carbon-backed
targets would reduce the number of im purity reactions
occurring during a bombardment. Synthesis of com-
pounds highly enriched in Ci3 would permit increased
utilization of nuclear magnetic resonance measure-
ments.

In this experimental study, the feasibility of using
ion-exchange displacement chromatography to effect
resolution of Ci2-C 14 mixtures was investigated using
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an CIRCOO--HCOOH-HC! system on Dowex 2
resin in which association occurs in the solution phase.
Several experiments of a similar nature have been de-
scribed2-6 and are summarized in Table I. The sub-
scripts r and s indicate the resin and solution phases,
respectively. No separation factor was determined
for the cyanide system5due to the loss of HCN which
occurred in the presence of Dowex 2 resin during an
experiment of even moderate length.

Table |

Summary o? lon-Exchange Isotope Separations in which

Compound |s Associated in the Solution Phase

Separation Heavier

factor isotope

Isotopes Ref. System K coned, in
B10-Bu 4 B(OH)3B(OH).- 1.010 (B(OH),),

Cr-Ccu 5 HCN-CN- > (HCN),
N»-NB 3 NH.,OH-NH4+ 1.026 (NH4Hr
jqid.7sris 6 nhdh-nhi+ 1.027 (NH4+H)r
SR-SH# 3 H2S0a-HSO»- 1.010 (HSO39r

Statistical equations have been developedrs which
explain the direction and degree of isotopic enrichment
in certain gaseous and gas-liquid exchange reactions.
However, these expressions are rigorous only for the
case of no interaction between molecules and when the
molecule is considered to be rotating rigidly and vi-
brating harmonically with no rotation-vibration in-
teraction. In condensed media involving ion ex-
changers, intermolecular forces cannot be ignored, but
the possibility exists that these effects may be to a
large extent self-canceling. Employing the isotopic
vibrational frequencies for ammonia and the ammonium
ion7 in conjunction with experimental resultse involving
exchange in a gas-liquid NHs+NH OH system, a li-
vable of 1.029 is calculated for the nitrogen separation
at 25°, N1 enriching in the ammonium ion phase.
This is in striking agreement (although possibly some-
what fortuitously so in view of the assumptions made)
with the experimentally determined K-values.2s Data
by Stranks and Harrisio for HCN and CN - indicate K
= 1.070 at 20° (Ci enriching in the HCN phase), in
gualitative agreement with experiments.s

A rough approximation can be made in the B(OH)3
B(OH)4 case. The Qn/Qio partition function ratio
for B(OH)s can be calculated, assuming the OH'’s to
act as mass units, from the spectroscopic data of Servoss
and Clark..n Skeletal vibrations of Bu(OH)4~ are
known from experimentiz and the corresponding vibra-
tions for the B Dspecies can be calculated using the
Urey-Bradley potentialis for a tetrahedral molecule.

(2) F. H. Spedding, J. E. Powell, and Il. J. Svec, 3. Am. Chem. Soc., 77,
6125 (1955).

(3) S. Forberg. W. Barnevik, |. Fogelstrom-Fineman, T. Westermark,
and Il. v. Ubisch, “Proceedings of the International Symposium on Isotope
Separation,” North-Holland Publishing Co., Amsterdam, Netherlands,
1958, p. 243.

(4) Y. Yoneda, T. Uchijima, ana S. Makishirrm, ./. Phys. Chem., 63, 2057
(1959).

(5) C. N. Davidson, C. K. Mann, and R. K. Sheline, 3. Am. Chem. Soc.,
83, 2389 (1961).

(6) M. U. Comas, T. B. Rodriguez, F. C. Castillo, and R. F. Cellini,
Anales Real Soc. Espan. Fis. Quim. (Madrid), B57, 587 (1961).

(7) H. C. Urey, J. Chem. Soc., 562 (1947).

(8) J. Bigeleisen and M. G. Mayer, J. Chem. Phys., 15, 261 (1947).

(9) H. G. Thode, R. L. Graham, and J. A. Ziegler, Can. J. Res., 23B, 40
(1945).

(10) D. R. Stranksand G. M. Harris, 3. Am. Chem. Soc., 75, 2015 (1953).

(11) R. R. Servoss and H. M. Clark, J. Chem. Phys., 26, 1175 (1957).

(12) J. O. Edwards, G. C. Morrison, V. F. Ross, and J. W. Schultz, J.
Am. Chem. Soc., 77, 266 (1955).
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In light of these considerations, an approximate
value for the separation factor at 25° can be determined.

k- © bh)(l:)bloh)*-* 108 (i

The deviation of the calculated A-value from that ex-
perimentally determined (K = 1.01) is so large, how-
ever, that the correct prediction of the direction of
enrichment may be fortuitous.

Sufficient isotopic frequencies are not available for
predicting the separation factor observed in the 11503
HSO:- system.3

Several preliminary experiments were undertaken
with the formate system to demonstrate the sharpness
of the chemical boundaries. Employing C 4labeled
HCOOH solution, the separation factor, K, was deter-
mined as a function of temperature and resin divinyl-
benzene content. An extended run was made, dis-
placing formate with chloride and utilizing multiple-
column operation, to obtain a high specific separation.

Experimental

Resin and Reagents.—Bio-Rad AG 2X8 (100-200 dry mesh)
resin was used as received for all experiments described here
except those in which cross-linkage was varied. Commercial
grade Dowex 2 resins with 2, 10, and 24% divinylbenzene content
were provided for these latter runs by the Dow Chemical Co.
Particle sizes were 50-100, 100-200, and 200-400 dry mesh,
respectively. These resins were physically conditioned by re-
peated flotation, discarding the fines. Chemical conditioning
was effected by twice cycling the resins through the acetate
and chloride forms before converting to the acetate form in
preparation for a run. Reagent grade chemicals were utilized
and made to proper concentration with de-ionized water. Labeled
HCOOH solutions were prepared with C#4sodium formate such
that the C14 mole fraction was in the 10~610-6 range.

Columns.—A column of 2.27 cm.2 cross-sectional area and
about 8.1-8.2 cm. in resin height (Cl- form) was used for all
preliminary runs in which the flow rate was varied to test sharp-
ness of the chemical boundaries. The bed was supported by a
glass frit and protected from disturbances at the top by a movable
polystyrene plug floating on the liquid surface. The column
used in the temperature and cross-linkage experiments was 2.83
cm.2 in cross-sectional area and about 26 cm. in resin height
(CI- form). Water of controlled temperature was circulated in
a jacket around this column in the temperature experiments.
A distance of several cm. was left free of resin at the column top,
allowing the solution to attain the desired temperature before
reaching the resin. Experiments -were performed at 6.0, 14.9,
25.5, and 35.4°, and the temperature was maintained within
+ 0.1° of these values except in the case of the 6.0° run, in which
the deviation was £0.2°. Runs were not made above 35.4°,
because of the thermal instability of Dowex 2 resin. All other
experiments were performed at room temperature. The columns
employed in the large-scale extended experiment consisted of
1-ft. long sections of flanged Pvrex glass pipe (l-in. i.d.) ter-
minated at each end by a glass neck-down. Dead space was
reduced by packing with Pyrex beads. The particulars of this
multiple-column system and the details of cycling a band con-
tinuously through a small number of columns are similar to those
previously described for the nitrogen isotope separation.2 A
pair of platinum foil electrodes (1 cm.2in area) was sealed into
the bottom neck-down of each column which, in conjunction
with an adjustable microammeter, allowed detection of the in-
visible CH3COO--HCOO- and HCOO--CIl- boundaries.4

Analyses.—Total formate in the effluent fractions was deter-
mined by standard methods. Aqueous C4formate was counted
at —4° in a Model 314A Packard Tri-Carb liquid scintillation
spectrometer using an ethanol-toluene solvent system and em-
ploying 2,5-diphenyloxazole (PPO) and I,4-bis-2-(5-phenvloxaz-
olyl)-benzene (POPOP) as scintillators. Efficiency varied from
10 to 16%). Resin bed capacity was determined by the neutral-
ization method and/or by a direct determination of the formate

(13) H. C. Urey and C. A. Bradley, Phys. Rev., 38, 1969 (1931).
(14) J. A. McCloskey, Anal. Chem., 33, 1842 (1961).
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displaced from the bed by chloride. In cases where both
methods were utilized, results agreed within 19%.

Procedure.—The appropriate resin was slurried into the col-
umn, converted to acetate form, and back-washed. Formic acid
solution was then loaded and allowed to pass down the column.
Solution concentration and specific capacities of the resins were
such that the formate band moved at about one-tenth the linear
flow speed employed. The same resin bed and feed solutions
from the same CX4labeled HCOOH stock solution were employed
throughout the temperature runs. In the preliminary experi-
ments and extended run, formate was displaced with hydrocliloric
acid. Three-ml. fractions were collected from just before break-
through until the C14/C12 ratio returned to that of the feed
solution in the temperature and cross-linkage runs. In the ex-
tended experiment, the entire formate band (about 14 in. in
length) was collected in 5-ml. fractions after passing through the
equivalent of thirty columns.

Results and Discussion

Preliminary Band Contours.— Formate band con-
tours resulting from several runs are illustrated in Fig.
1 Itis seenthat chemical equilibria of the CHIGOO -
HCOOH-HC1 system can be maintained on Dowex
2X8 resin at flow speeds up to at least 1.63 cm./min.
Despite these results, flow rates were always maintained
as slow as practical in C 4labeled runs to ensure that
isotopic equilibrium was achieved within a relatively
small column distance.

The resin volume shrank ~3% when changing from
CHs3COO- to HCOO- form, and an additional 11%
shrinkage occurred going from HCOO - to CI- form

Influence of Temperature.— Results of the tempera-
ture runs are graphically illustrated in Fig. 2. The
change in C 14 mole fraction from that of the feed solu-
tion is plotted against the summation of mmoles
formic acid found in the effluent. The separation
factor, defined as

[HCMOOH]3/[HCHOQ-Ir = /CA\ //01A
“ [HCLDOH]¥ [HCIDO-Jr* VCAA/VCIA

(2)
for each run was calculated from the area under the
curve, the total exchange capacity of the resin bed
(95.96 mequiv.), and the C 14 mole fraction of the feed
solution using the formula

f, VICI(Ni* - NOY

NO NO*Q - E VIiCj(Ni* -

No*)

(©)
developed by Spedding, etal2 Here, Vi is the volume
of the ith fraction in ml., (7; is the total HCOOH con-
centration in mequiv./ml. in the ith fraction, N* and NO
are the mole fraction of Cu in the ith fraction and the
feed solution, respectively, No is the mole fraction o: C 12
in the feed solution (approximately unity), m is the
fraction at which N * first equals NO*, and Q is the total
exchange capacity of the resin bed in mequiv. Pertinent
data and the separation factors are presented in Table
II.  Values determined for « = K — 1are estimated to
be in error by less than % .

It is known that for temperatures less than 300-
400°K., isotopic exchange equilibrium constants
usually increase with decreasing temperature.is-17  This

(15) D. A. Lee, J. Phys. Chew,., 64, 187 (1960).

(16) R. H. Betts, W. E. Harris, and M. D. Stevenson, Can. J. Chern., 34,
65 (1956).

(17) G. M. Murphy, J. Chem. Phys., 5, 637 (1937).
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Fig. 1.—Effect of flow rate on the CH3COO-HCOOH-HCI
band contour. Displacement was effected with 0.156 M HC1 in
the 1.63 cm./min. experiment and 0.125 M HC1 in the others.
The formate band was slightly tilted in the run at 0.98 cm./min.

+2.800 -

€2.400 -

o 1 2 3 4 5 6 7 8 9

MOLES FORMIC ACID.

Fig. 2—Change in C14 mole fraction as a function of HCOOH
in the effluent for different tempertures. NO* and Q were identical

for all runs.
Tabte Il
Variation of K with Temperature
Av. flow rate,
mp., °G. cm./min. K
6.0 0.25 1.0062
14.9 .25 1.0050
25.5 .27 1.0041
35.4 .21 1.0032

is predicted, not only by statistical calculations of K,
but also by the classical Gibbs-Helmholz equation

0In K AHN

. 4
oT RT: @

If the assumption is made that the heat of exchange is
independent of temperature or varies only very slowly
with temperature in the range considered, this equation
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2 3 4 5 6 7 8
X MMOLES FORMIC ACID/TOTAL EXCHANGE CAPACITY (%)

Fig. 4.—-Change in C 14 mole fraction as a function of HCOOH
in the effluent for different resin divinylbenzene contents. Al-
though the area under the curve in the 24% experiment is greater
than in the 10% run, a larger No* value resulted in a slightly
smaller value for K.

may be integrated with respect to temperature con-
sidering AH° constant. A plot of In K against I/T
should give a straight line with a slope of — AH°/R
if this assumption is valid. Thus, the heat of exchange
is readily obtainable from the temperature dependence

C. N. Davidson, C. K. Mann, and R. K. Sheline

Voi. 67

of the separation factor, and the entropy of isotopic
exchange atany temperature may be calculated from the
formula

AF° = -RT('m K) = AH® - TASn (5

The heat of isotopic exchange in ion-exchange sys-
tems has not been previously determined for cases in
which the isotope-containing compound is associated
in the solution phase. However, in the case of the
straightforward ion-exchange separation of Lis and
Li7 Lees found the exothermic heat of exchange to be
226 cal./mole, and Cdueckaufis determined — AH°
to be 0.41 cal./mole using the data of Betts, Harris, and
Stevensonis for the fractionation of strong electrolyte
solutions containing Naz2 and Na24

In the formate experiments described here, the en-
richment of Cus increased with decreasing temperature
as expected. In Fig. 3. In K is plotted as a function of
1/7" indicating the straight line relationship. A least
squares linear fit of the data gave a slope indicating
—AHQ the heat of isotopic exchange, to be 4.3 cal./
mole. ASo for the isotopic exchange was calculated to
be — 6.3 X 10 -scal./mole-degree at 25°.

As can be seen from Fig. 2, C 4formate was enriched
at the front of the band, indicating that the heavier
isotope was thermodynamically favored in the HCOOH
solution phase. It would be interesting to. compare
statistical predictions with the experimental® deter-
mined separation factors, but insufficient data on the
fundamental vibrations are available.

Influence of Cross-Linkage.— Results of the cross-
linkage (DVB) runs are illustrated in Fig. 4. The
change in C 12 mole fraction from that, of the feed solution
is plotted as a function of the summation of mmoles
formic acid found in the effluent expressed as a per-
centage of the total exchange capacity of the resin bed.
The separation factor for each run was calculated from
(3) and is presented in Table Ill. The separation
factor for s% cross-linked resin was interpolated from
results of the temperature dependence of K, by calcu-
lating In K from the least squares equation fitting the
data

In K = -0.02471 + 8.508(1/7’) ()

employing 22 © (average room temperature) as the tem-
perature.

Tabte Il

Variation or K with Resin Cross-Linkage

% Av. flou- rate,
ross-linkuge mequiv. of rosin cm./min. K
2 54.94 o.ir> 1.0028
8 05.00 .25 1.0044
10 04.84 31 1.0050
24 70.08 .31 1.0055

This observation of a maximum in the cross-linkage
dependence of K is somewhat analogous to that ob-
served by Ohtaki, et dl .. in the fractionation of sodium
isotopes, although in the work reported here the lighter
isotope is concentrated in the resin. No such maxi-
mum was observed in the work of Lee and Begun.zo

Although an over-all Ai-value measured in this work

(18) E. Glueckauf, Trans. Faraday S o c 54, 1203 (1958).

(19) H. Ohtaki, H. Kakihana, and K. Yamasaki, Z. physik. Chem.
(Frankfurt), 21, 224 (1959).

(20) 1). A. Lee and G. M. Begun, J. Am. Chem. Soc., 81, 2332 (1959).
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Fig. 5.—Results of the extended C4labeled experiment.

Curve 1 indicates C14 after the run.
total formate and the initial specific activity of the HCOOH feed solution, represents C14 before the run.

Fractionation of Carbon Isotopes by lon Exchange 1523

Curve 2, given by the product of
Curve 3 illustrates the

Cl4Qi2ratio after the experiment with the pre-run ratio normalized to 1.00.

is the product of the equilibrium constant for the as-
sociation-dissociation, dimerization, and straight-
forward ion-exchange equilibria, it seems likely that
changes in resin cross-linkage will influence mainly the
last-mentioned one. Glueckaufzi22 has shown don ex
(= Kionex — 1) to be a direct function of the exchanger
molality and the difference in hydrated molar volume of
the isotopic ions. For highly cross-linked resins such as
Dowex 2X24, the dehydrating effect of the resin
(directly proportional to the original extent of hydra-
tion) on the ions may offset the increase in exchanger
molality, resulting in a net decrease in €on ex.

Extended Run.— Quantitative results were obtained
in the radioactive, large-scale experiment. Within
experimental error, the amount of HCOOH collected
after passing the band through thirty columns (5611.3

(21) E. Glueckauf, Trans. Faraday Soc., 61, 1235 (1955).
(22) E. Glueckauf, J. Am. Chem. Soc., 81, 5262 (1959).

mequiv. of resin bed) equaled to 231.9 mequiv. loaded at
the beginning of the run. Displacement was effected
with 0.123 M HC1l. The experimental results are
shown in Fig. 5and are to be compared with the cyanide
results previously described.s Curve 1 represents C 4
formate after the run, error bars indicating pipetting
error.  Curve 2 represents the specific activity
originally in the HCOOH solution multiplied by the
amount of total formate in each fraction aliquot after
the run. This indicates the total formate band contour
and represents C Uformate to be expected if isotope
separation had not occurred. Errors shown are those
in titration. Curve 3 illustrates the ratio of curve 1to
curve 2 (Cis after, to C 4 before) and is identical with the
Cls/C12 ratio after the experiment with the pre-run
ratio normalized to 1.00. As can be seen from the
figure, C ¥formate was enriched at the front of the band
by afactor of almost two.
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A limited comparison between this system and the
cyanide system is warranted and evolves three sig-
nificant items. (1) The chemical boundaries of the
formate system on Dowex 2resin are sharper than those
of the cyanide system, indicating greater suitability of
the former system for extended column operation.
(2) Since, under similar experimental conditions, twice
the Cu enrichment was obtained in less than one-third
the resin bed length for the HCN as compared with the
HCOOH system, it is likely that e (= K — 1) for the
cyanide system is at least six times as great as the 4.4
X 10-3 room temperature value found for the formate
system. (3) From the standpoint of practicality, the
guantitative aspects of the formate system make it the
superior of the two.

The economical feasibility of producing C12 and Cis
of relatively high purity cannot be accurately deter-
mined without resort to pilot plant operations. Al-
though the separation factor for the formate system is
smaller than that in some Ci-C 13 gas-liquid ex-
changes,2s the combination of a relatively small plate-
height and inherent ease of operation could conceivably

(23) C. A. Hutchison, D. W. Stewart, and H. C. Urey, J. Chem. Phys.t

8, 532 (1940).
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outweigh this. Withdrawal of depleted product and
addition of more HCOOH feed solution at strategic
intervals would enhance the specific separation. The
time factor, determined by the rate of approach to iso-
topic equilibrium, and the durability of the resin must
also be considered. Both chloride and excess acetate
are recoverable in the regenerative step as a mixture of
their ammonium salts. During column operation, dis-
placed acetate is recoverable as its acid.

It is logical to assume that the formate system may be
successfully applied to carbon-dating experiments in
the laboratory. If enough starting material is avail-
able (as would be the case for age determinations of
peat beds), the Cu content could be concentrated in
the leading fractions by a factor of 10-20 after a month
or two, using multiple-column operation with much
larger columns than those employed here.
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UREA-SODIUM

CHLORIDE-WATER AT 25°

By Y. E. Bower and R. A. Robinson
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Isopiestic vapor pressure measurements have been made on this system at 25°; the activity coefficients of
urea in sodium chloride solution and of sodium chloride in urea solution have been evaluated and the extent
to which solubilities of one solute in a solution of the other can be calculated is discussed.

Introduction

Previous work has dealt with aqueous solutions of
two co-solutes, of which one was mannitol: That
solute was chosen because it was one component of
some ternary systems in which diffusion measurements
were being made. Mannitol has, however, limited
solubility in water (1.185 M at 25°) and, in order to ob-
tain measurements over a much greater concentration
range, the system urea-sodium chloride-water has
now been investigated.

Experimental

Isopiestic measurements were made on this system by the
method described previously®; some improvement was made in
the device for closing the lids of the isopiestic dishes with the
desiccator under vacuum, by drilling a small hole in the center of
the copper block; aspike on the lower part of the rotating device
fitted into the hole and gave a smoother rotation when closing the
lids.

Sodium chloride (Fisher Certified) was recrystallized once
from water and dried at 300°. Urea (Fisher Certified) was re-
crystallized twice from methanol and dried in vacuo at room
temperature. Calcium chloride (Baker and Adamson, A.C.S.
reagent) was recrystallized twice from very slightly acidulated
water. A stock solution was prepared and analyzed for chloride
content; the analysis was confirmed by allowing solutions of

(1) (a) R. A. Robinson and R. H. Stokes, J. Phys. Chem., 65, 1954 (1961);
(b) F. J. Kelly, R. A. Robinson, and R. H. Stokes, ibid., 65, 1958 (1961);
(c) R. A. Robinson and R. H. Stokes, ibid., 66, 504 (1962).

Table I

Isopiestic Solutions of Urea and Sodium Chloride”

B me inB mo mB me
1.0257 0.5329 6.9657 2.8575 14.008 4.7792
1.0395 .5384 8.1817 3.2362 14.306 4.8323
1.6247 .8251 10.427 3.8430 17.826 5.6440
3.6345 1.6876 11.058 4.0304 18.401 5.7660
3.7667 1.7391 11.184 4.0580

°B = urea; C = NaCl.

Table Il
Osmotic and Activity Coefficients of Urea

m \% 7 m » 7 m \% 7
0.1 0996 0.992 2.0 0931 0.864 9.0 0.827 0.653

.2 .992 983 2.5 919 .839 9.5 .824 .644

.3 .987 975 3.0 .908 .817 10.0 .820 .636

4 .983 967 3.5 .899 798 11.0 .814 .621

.5 979 955 4.0 .891 .780 12.0 .809 .608

.6 .975 951 4.5 .882 .763 13.0 .804 .596

7 970 942 5.0 .874 747 14.0 799 .584

.8 .966 934 55 .867 .733 15.0 794 .573

.9 .962 927 6.0 .860 719 16.0 .789 .563
1.0 .958 921 6.5 .853 .706 17.0 .786 .554
1.2 .952 908 7.0 .847 .694 18.0 .782 .545
1.4 .947 896 7.5 .841 .683 19.0 779 .537
1.6 .942 .885 8.0 .836 .672  20.0 a77 .530
1.8 .936 .874 8.5 .831 .662
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Table I11*

The System: Ueea-Sodium Chloride-W ater

a

mref. m& me WBWC kb
3.0369 3.6315 5.3725 .0015 + .18
5.5480 4.9085 .0032 + .15
8.1565 4.2555 .0034 + .26
3.1667 15.833 2.5562 .0040 + 22
3.3061 12.944 4.0138 .0095 - 11
16.047 3.1609 .0091 - .32
18.107 2.5183 .0085 - .25
3.3066 5.9585 5.6617 .0097 — 14
7.5353 5.3145 .0095 + .02
9.2642 4.9271 .0099 + 01
11.097 4.4907 .0099 05
3.5831 15.002 4.6521 01566 - 14
18.697 3.6828 .01426 - 15
21.176 2.9449 01438 - 14
3.6420 8.8029 6.2085 01866 - 26
10.902 5.7980 .01829 n
13.146 5.3200 01759 05
3.7085 10.660 6.0841 .01950 0
14.069 5.3722 .01818 +0.20
17.432 4.5849 01686 + 13
21.729 3.3889 .01518 + 26
3.5S600 14.077 6.0165 .02274 + 03
15.994 5.6170 .02163 + 09
18.074 5.1455 .02040 + 11
20.009 4.6360 .01921 + 13
3.9293 16.416 5.8467 .02357 07
17.982 5.5005 .02246 04
19.642 5.1060 .02142 — 04
21.442 4.6450 .02051 - 02
4.1372 19.749 6.1820 .02714
4.3435 20.775 6.9942 (03271)
23.648 6.4167 (03139)
4.4443 21.340 7.3814 (03445)
22.988 7.0751 (03365)
24.463 6.7849 (03313)
24.759 6.7269 (03308)

In the first eleven sets, sodium chloride was the reierence electrolyte; in the remainder, calcium
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- a

rmref. ms me mBmc %b
0.8251 0.9497 0.3437 0.0334 +0.11
1.3933 1175 .0232 - .08
1.6876 0.6992 1.3657 .0115 + .07
1.9058 0.8129 .0183 - .04
2.7444 4229 .0214 - .05
2.8575 1.6410 2.2042 .0027 + .07
3.3504 1.5257 .0049 + .13
5.6181 0.5908 .0092 + .02
3.2735 1.1875 2.8232 .0007 - .02
2.8039 2.2196 .0025 - .01
4.6672 1.5129 .0052 - .09
6.4725 0.7941 .0066 - .04
4.0304 5.3875 2.1870 .0013 -1
7.4397 1.4450 .0006 + .08
9.3321 0.7123 .0005 + .12
4.0580 1.3681 3.5868 - .0011 - .07
3.1775 0003 - a3
3.9752 2.7050 .0002 - .05
4.7089 6.8252 2.5671 - .0004 - .02
8.2784 2.0828 .0002 - .09
9.9866 1.4792 .0006 -1
11.822 0.7897 .0027 - .22
4.7792 2.5380 3.9813 - .0023 + .02
6.0157 2.9078 - .0007 + .02
11.146 1.1409 - .0015 + .14
4.8323 1.3415 4.4082 - .0023 - .05
4.4403 3.4657 - .0001 -
8.7605 2.0790 - .oo11 - .10
5.6440 1.6963 5.1551 - .0024 + .06
5.6620 4.0765 .0006 + .08
11.262 2.4182 - .0001 + .11
5.7660 3.7400 4.7425 .0013 - .06
8.7785 3.3588 .0008 + .17
15.188 1.2597 - .0007 + .16
3.0130 9.7975 3.7410 .0034 + .15
12.967 2.8263 .0037 - .13
18.009 1.1117 .0023 + .05

“B = urea; C = NaCl.

chloride. bThe difference is positive if A calculated by eq. 1 is greater than the experimental.

sodium chloride and of calcium chloride to equilibrate in the iso-
piestic apparatus; the equilibrium concentrations agreed with
those reported previously.2

Results

A few equilibrations were made between solutions of
sodium chloride and of urea (Table I); a large scale
plot of the isopiestic ratio against the urea molality
showed excellent agreement with the data of Scatchard,
Hamer, and Wood.s However, the interpretation of
any isopiestic measurement depends on the values as-
signed to the osmotic coefficients of the reference salt,
in this case sodium chloride, and the values used by
Scatchard, Hamer, and Wood differ slightly from those
useds in previous work in this series.. In order to
maintain consistency with the mannitol work, osmotic
and activity coefficients of urea have been calculated
(Table I1) on the same basis.

(2) R. H. Stokes, Trans. Faraday Soc.., 41, 637 (1945).

(3) G. Scatchard, W. J. Hamer, and S. E. Wood, J. Am. Chem. Soc., 60,
3061 (1938).

(4) R. A. Robinson and R. Il. Stokes, "Electrolyte Solutions," Second
Edition, Butterworths Scientific Publications, London, 1959, Appendix 8.3.

Isopiestic measurements were made with solutions of
urea and sodium chloride equilibrated with either
sodium chloride or calcium chloride solutions as ref-
erences. The results are given in Table Ill; the first
column gives the molality of the reference salt, which
was sodium chloride in the first eleven sets and calcium
chloride in the remainder. The second and third
columns give the molalities of the mixed solutions
which were in equilibrium with the solutions whose
molalities are given in the first column.

In the analysis of these results we use the function
A, defined by A/5551 = In aw(B) + In «wco — In
dWM) where aw(M) is the water activity of a solution
containing mB moles of urea and me moles of sodium
chloride in 1 kg. of water; awav that of a solution of
mB moles of urea only in : kg. of water; awC) that of a
solution of mc moles of sodium chloride only in : kg. of
water.

R'I'A is therefore the free energy change of water
when a solution of mB moles of urea in a kg. of water is
mixed isothermally with a solution of mc moles of
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Fig. 1.—The function given by eq. 1; two of the experimental
points are shown.

sodium chloride in a kg. of water and a kg. of water is
then separated by means of an osmotic membrane.

The quantity — A/(mBmc) is given in the fourth
column of Table I1l. The last six entries are enclosed
in parenthses because binary systemsofurea-waterwith
the molality given in the second column and of sodium
chloride-water with the molality given in the third
column would have been considerably supersaturated.
The A function, therefore, had to be calculated using
values for the water activity of urea solutions and of
sodium chloride solutions extrapolated into the super-
saturated regions; for this reason, the last six entries
may be unreliable.

Before turning to a discussion of the results, it is
worthwhile looking at the magnitude of these effects.
In dilute solutions, A/(mBmc) is comparatively large
and negative, as was found in the systems mannitol-
NaCl-waterlb and mannitol-KCl-water.lc Thus, at
mB = 0.9497, mc = 0.3437, 5551 In aw(M>= — 1.5340,
5551 In aw(B) = —0.9119, and 5551 In aw(C) =
— 0.6330, so that the mixture effect, as measured by A,
is —0.0109 and A/(mB?ic) = —0.0334. In more con-
centrated solutions, A becomes less negative and at
mB = 11.262, me = 24182, A is almost zero. A three-
dimensional plot of A/ (mBmc) aganst mBand mc shows
a region where A has small but positive values but in
concentrated solutions A again becomes negative and
large. For example, at mB = 14.077, mc = 6.0165, the
three 5551 In aw terms are — 24.615, — 15.305, and
— 11.236 for the mixture, the urea solution, and the
sodium chloride solution, respectively. Consequently,
A is — 1.926 and A/(mBmc) is — 0.02274.

Discussion

In order to evaluate the activity coefficients of urea
and of sodium chloride in these mixed solutions, we
seek, as in earlier work,1s an analytical expression for
A/(mBmc) in terms of mB and me where mB and me
denote molalities, he., moles of urea and moles of sodium
chloride, respectively, per kilogram of water. Even
after eliminating the last six entries of Table IlI, for
reasons already given, we found that a ten-parameter
equation

A/(mBmc) = A + BmB+ Cmc + DmB2+ Emc2+
FmBmc + CmB3+ Hmes + ImBmc + IJmBne~ (1)

was needed. Even with ten parameters, however, the
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fit with the experimental values of A/(mBmc) was not
as good as we desired. After a considerable amount of
computation, we found that, if we eliminated the point
atmB = 19.749, mc = 6.1820, the remaining data gave,
by the method of least squares: A = — 3.9556 X 10-2;
B = 52731 X 10-3 C= 21319 X 10~2 D - -1.934
X 10“4 E = -3.059 X 10~3 F = -1.854 X 10-3
G=91X I0“7 H= 114X 10“4 |1 = 397 X 10“5
J = 896 X 10~6, and we got more satisfactory agree-
ment with the experimental data. The extent of the
agreement can be assessed in terms of the experimental
guantities by reversing the calculation so as to compute
the molalities of the reference solutions which would
have given the values of A/(mBmc) as calculated by eq.
1. The difference between these calculated molalities
and the experimental, expressed as a percentage, is
given in the last column of Table IlI.

The difficulty in fitting the point at mB = 19.749,
me = 6.1820 to an equation can be appreciated if a
three-dimensional model of the surface represented by
eq. 1lis constructed. Figure 1is a cross-section of this
surface for me = 0.32mB. It will be seen that, at low
mB, A/(mBBc) increases with increasing mB to a maxi-
mum at about mB = & and then decreases to a minimum
at about mB = 20, after which it rises rapidly. Up to
about mB = 19, the curve can represent the experimental
data very well but, at higher concentrations, the equa-
tion gives too high values of the function. Clearly, the
experimental point in question cannot be fitted to a
curve of this type. The point may be experimentally
erroneous but we do not think this is so, because the
downward trend of A/ (mBmc) is confirmed by the last
six entries in Table IIl. We have pointed out that
these six data were obtained with some extrapolation
from the experimental region, but we do not believe
that the points are so much in doubt as to bring them
onto the calculated curve in Fig. 1. Equation 1, there-
fore, gives a satisfactory representation of the experi-
mental data except at high values of mB and me- It
might, however, be dangerous to use the equation be-
yond the region of experiment, e.g.,, forma = 22, mc =
l,or?reB= 1=mc = 7.

Activity Coefficients.— It has been showniz that if
A/(mB?nc) = /'(mR) + F'(mc) where/'is a function of
mBonly and F' of vie only, then

dIn tb\
dmc Jmg

/dIn 7c\
= /'(»% F'
\ dmR Jme ( ) tme)

Equation 1 is not of this form, for it contains cross-
products of and me- However, by following the
procedure used in the earlier paper,1z it can be shown
that eq. : leads to the equations

InyB=1In7b°+ mc[A + BmB+ I/Xmc +

DmB+ V¥YEmci + 2/sFmBmc + (?ms: + ViHmMB3 +

3/Jm Bamc + 1/22mBmc2]

2 In7¢c=21In7c0o+ mMB[A -)- ¥YBmB+ Cmc +
YiDmBi + Erne2+ Z&mBmc + ¥iGmB3+
Hmc3+ ¥Y2AmBhne + s/i./m,I(mc2]

These equations give the values of —log 7 Band — log
7 ¢ recorded in Tables IV and V. Considering the high
solute concentrations that can be reached in this sys-
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tem, the change in activity coefficient is not large.
The limiting activity coefficient of sodium chloride at
mc = 0and mB = 1is 0.9804; in 1 M mannitol it is
0.986; even in 20 M urea, the activity coefficient has
fallen only to 0.898.

Tablre IV*

Activity Coefficient of Ubea in Sodium Chloride Solution
me

B 0 1 2 3 4 5 6
0 0 0.0130 0.0192 0.0208 0.0198 0.0178 0.0160
1 0.0355 .0468 .0522 .0539 .0526 .0529 .0530
2 .0637 .0734 .0782 .0800 .0804 .0809 .0826
5 .1266 1324 .1357 .1379 .1404 .1442 .1502
10 .1963 .1983 .2004 .2039 .2093 2171 .2276
15 2418 .2429 .2456 .2506 .2580 .2677 2791
20 .2760 .2788 .2836 .2902 .2984 .3073 .3159

° The negative logarithm of the activity coefficient is tabulated.

Table V*
Activity Coefficient of Sodium Chloride in Urea Solutions
ntz-
me 0 1 2 5 10 15 20

0 0 0.0086 0.0150 0.0299 0.0421 0.0449 0.0468
1 0.1825 . 1868 .1905 .1986 .2058 .2100 .2165
2 1755 L1772 1787 .1828 .1889 .1969 .2087
3 . 1465 .1466 1473 . 1491 .1573 1701 .1879
4 .1061 . 1055 . 1054 . 1080 .1203 .1397 1617
5 .0585 .0579 .0580 .0622 .0805 .1059 1312
6 .0060 .0059 .0067 .0143 .0387 .0694 .0960
AG, cal. mole 1 -2.2 1.1 20.5 81.3 161 237

° The negative logarithm of the activity coefficient is tabu-
lated.

The largest effect is found with ¢ M NaCl; alone in
water at this concentration, sodium chloride has an
activity coefficient, y = 0.986; in 20 M urea, it is
0.802.

Similarly, the activity coefficient of urea in 1 M
solution, 0.921, is lowered to 0.885 by the addition of 6
M NaCl; for 20 M urea, the change is from 0.530 to
0.483 on the addition of a similar amount of sodium
chloride.

It will be seen from Table V that, while the effect of
urea on the activity coefficient of sodium chloride is
generally one of “salting-in,” there is a region (approxi-
mately mc > 4, tob < 2) where avery small “salting-
out” effect is found.

The quantity AG = 2RT Infc at mc = 0, which can
be calculated from the data in the second row of Table
V, is the increment in chemical potential when a mole of
sodium chloride is transferred from a given mole frac-
tion in water to the same mole fraction in urea-water
mixtures in the limit when mc = o, i.e., it is a measure
of the medium effect. Values of AG are given in the
last row of Table V. That of —2.2 cal. mole<i1in 1 M
urea can be compared with +13.6 cal. mole«1 already
calculatedwo for sodium chloride in 1 M mannitol; that
of 237 cal. mole-1 in 20 M urea (54.8%) with 242 cal.
mole« 1 for hydrochloric acid in 20% dioxane.

Solubility Measurements.—-As was shown in earlier
papers, la'lb a knowledge of the A function over a range
of mB and mc, along with solubility data for each solute
in water, enables the solubility of B in solutions of C
to be calculated and vice versa. The calculated solu-
bilities of urea in sodium chloride solutions and of
sodium chloride in urea solutions are shown in Fig. 2.
Some direct solubility measurements were made. The
Solubility of sodium chloride in a 10.31 M urea solution
was determined by saturating the urea solution with
the salt and analyzing an aliquot for chloride; the
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Fig. 2.—Solubility relations: ------, calculated solubility curves;
------ , drawn through the experimental points; A, solubility of
NaCl in urea solutions; o, solubility of urea in NaCl solutions;
<, point of mutual saturation.

solubility was found to be 6.465 M, the calculated value
being 6.475 M. In 18.00 M urea we found a solubility
of 6.722 M whereas the calculated value is 6.927 M.

Similarly, the solubility of urea in a 3.018 M sodium
chloride solution was determined by evaporating to
dryness in vacuo an aliquot of the saturated solution;
from the amount of total solids and the known amount
of sodium chloride in the aliquot, the solubility of urea
could be determined: found, 21.20 M; ealed., 21.00
M. In 5520 M NaCl solution, we found a solubility
of 23.06 M urea compared with the calculated value
of 22.48 M.

Finally, the point of mutual saturation was deter-
mined by evaporating to dryness an aliquot of the solu-
tion saturated to both urea and sodium chloride; the
amount of total solid and an analysis of the chloride
content gave solubilities of 24.16 M urea and 6.712 M
NaCl. The calculated values are 22.70 M urea and
7.036 M NacCl.

We see, therefore, that we get reasonably good agree-
ment when either the urea concentration (10.31 M) or
the sodium chloride concentration (3.018 M) is not too
high. If either is high, then solubilities predicted by
eq. 1+ do not agree with those found experimentally;
in particular, eq. : does not predict the point of mutual
saturation. This might have been expected, for the
parameters of eq. 1 were derived with the full knowledge
that they were not of much use at high values of mBand
mc (specifically, mB = 19.749, me = 6.1820); still less
would we expect them to predict the even higher con-
centrations at the point of mutual saturation.

Acknowledgment.— We express our gratitude to Mr.
J. M. Cameron for his expert advice about the repre-
sentation of the experimental data and, in particular,
for restraining our enthusiasm to apply empirical equa-
tions outside the region to which they have been fitted.
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When a pseudo-first-order process (such as ligand exchange) is displaced by producing or destroying a re-
actant at a constant rate, as by automatic or coulometric titration, the rate and equilibrium constants of that
process may be deduced from the titration curve obtained by any of the common techniques of end-point de-

tection.

Introduction

In the calculation of titration curves it has always
been assumed that chemical equilibrium is attained at
every point. When zero-current potentiometry is used
for end-point location it has also traditionally been
assumed that each of the couples involved is reversible
and that electrochemical equilibrium is attained at
every point.

Several recent developments have contributed to an
enhanced understanding of potentiometric titration
curves. These include the realization2that an expres-
sion similar to the Nemst equation may be written
even when the potential-determining couple is not
ideally reversible, the demonstration34of the relation-
ship between the potentiometric titration curve and
the voltammetric characteristics of the couples in-
volved, and the recognition5 of the influence of the
nature of the electrode surface on the potentiometric
titration curve.

The present paper deals with complications caused
by the occurrence of slow chemical reactions in the
solution phase, so that chemical equilibrium is not at-
tained at the instant of measurement. The procedure
followed has been to conceive of a number of hypo-
thetical models for titration systems and to establish
and integrate the corresponding kinetic equations. The
integrated equations, relating the concentrations of
various species to time, describe titration curves that
are characteristic of such end-point detection techniques
as amperometry and spectrophotometry. Through
these equations, the zero-current potential may also be
related to time. Analysis of the results gives rise to
various procedures for the extraction of rate and equi-
librium constants from titration-curve data.

Throughout this work it has been assumed that the
reaction is isothermal, that mixing is instantaneous,
and that the volume change during titration is negli-
gible. Generally these requirements can be closely
approximated in practice. It has also been assumed
that the rate of addition of titrant is constant. This is
the case in coulometric titrations, in which the reagent
is electrogenerated by the flow of a constant current
(that, contrary to conventional practice, is not inter-
rupted while measurements are made), as well as in
automatic titrations, in which the reagent is continu-
ously added by means of a constant-rate buret or

(1) This paper is based on the dissertation submitted by Richard E. Cover
to the Faculty of the Polytechnic Institute of Brooklyn in partial fulfillment
of the requirements for the degree of Doctor of Philosophy in June, 1902.

(2) S. Glasstone, K. J. Laidler, and H. Eyring, “The Theory of Rate
Processes,” McGraw-Hill Book Co., Inc., New York, N. Y., 1941, pp. 575-
57?3) J. Coursier, Anal. Chim. Acta, 7, 77 (1952).

(4) 1. M. Kolthoff, Anal. Chem., 26, 1685 (1954).
(5) J. W. Ross and I. Shain, ibid., 28, 548 (1956).

Three different chemical systems are considered.

equivalent device. The equations that follow are
written for the latter case. They may be converted to
the form appropriate for coulometric titrations by using
the relation

i/F = NV' = nwp (1)

where i is the constant electrolysis current (amp.), F is
the faraday (96491.2 couiombs/equivalent), N is the
oxidation-reduction normality of the titrant (equiv-
alents/cm.3, V' is the constant volume rate of addi-
tion of titrant (cm.¥sec.), nis the number of electrons
involved in the oxidation or reduction of each molecule
or ion of the species being titrated, vis the volume of the
solution titrated (cm.3, and pis the constant stoichio-
metric rate of addition of titrant (mole-cm.-3 sec.-1).

All of the systems considered below are formulated in
the following way. It is assumed that a species A is
titrated with a species T', and that the reaction between
these may be written

A-A
A+ T'#51A' + T @)

where A and T are the oxidized and A' and T' the re-
duced forms of the couples, and ka and fc A are second-
order or pseudo-second-order rate constants (mole-1
cm.8sec.-1). It is further assumed that the forward
reaction is very fast and that the equilibrium lies far
to the right— in effect, that fc A = 0 and fXA = 00.
Then the rate equations for the system are

when Ca > 0,CV = 0 and dCL/di = —p (3)
when Ct' > 0, Ca = 0 and dC-r'/dt = p (4)

where t is the elapsed titration time (sec.), Cx is the
concentration of species X (moles/cm.3, and p is de-
fined by eq. 1. If the A-A"' couple is potential-deter-
mining, then the Nernst expression becomes simply (at
25°)

0.0591

E=EO0C — log (5)
uk

where E is the zero-current potential at time t, EQ' is the
formal potential of the A-A"' couple, nA is the number
of electrons involved in the rate-determining step of the
electroreduction of A to A", and t* is the value of t at
the equivalence point. E and EQ are, of course, re-
ferred to the same reference electrode.

This mode of formulation is simple and easily manip-
ulated. The assumptions made will be closely satisfied
by many chemical systems, particularly when the rate
of titrant addition is low. Moreover, this formulation
permits the potential-time function to be evaluated
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even when both of the reacting couples are electroactive,
since it eliminates the necessity of considering the
titrant couple before the end point.

An equation can be derived which, in principle, per-
mits the calculation of the zero-current potential from
information on the composition of the solution even if
the cathodic process is not the reverse of the anodic one.
It is6

0.0591 (v

E = 71
yno — R'riB 9 Cd

E1- (6)

where y and /?' are effective transfer coefficients for
the reduction of species D and the oxidation of species
B', respectively, nu and n&' are the numbers of electrons
involved in the rate-determining steps of these
processes, and 22t is obtainable from free-energy consid-
erations. The parameters y and /3 are assumed to be
constant in the derivation of this expression; where it
has been used in this work, it has been assumed that
(ynD - 8'nb') = I-

The procedure recommended below for the treatment
of potentiometric data is a simple one that provides a
sensitive diagnostic technique for the identification of
the various kinetic complications that may occur. As
was shown above, for the straightforward reduction of a
single species the potential before the equivalence point
is described by eq. 5; consequently a plot of E or (E —
EQ) vs. log t/(t* — t) should be linear and have a slope
of —0.0591/wa V. This is not so when a slow side reac-
tion also occurs. Plotting experimental data in this
way will then give non-linear curves whose comparison
with the theoretical ones should provide much insight
into the nature of the system.

It is arbitrarily assumed here that the titrant is a
reducing agent. Cases like those below in which the
titrant is an oxidizing agent will be described by equa-
tions identical with those given here except for the sign
of the change of potential with time.

Results and Discussion

System 1—-This system may be represented by the
scheme

B A’

That is, species A, which on reaction with the titrant T'
undergoes reduction to A', is in slow equilibrium with
another species, B, in the same oxidation state. The
first-order or pseudo-first-order rate constants A and
L i are expressed in sec.-1.

This system is described by the equations

dC\/dt = -; aCaCV - /ec,Ca + KICB (7)
dCn/dt = /AiCa - 3Cb 8)
dCv'/dt = p - KACACri 9)

dCA'/dt = dCr/dt = kACACV (10)

It is convenient to define a time t such that Ca-=0 ast
= +. Then, with the aid of eq. 3 and 4, the solutions of
the rate equations become, fort < r

(6) R. E. Cover, Ph.D. Dissertation, Polytechnic Institute of Brooklyn,
1962.
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Ca— [K\t* —1t) —k-i/Gi] +

eu

CU oL 7 it - kMG an
eu

K-i
Ch = _p t— t+ 4+

Gi L Gi.

where Qu = (fci + /c_i) and C'x° is the value of Cx at t =
0.

If species A and B are assumed to be in equilibrium
att = 0,eq. 11 and 12 may be further simplified to

Ca -~ q 2[hGi(t* — t) — i T Jc_ic G,i] (13)

Cb =

o [knNGi(t* -
tri

) + fci- koe Gi] (14)

The exponential terms in eq. 11-14 may be made
negligible by increasing the sample size or decreasing ».
Then Ca and Cb will decrease linearly with time. If
meither can be followed during the titration (by ampe-
rometry, spectrophotometry, or another technique), the
rate constants can be evaluated from data on the linear

portions of the concentration-time curves. One has
15

(e + PSa)(Ki+ 1) @

(16)

(/B + 1*Sb)(Ai T 1)

where Ix and Sx are the intercept and slope, respec-
tively, of the linear portion of the plot of Cx vs. t, and
Ki = kiZk_v
In applying eq. 15 and 16, the equivalence-point time
t* would, of course, be calculated a priori from the con-
centrations of the solutions, the rate of addition of
titrant, and the stoichiometry of the reaction. Equi-
librium measurements are not necessary for the evalua-
tion of Ki, which is more conveniently obtained from
these equations as
Ki = -

Sa(lb + Z*Sb)/Sb(/a + t*SA (17)

Obviously it is unnecessary to know the actual concen-
trations of A and B (i.e., the constant of proportionality
relating these concentrations to the measured diffusion
current, absorbance, etc.). Finally, the calculation can
still be performed even if only one of these substances
can be followed, since

CA+ Cb = P(t* - 1) (18)

which, of course, isvalid only fort < r. The value of r
in any experiment may be estimated by considering its
properties: (1) 0 < €< t*, (2) ca = Ofort> r, and
(3) only ift < « can CBvary linearly with time.

Whent > « (so that C\ = 0), the assumptions that A
and B are in equilibrium at « = 0 and that the exponen-
tial terms in eq. 13 and 14 are negligible at« = « lead to
the following solutions of the rate equations.
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Io i t* 0 forsystem l

!heAA E%%Je 1% me(Ei pognng (#Hb , n\ )
| e 1 i reser}Xs 5|m le equilibrium o

does not ccur

= o — ~ kx
g b P ki (1 t) . (19)
KiGe exp h(t* - t) -
(20)
cV = p inGil exp MI* - 1)
(21)

It is clear from eq. 19 that a plot of In Cb vs. t in this
interval will be linear and will have a slope equal to
—h. Consequently, if Cb is followed throughout the
titration, ki can be evaluated. Then

kCa°®
pt* - Cb°

The value of kxmay also be determined by following
Ca' or Ct in this interval, since, from eq. 20, aplot of
either In (pt* — Ca') or In (pt* —CT) vs. t will be linear
and will have a slope equal to —Ay.

The rate constants can also be evaluated from poten-
tiometric data if the potential in the interval t < tis
controlled by the A-A' couple and if the value of Ca is
known at some time during this interval. If, in addi-
tion, the exponential term in eq. 11 is negligible for an
appreciable portion of this interval, then since

k-1 (22)

CA = pt (23)
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throughout this interval, one can use the value of Ca'
together with the measured potential and the Nernst
equation to calculate the change in Ca relative to some
known value of Ca during the titration. At any pair of
times ti and h one has

R 0.0591 0.0591 ”

Ex " n.K 7\ (24)
This permits the evaluation of the function Rt, which is
defined as the ratio casca, at varous times during the
titration. When the exponential term in eq. 11 becomes
negligible, Rt becomes a linear function of time. Data
obtained in the time interval in which this is so may be
used for the evaluation of the rate constants in the
following manner.

Let Rm and Rn be two values of Rt at the corre-
sponding times im and on the linear portion of a plot

of Rt vs. t, and let Ri = Ru/Rn- Then it can be
shown6that
kiGi — k-iQi (25)
where
. Ri' - 1
Q= . . (26)

t*(Ri — 1) — Aifar + tv.

If Ca’ (the value of Ca at t = 0) is known, and if the
system was in equilibrium at t = 0, then Agis given by

ki —Qi 1 ET* @7)
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and Ca = P(t* - 1) (35)
&1 - Q _ ki (28) CA = [k&t + k-2- k-2e~G] (36)

If the value of CA is known at ¢4m but not att = 0, one
may evaluate CA at in (from the relation CAn = cAm
Ri") and then calculate kxfrom

Cam Can — p(f.  ¢m)(Qi  fci)/Qi (29)

and ifrom eq. 28.

In a titration of this system, the end point precedes
the equivalence point if CA is followed or if the A-A"
couple controls the potential before the end point.
This is because CA—»0 as t -*m r, while r is giver, by

1

T AiC. (30)
Since kKGi > 0, clearly r < /*. The absolute error, t*
— ¢, is constant and equal to 1/KXGX but the relative
error, (r/f*) — 1, approaches zero with increasing t*.
The end point also precedes the equivalence point if it
is the variation of CA', CB, CT, or CT' that is followed.
Increasing i*, either by increasing the sample size or by
decreasing J), tends to decrease the error in all of these
cases.

Figures 1 and 2 show plots of the potential function
(E — AQ0) vs. log t/(i* — t) and illustrate the behavior
that will be observed in this system on varying t*.
For a simple reversible system, of course, such a plot
should be a straight line with a slope of —0.0591/w v.
and an intercept [att/(t* —t) = 1] of 0. If the A-A"
couple is potential-determining, however, the curve is
not linear (Fig. 1) and the end point precedes the
equivalence point. If the B-A' couple is potential-
determining (Fig. 2), a non-linear curve is again ob-
tained but the curvature is in the opposite direction
and the end point follows the equivalence point.

In either case the curves approach linearity as t*
increases and the end point error decreases. For the
case in which the A-A" couple is potential-determining
the limiting expression as t* —mm is
1+ Ai 0.0591

it | lo
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System 2.—This system may be represented by the
scheme

A’ B'

That is, species A is reduced to A' by the titrant T', and
A' is in slow equilibrium with another species, B',
which is in the same (reduced) oxidation state. The
first-order or pseudo-first-order rate constants k2 and
2are expressed in sec.-1.
This system is described by the equations
dCx/df = - ;aCaCt' (32
dCA/df = zaCaCt' + hCV - k-Za (33)
dCBdf = AZXa' - AXp' (34)

With the aid of eq. 3 and 4, the solutions of the rate
equations for the interval t < t* are found to be

Cb' = \éy2|2 [lcTx —kr2 + [c 2 ffi] (37)

where G2 m=k2+ k_2 For the interval t > t* the solu-
tions are

CV = @ {kTa* — k- 2exp [GAt* — 01} (38)

Co' = = {k-Ta* - k-2exp[<(* - 0]} (39)

assuming that the exponential terms in eq. 36 and 37 are
negligible at t = t*, a condition that will be satisfied if
t* is sufficiently large or if pis sufficiently small.

When, in the interval t < ¢* the exponential terms in
ed. 36 and 37 are negligible, CA' and CB' will increase
linearly with time. If either can be followed during the
titration, the rate constants can be evaluated from data
on the linear portions of the concentration-time curves.
One has

k2= Sa'/la'(K2+ 1) (40)
£2 = —Sp'/Ib'(K2+ 1) (41)

where Ix and S\ were defined above (c/. eq. 15 and 16)
and A? = /c2fc_2 Analogously to eq. 17

A2= —Sa'lb'/Sp'la’ (42)

If only one of these two concentrations can be followed,
the other can be calculated from the relation

Ca'+ Cb' = pt (43)

The rate constants can thus be evaluated in a manner
similar to that outlined for system 1in the discussion of
eq. 15-18.

They may also be evaluated from potentiometric
data if the A-A" couple is potential-determining in the
interval t < t*, if either K>or the value of CA' at some
instant during the titration is known, and if the ex-
ponential term in eq. 36 is negligible for an appreciable
time in this interval. Then the value of CAgiven by eq.
35 can be used, together with the measured potential
and the Nernst equation, to calculate the change in
Ca' relative to some arbitrarily chosen value of CA'
during the titration. The function Rt', defined as the
ratio CA/CAl', can then be evaluated at various times
during the titration (cf. eq. 24. and the accompanying
discussion). When the exponential term in eq. 36 be-
comes negligible, At' becomes a linear function of time.
As in the discussion of eq. 25-29, let Am' and An' be
two values of At' on the linear portion of a plot of At'

vs.t,andlet A/ = Am'/An'- Then
k32 = fc X2 (44)
where
Q2= (1 - A2)/(AZ2fN' - tm') (45)

If K. is known, k>and fc_2can be calculated from the
equations

A2 — (Q2— k3/k2 (46)
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and
ft2 = kiz@ —k2 (47)

If, on the other hand, K2is not known but the value of
C\'is known at some time C, /:2may be calculated from
the expression

Qi"Ca' "
p(Q™ + 1)

and 2may then be calculated from eq. 47.

Figure 3 shows plots of the potential function (E —
EQ) vs. log t/(t* — t) and illustrates the behavior that
will be observed in this system on varying t*) it is as-
sumed that the A-A' couple is potential-determining.
The shapes of these curves are characteristic of the
system, as is also the case for those shown in Fig. 1 and
2. They approach linearity as t* increases, and the
limiting expression as t* = < is

k2 — Qi — (48)

0.0591 Ki 0.0591
E = EO - log log
Ha 1+ Kt Ua

(49)

The use of amperometry, spectrophotometry, or a
similar technique for locating the end point in a titra-
tion of this system may give rise to very large errors, as
is shown by Fig. 4, which was calculated with the same
values of the different parameters as were used to obtain
Fig. 3. Similar curves for the other systems considered
here and in a subsequent paper may be found in the
junior author’s dissertation.6

Richard E. Cover and Louis Meites
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System 3.—This system may be represented by the
scheme
k=i Tr k-2
Bi"A—>A'~"B'

That is, species A is in slow equilibrium with another
species, B, in the same oxidation state; on reaction
with the titrant, T', species A is reduced to A', which in
turn is in slow equilibrium with another species, B', in
the same (reduced) oxidation state. The titration of
osmium(1V) with chromium(ll) in hydrochloric acid
solutions has been found6to exemplify this system under
certain conditions, and will be described in detail in a
later paper.

System 3 clearly combines the processes represented
by systems 1 and 2; as would be expected, many of
the equations valid for the latter systems are valid for
system 3 as well. This system is described by rate
equations identical with eq. 7, 8, 9, 33, and 34.

If a time r is again defined such that Ca **0 as t —um
t, these rate equations can be integrated as before.
For t < t, the variations of Ca and Cb are described by
eq. 11-14, derived above for system 1; and the varia-
tions of Ca' and Cb' are described by eq. 36 and 37,
derived above for system 2. Fort > x, the variations
of CA, Cb, Ct, and Ct' are described by eq. 19-21
derived above for system 1; the variations of Ca' and
Cb' in this interval, however, obey equations that are
unique to system 3. These are rather complex and ill-
suited to the evaluation of the rate constants, and there-
fore are not presented here; they may be found in the
junior author’s dissertation as eq. 213 and 214.



July, 1963

Fig. 5.—Plots of (E — E®*') w. log t/(t* —t) for system 3.
The A-A" couple is assumed to be potential-determining; nA =
1, i = 2= 100% = IOOfe = 167 sec.-], t* = (a) 600,
(b) 6000, and (c) 60,000 sec.

If Ca, CB, Ca, Cb', or Ct is followed during the
titration by amperometry, spectrophotometry, or a
similar technique, the rate constants kh fc_If k2 and
fc_2can be evaluated by the procedures described above.
They can also be evaluated from potentiometric data
if the A-A' couple is potential-determining in the inter-
val t < rand if the exponential terms ineq. 11 and 36 are
negligible for an appreciable time in this interval.
Under these conditions the Nernst equation becomes

E=EOQ— log [GS{kZ2 + fc 2]/

[GJik&it* - 1) -

*_1} (50)

Clearly the methods outlined for such calculations in
systems 1 and 2 are not applicable here, where neither
C\ nor Ca' can be evaluated without prior knowledge of
the rate constants. In principle, however, there is
another viable approach to the problem; it can be
shown that

OEN\
o0t*)t ~ nA[K* - t -

0,0257
(IAIA)]

(51)

This would permit the evaluation of K\G\ from data ob-
tained in a series of titrations in which the sample size
or the value of pwas changed so as to vary t*. Plots of
E vs. t* for various arbitrarily selected values of t should

Complex Formation in Studies of Chemical Kinetics

Fig. 6.—Plots of ( — E&) \w. log t/(t* —t) for system 3.
The B-A' couple is assumed to be potential-determining; na =
1, *, = fc2= 100Ai = 100fe = 1.67 sec.“l, t* = (a) 60, (b)
600, and (c) 6000 sec.

yield a family of straight lines having slopes equal to
each other and to the right-hand side of eq. 51. By
analogy with the above treatment of system 1, the rate
constants and i could then be evaluated if either Ki
or ca- is known; then C\ could be evaluated at any
time smaller than or equal to r by means of eq. 11;
and finally the procedure outlined above for system 2
could be used to evaluate k2and k =

Figures 5 and 6 show plots of the potential function
(E —EQ) vs. log t/(t* —t), calculated by assuming that
either the A-A" couple (in Fig. 5) or the B-B"' couple (in
Fig. 6) is potential-determining. As in the other sys-
tems, the shapes of these curves and the manners in
which they are affected by varying t* are characteristic
of both the system and the couple that is assumed to be
potential-determining. When the A-A' couple is
potential-determining, the limiting expression as t* —a
oo is

E EV - Io% . _
nA Ai(l + K2

—----l0g (52)

Acknowledgment.—R. E. C. wishes to express his
gratitude to the Socony Mobil Oil Company for award-
ing him the Socony Mobil Incentive Fellowship during
the period 1959-1962.



1534

Marianne K. Bernett and W. A. Zisman

Vol. 67

THE BEHAVIOR OF MONOLAYERS OF PROGRESSIVELY FLUORINATED FATTY

ACIDS ADSORBED ON WATER1

ByMarianne K.Bernett and W. A. Zisman

U. S. Naval Research Laboratory, Washington 35, D. C.

Received February 16, 1963

layers of two series o

re n- aec norc acids wit su
uoropenty, er uor eap &)
uoro ept ? oroac N orode rou
g values fa ? rapid wrt ressrv or
cids are In the (’ ?

sofa

In surface pogent
In tHeo %srte drrectron

omeit feascertarneii
the values of the vertic com
of orientation and c ing o
and electrostatic repu sron

Astui y has been m pde on the f?rce area, surface §oten%rasl %%% and surface moment- area relatrons %f mono-

progressrve Luorrnated it

stitutions In

entras an

enP &On)e artl

Introduction

Previous investigations23 at this Laboratory have
been concerned with the surface-chemical properties of
adsorbed monolayers of molecules comprising a single
linear chain of 16-CH 2 groups terminated on one end by
a - CF3group and on the other end by a carboxylic acid
or an amino group. Shafrin and Zisman2suggested the
presence of a strong dipole in the -CH2CF3linkage in
order to explain the small effect of fluorinating the oo
carbon atom on the wettability of the condensed mono-
layer adsorbed on polished glass or metal substrates.
Fox3proposed that the same dipole through weakening
of the cohesive forces also caused a film expansion in
the insoluble monolayers spread on water. More re-
cently Shafrin and Zisman4 investigated the wet-
tability of monolayers adsorbed on metals using a series
of co-(n-perfluoroalkyl)-heptadecanoic acids and found
that the effect on liquid adhesion of the uncompensated
dipole at the -CH2CF 2 linkage became negligible only
when it was located at least 6 carbon atoms below the
u-carbon atom. The present study reports the mechani-
cal and electrical properties of insoluble monolayers on
water using the same family of progressively fluorinated
fatty acids (the 17-heptadecanoic acids) as well as an
analogous family, the perfluoroalkyl substituted 11-
undecanoic acids.

Experimental Materials and Procedures
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(1) Presented at the Southwest Regional Meeting of the American
Chemical Society in Dallas, Texas, on December 8, 1962

(2) E. G. Shafrin and W. A. Zisman, J. Phys. Chem, 61 1046 (1957).

(3) H. W. Fox, ibid,, 61, 1058 (1957).

(4) E. G. Shafrin and W. A. Zisman, ibid., 66, 7

(5) G. Gavlin and R. G. Maguire, J. Org. Chem,

(6) N. O. Brace, ibid., 27, 4491 (1962).

(1962).
, 1342 (1956).
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Table |

Molecular Formulas and Code Designation op the Fluo-

rinated Fatty Acids

Name of compound . Code
F(CF),- (CHZ) tI:OOH
17-&Perfluoroheptj 1)-hepta- ,
decanoic acid 91-92 TF-16H acid
17-(Perfluoropentyl)-hepta- :
decanoic acid 77-19 5F-16H acid
17- d(Perfluoropropyl) hepta- :
ecanoic acid 3 T73-7145 3F-16H acid
17-(Perfluoromethyl)-hepta-
decanoic acid 1 70.0-70.5  1F-16H acid
Stearic acid 69.5 17H acid
F(CF2)n-(CH2),0CO0H
11-(Perfluorodecyl )-undeoanoic _
acl .10 111-112 10F-10H acid
|I-(Perfluorodcts)-undeeanoic _
acl s 89-90 8F-10H acid
1I-($Perflu_oroheptyl)-un- _
ecanoic acid 7 8283 TF-10H acid
aa<da|u rna Concentratrons of the ﬂuor/r ated acids | rn hexane
of solve
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(7) As manufactured to order by Fred S. Hrckey Corp., Chicago, Illinois.
(8) W. A. Zisman, Rev. Sci. Instr., 3, 367 (1932J.
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Fig. 1.—Effect of spreading solvents on monolayers of 7F-16H
acid on substrate of pH 2.2.

by an RCA high-sensitivity, vacuum-tube, voltmeter (Model
WV-74A). The contact potential difference was measursd by
applying an equal and oppositely directed potential difference to
the two electrodes with a Rubicon potentiometer so as to give a
null in the a.c. signal. This system had a sensitivity of £2 mv.
even when using the convenient condenser air gap of 2 mm.

Aqueous substrates were prepared from water distilled once
through a tin-lined still and then twice through an all-quartz
still. The water obtained, when in equilibrium with CO2 of the
air, had a pH of 5.8. Appropriate additions of C.r. grade
R.SO40r KOH were made in order to obtain various pH values of
the aqueous substrate. Film balance experiments were all carried
out at 20 + 0.2°. The more highly fluorinated acids were so
slightly soluble in hexane that they had to be stored at 25° or
above to keep them from precipitating. At time of delivery to
the water surface, however, all of these solutions were at a tem-
perature of 20°.

Results and Discussion

Choice of Spreading Solvent.—A search for a suitable
spreading solvent showed that most of the conventional
solvents were unable to dissolve the partially fluorinated
acids, especially the higher homologs. Previous investi-
gations by Archer, Robbins, and La Mer9and others 011
have established that the nature of the spreading solvent
can exercise a considerable influence on the properties of
an adsorbed monolayer. For example, benzene was
found to remain in the monolayer even under film pres-
sure, and it caused an increased expansion in the low
pressure regions before the formation of liquid-con-
densed films. Hexane or petroleum ether were found
more suitable as spreading solvents; a short-chain al-
cohol also was satisfactory despite its high water solu-
bility. In view of these findings, a brief study was made
of the effect of varying the spreading solvent on the film
pressure (F) vs. area per adsorbed molecule (A) of these
fluorinated acids.

Figure 1graphs the results obtained when the 7F-16H
acid was spread on water at pH 2.2 from each of four

(9) (@ R. J. Archer and V. K. LaMer, J. phys. chem., 59, 200 (1955);
(b) V. K. LaMer and M. L. Robbins, ibid.., 62, 1291 (1958).

(10) H. D. Cook and H. C. Ries, ibid., 60, 1533 (1956).

(11) J. p. Miller and Nanis, J. colloid sci., 17, 699 (1962).
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2.—Properties noI ers read on substrate of pH
20f Sp& 3 ama bS)D %ottom ﬁ audJJ

solvents; similar graphs were obtained with the other
fluorinated acids studied. Two sets of curves are seen;
one set was obtained when the spreading solvents were
hexane or petroleum ether and the other set when they
were acetone or isopropyl alcohol. The two sets of
curves are roughly parallel except that the latter set ex-
hibits an extended gaseous region and is displaced by
about 8 A.2to the left of the former, indicating smaller
limiting areas per molecule. Because of the water solu-
bility of the acetone and isopropyl alcohol, it was sus-
pected that these solvents might have carried the or-
ganic acid into the aqueous substrate. This suspicion
was verified when it was found that the clean hydro-
philic platinum foil, employed as an electrode for meas-
uring the surface potential and fully submerged in the
film trough, became hydrophobic after several runs with
acetone or isopropyl alcohol as the spreading solvent,
but remained hydrophilic when hexane or petroleum
ether was used instead. Therefore, hexane was chosen
as the most suitable spreading solvent for this investiga-
tion, in spite of its lower solvent power for the more
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highly fluorinated acids. Hence, only the right hand set

of curves in Fig. 1 will be used hereafter.

Film Pressure vs. Area per Molecule.—In Fig. 2a and
2b are F vs. A graphs for each of the seven fluorinated
acids when spread on an aqueous substrate at pH 2.2.
In the undecfanoic acid series (Fig. 2a), the compound
with the largest number of-C F2groups (10F-10H acid)
supported the highest film pressure, 55 dynes/cm.;
the next lower member (8F-10H acid) collapsed at 43
dynes/em.; and the lowest member (7F-10H acid)
collapsed at only 9 dynes/cm. Each curve was re-
versible at all film pressures except close to the collapse
value. Any member of this series of acids containing
fewer than seven mCF2-groups could not be studied with
the film balance because its collapse pressure was too
low. An analogous decrease in film stability occurred
in the family of substituted heptadecanoic acids (Fig.
2b); the highest collapse pressure (37 dynes/cm.)
was exhibited by the 7F-16H acid, which has the largest
number of -CI'V groups, and the lowest collapse pres-
sure (6 dynes/cm.) was encountered with the lowest
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Fig. 4—Properties of monolayers spread on substa H
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member (1F-16H acid). Again the F vs. A curves were
reversible over the entire range of film pressures except
close to the collapse point. Data obtained under the
same conditions using a monolayer of stearic acid, 17H
acid, are also graphed in Fig. 2b for comparison.

Figures 3a and 3b show the F vs. A curves of these
two homologous families of insoluble compounds when
spread on water at pH 5.8 and Fig. 4a and 4b show
the results obtamed at pH 8.6. With the exception of
the two shortest members of each family of acids, all
curves obtained at one pH are roughly parallel and close
to one another especially at the higher pressures. The
minor effect of varying the pH on the shape and position
of the F vs. A curves is exemplified by the behavior of
the 10F-10H acid shown in Fig. 5. Thus, regardless of
the length of the fluorinated segment or of the hydro-
carbon segment and of the value of substrate pH, the
limiting area (Ao) observedowith the more stable films
varies between 36 and 38 A.2per molecule (Table I1).
However, values of A as well as of F at the collapse
point show larger variations. The smallest value of A
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for all films (27.5 A.29 was observed with 10F-10H acid
at pH 2.2; this is close to the cross-sectional area of
25.1 A.2of a perfluoroalkane chain as measured on a
Stuart-Briegleb molecular model.

Fi'om the slopes of the F vs. A curves of the more
condensed monolayers, it was found that the compres-
sibility [(—I/A)(dA/dF)] of the 10F-10H acid film
ranges from 0.0054 to 0.0062, and is of the same magni-
tude for the other longer-chain acids. This falls within
the range of compressibilities of the liquid-condensed
monolayers of fatty acid reported by Harkins, 12 and
hence it would appear that these fluorinated mono-
layers are all liquid-condensed up to the collapse pres-
sure. This inference was proved correct by some simple
spreading experiments on these monolayers, using a
film trough covered with a duplex film of oxidized “in-
dicator oil” 13in order to be able to see the boundary of
the spread monolayer of fluorinated acid. Even at the
maximum pressures obtained with the indicator oil
(20-25 dynes/cm.), no solid-condensed monolayers of

Table Il

Limiting Properties of Monolayers Spread on Water

Surface Vertical

Area at potential component
ar;i:/bo la Coel- A diffe::”‘?e r:gr::epnilzt
(A-V (A collapse collapse
mole- mole- Press, at collapse pressure pressure

Compound cule) cule) ﬁ(dzyaes/cm.) A V(mv.) Ww (D)

. pri <.

-10H acid  37. . - -0.
10F-10H acid 375 275 55 815 -0.615
8F-10H acid 37.0 299 43 -155 - 580
[F-10H acid 345 9(unstable) -575 - 53
[F-16H acid 37.8 30.7 3/ -120 - 580
SF-16H acid 36.7 325 23 -680 - 580
3F-16H acid 322 29.3 18 (unstable) -715 - .5%0
1F-16H acid 34.0 28.0 o (unstable) -710 - .530

ITHacid 238 19.0 +375 .+ 185

_ pH 5.8
10F-10H acid 37.5 28.0 53 -930  -0.715
8F-10H acid 36.8 290 35 -§20 - 630
TF-T0Hacid 372 330 o> (unstable) -760 - 665
TF-16H acid 36.0 284 41 -850 - .630
oF-16H acid 36.1 3L.7 19 -850 - .6/5
3F-16H acid 32.1 28.6 14 (unstable) -875 - .669
1F-16H acid 34.0 28.0 e (unstable) -830 - .665
ITHacid 235 185 25 +270  + 135

_ pH 8.6
10F-10H acid 37.2 28.0 53 -970  -0.740
8F-10H acid 37.5 30.0 46 905 - 740
[F-10H acid 37.0 310 35 -895 - 740
F-16H acid 374 308 38 -895 - 730
S5F-16H acid 369 331 I -825 - 710
3F-16H acid 34.0 315 7 -880 - 740
1F-16H acid 36.0 305 -830 - 670
1THacid 204 197 23 t220 + 123

these fluorinated acids was formed on water at pH 2.2,
5.8, or 8.6. The 10F-10H and 7F-16H acids formed
somewhat more viscous films at pH 8.6 than did the
other acids, and the 1F-16H acid slowly dissolved in the
water at all pH values. However, when thorium nitrate
(10-4 molal) was introduced into the aqueous substrate
under the previously spread monolayer of each fluori-
nated acid, the film promptly became rigid at pH 8.6.

(12) W. D. Harkins, “The Physical Chemistry of Surface Films,” Rein-
hold Publ. Corp., New York, N. Y., 1952, p. 135.

13) I. Langmuir and V. Schaefer, J. AM den S, 59, 2400 (1937).
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Fig. 5.—Effect of substrate oPH on groperties of spread 10F-10H
acld” monolayer.

At pH5.8 only the higher homologs (7F-16H and 10F-
10H acids) became rigid, and at pH 2.2 none became
rigid. These experiments prove that in the absence of
polyvalent metallic ions monolayers of these fluorinated
acids are liquid-condensed rather than solid films. All
can be transformed at pH 5.8 or higher into solid-con-
densed films by reaction with appropriate metallic ions
in the aqueous substrate, the condensing effect being
greater the greater the number of -CF2 groups in the
molecule.

The reason why none of these fluorinated acids is able
to form solid films on acid water, despite the large
number of carbon atoms per molecule, can be found by
stereochemical considerations. The portion of the
molecule attached to the polar head consists of a hydro-
carbon chain having a cross-sectional area of 18.5 A.2
whereas the fluorinated portion at the other end of the
molecule has an area of 25.1 A.2 or roughly 35% greater.
Consequently, the adjacent hydrocarbon chains are
hindered from cohering to form a close-packed array.
Since the intermolecular forces between adjacent per-
fluoro alkane chains are weaker than those of alkane
chains, complete cohesion and adlineation of the per-
fluoro alkane chains to produce solid films cannot occur
until some number larger than 10 -CF2 groups is pres-
ent in the chain. Possible models of configuration and
packing of condensed monolayers of such molecules
have been discussed by Shafrin and Zisman4in explain-
ing the effect of such adsorbed monolayers on the wet-
tability of solid surfaces.

Large variations found in the collapse pressures for
the various acids (Table I1) can be readily understood
since increasing the fluorocarbon chain length always
increases the intermolecular cohesion, and hence
raises the film stability and collapse pressure in both
homologous series of acids. On comparing the two series
(Table I1) it becomes evident that the 16H series of
acids forms condensed monolayers, stable enough under
moderate pressures, even when the fluorocarbon seg-
ment contains only one carbon atom, whereas the 10H
series forms stable condensed monolayers only when
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the fluorocarbon segment contains seven or more car-
bon atoms. This would indicate that the hydrocarbon
segment must contain over 10 carbon atoms for suffi-
cient chain adlineation to occur in order to compensate
for the steric hindrance caused by the larger cross-
sectional area of the perfluoro group. The shortest
total chain length in each series consistent with obtain-
ing film stability is 18 carbon atoms (1F-16H or 7F-10H
acid). Thus, although an 18-carbon, straight-chain,
hydrocarbon acid (stearic acid) forms stable solid-
condensed monolayers, the progressively fluorinated
acids just begin to support pressure at that chain
length, and the higher members compress to form only
liguid-expanded or, at best, liquid-condensed films.

The F vs. A curve of the highest homolog in each
series, and to a lesser extent the next lower acid, evi-
denced a slight change in slope when F ranged between
12 and 26 dynes/cm., regardless of the pFl. The change
is significant enough to suggest a shift in molecular pack-
ing, especially since every change in the F vs. A curve is
also reflected in a corresponding dip in the AF vs. A
curve.

Because the F vs. A results reported by Fox on the
1F-16H acid3were not reasonably related to the other
members of the nF-16H family of acids, a sample of the
identical acid was also studied with results recorded in
Fig. 2b, 3b, and 4b. The results follow logically those
obtained with the other members of this homologous
series. Several possible causes are suggested why Fox’s
results are not consistent with the present ones. Fox
used a wax-coated brass film trough which, despite the
coating of wax, could readily have caused contamina-
tion of the aqueous substrate by polyvalent metal ions,
especially at higher pFl values. Film pressures were
measured by the Wilhelmy plate method in which it is
essential that the contact angle on the dipping platinum
plate always remain zero; these fluorinated acids
adsorb very readily on clean platinum and thus may
have affected the contact angle. The solvent used by
Fox to spread the monolayers was benzene. Benzene
has since been shown by LaMer and co-workers9to be
able to cause a large expansion in the low pressure region
of the F vs. A curve. Because 1F-16FI acid monolayers
can be compressed only through the expanded portion
of the isotherm and collapse shortly after becoming
condensed, the nature of the spreading solvent used
plays an important role. Hence, the use of benzene by
Fox may be responsible for his more highly expanded
films than the present ones.

Jarvis, Timmons, and Zisman¥4employing the same
equipment and methods as used in the present study
have observed monolayers of u-bromostearic acid
spread from solutions in n-hexane on an aqueous sub-
strate of pH 2.2. Their F vs. A curve is similar to that
of 1F-16H acid in the present investigation with respect
to the limiting area (AQ, the compressibility, and the
pressure at the collapse point; however, their area per
molecule at the collapse pressure is 23 A.2 which is
smaller than the value of 28 A.2obtained for the 1F-16H
acid. This difference in A is reasonable since the radius
of the terminal bromine atom is slightly smaller than
that of the -C F 3group.

Electrical Properties.—In the Helmholtz equation

(14) N. L. Jarvis, C. O. Timmons, and W. A. Zisman in “Retardation of

Evaporation by Monolayers,” edited by V. K. LaMer, Academic Press,
New York, N. Y., 1962, p. 41.
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AV = iirvfip, AV is the difference in the electrostatic
surface potential between the clean water surface and
the surface covered by the monolayer of adsorbed
organic molecules, nPis the component perpendicular to
the water surface of the electrostatic dipole moment per
adsorbed molecule, and v is the number of polar organic
molecules adsorbed per unit area. When adsorbed in
close packing on the surface of water, the fatty acid
dipole has its positive end farthest away from the sur-
face. The progressively fluorinated acids discussed
here are adsorbed in close packing with the large dipole
arising from the fluorinated group pointed in the op-
posite direction. If AFrand uPfor the fatty acids are
given positive values, then for the fluorinated acids
discussed here AV and Ap will be shown to be strongly
negative.

Quite like the F vs. A curves, the AV vs. A and fip vs.
A curves for each series of fluorinated acids at any one
substrate pH fall within a narrow band (F'ig. 2, 3, and
4). The curves also show that the number of carbon
atoms in the perfluorocarbon portion of the molecule
has only a minor influence on the values of AV and /uP
when A at the collapse pressure reaches 30 A.2 As
usual AV varies nearly linearly with A once the film has
become condensed, and it approaches a minimum value
as the film approaches the solid state. Table Il (fifth
column) compares these values of AV of the various
films close to the collapse pressure.

As usual in experiments with ionizable hydrophilic
groups, varying the pH of the aqueous substrate caused
a variation in AV for each polar compound. Many
years ago Schulman and Hughesb reported that the
ionization of the carboxylic group at alkaline pH caused
a double layer to form with its moment oppositely
directed to that of the undissociated COOH group.
More recently Sanders and Spinkilhave studied ioniza-
tion in fatty acid monolayers on very pure water and
have found that in the absence of multivalent ions AF
decreases linearly with increasing pH. They demon-
strated that by itself ionization in the monolayer has a
much smaller effect on the surface potential than pre-
viously supposed. The graph in Fig. 6 of AF vs. pH
for our stearic acid, observed at the state of packing
when A is 21 A.2 is in close agreement with these results
of Sanders and Spink. Figure 6 also shows the variation
of AF with pH for the 7F-16H and 10F-10H acids as
representatives for the fluorinated acids. Because of
the ionization effect, there is a change in AF with pH
(as seen in Table Il1) and accompanying it there must
be a change in the dipole contribution by the COOH
group as a function of pH.

The value of AF obtained here involves the resultant
of the moment contributed by the carboxylic acid
group and those contributed by the carbon-fluorine
bonds. The latter must have a resultant located in or
adjacent to the fluorocarbon group and so must be well
removed from the aqueous substrate. Since the contri-
bution due to the COOH group diminishes as the pH
rises, the net value of AF becomes more dominated at
higher pH values by the resultant of the dipole contri-
bution due to the C-F bonds. Since the latter is a large
negative quantity, it is obvious why AF ranges from
—700 to —970 mv. for the fluorinated acids. Of

(15) J. Schulman and A. H. Hughes, Proc. Roy. Soc. (London), A].38, 430

(1936).
(16) J. V. Sanders and J. A. Spink, Nature, 175, 644 (1955).
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course, AF for films collapsing at low pressures cannot
reach such very negative values, as is evident in Fig. 2,
3, and 4. The behavior of graphs of AF vs. A and /ip
vs. A at several values of the pH, as shown in Fig. 5
for the 10F-10H acid, is representative of the results
obtained with all of the more stable monolayers of these
fluorinated acids.

In the last column of Table Il are the values of np in
Debyes computed from the Helmholtz equation at
values of A close to the collapse pressure. Some dif-
ferences in Ap are evident among the seven fluorinated
acids on any one substrate. However, if one ignores the
1F-16H and 7F-10H acids (because the collapse pres-
sure is too low for these compounds to have fully
erected the dipoles) it will be found that /ipis then inde-
pendent of the number of carbon atoms in the fluoro-
carbon chain.

It is now possible to compute the contribution of /ip
arising solely from dipoles in the fluorinated carbon
chain. The value of /ip deduced from the observed
values of AF for a condensed stearic acid monolayer on
water is the vectorial sum of the contribution of vertical
components from the COOH group and the hydrogen
bonded water molecules attached to it, /ucooHiag, and
the contribution from the aliphatic chain, /iCnHmM+;
i.e.

M = M<cooH)eg + iicnm2mt

Assuming, as is usual, that only the terminal CH3group
determines the value of /ip in a paraffin chain, 7 MomHmM+1
becomes equal to /;.cm- Hence

lp = MO0l + ~CH,

Although uncertainties remain in the literature about
the correct value of the vertical component Mem, a
value of 0.3 Debye, 80O where the positive direction is
pointed from the hydrogen to the carbon atom, has
been chosen by many investigators and will be used
here. If thisvertical moment contribution is subtracted
from /ip, computed from the Helmholtz equation by
using the value of AF observed for stearic acid when the
molecule is vertically oriented on water (i.e., at an area
per molecule of 21 A.9 at the respective pH, the result-
ing vertical component of the moment M(oooH>»q
directed with negative end to water is listed in the top
line of Table I11. Subtracting this value of MtrooiDaq of
the carboxylic acid group from the /ip for each of the
fluorinated acids as obtained at a packing of 32 A.2per
molecule for each pH (Fig. 2, 3, and 4), the resulting
vertical component of the moment is that contributed
solely by the segmented chain F(CF2CH2,Band will
be denoted as m$ Hence

Nlp = [I(COOH)aq = /i$

Table 111 gives the values of /ip and /i* thus obtained
for each substrate pH. The resulting mi is directed
with the negative pole up and away from the water.

It can be seen that all values of /i# are nearly con-
stant at each pH regardless of length of fluorocarbon
chain segment or hydrocarbon segment. Hence, any

(17) C. P. Smyth in
I1, edited by A. Weissberger, Interscience Press, New York, N. Y.,
991.

(18) A. Eucken and L. Meyer, Phys. Z., 30, 397 (1929).

(19) J. W. Smith, “Electric Dipole Moments,” Butterworths, London,
1955, p- 94.

“Physical Techniques in Organic Chemistry,” Vol.
1946, p.
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Fig. s —Depend Pfa e of surface %otentla? OH lPH for omlo essed

m0n0 dyers 0 tty aclds an partla rinated aclds.
Table Il
Mb and n$ of Partially Fluorinated Chains at Area per
Molecule of 2
M — MIOTHe — e
pH22 _ pH58 _ pH86 _
Fluorinated (i 5090 BI glﬁ) B) 180 -
compound MD) MD) MA@ MO) MD) M D)
10F-10H acid ~ 0.610 0520 0.700 0.540 0.730 0550
8F-10H acid 580 490 650 490 730 550
TF- 10H acld 130 550

(F-l6Hacld 570 480 650 490 730 5R0
oF-16Hacid .50 480 690 530

3F-16Hacid 590 500 680 520 740 560
IF-1Hacid 540 450 660 .500 680 500

“ Area per molecule of 21 A 2 for stearic acid.

contributions to u$ arising from any effect due to the
polarization of the water dipoles must be minor; and
this would be expected because the fluorocarbon chain
segment is about 10-20 A. from the water surface.
The maximum 10% variation in ni* with pH, as shown
in Table 111, may be a result of a slight change with pH
of the orientation of the molecular axis at maximum
compression. For vertically oriented molecules in the
solid-condensed state, such as stearic acid, AF is inde-
pendent of compression, whereas the fluorine-sub-
stituted acids manifest an increase in AF with increas-
ing compression.

The value of mef3most accepted in the literature for
the vertical component of the -CF 3 dipole moment,
based on dielectric constant studies of appropriate com-
pounds in the gaseous state, is 1.9 D.D The values
computed here from the properties of the various con-
densed monolayers on water are all approximately 0.5
D., or only one-fourth as great. These smaller values
of the CF3group moment may be the result of several
effects. There may be induced polarization between
adjacent fluorocarbon dipoles at the close packing prev-

(20) It. G. Shulman, B. P. Dailey, and C. H. Townes, Phys. Rev., 78, 145
(1950).
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alent in a liquid-condensed monolayer. There may also
be dipole contributions from water molecules which
have penetrated between the aliphatic chains in the
monolayer. It had been shown repeatedly by many
investigators that only highly condensed or solid mono-
layers can appreciably retard evaporation from the
surface of the aqueous substrate. Since a single bromine
atom substitution on the oi-carbon atom of stearic acid
makes it unable to retard water evaporation4whatever
the film pressure, the liquid-condensed films of these
progressively fluorinated acids will also be unable to
prevent evaporation and thus molecularly dispersed
water will be present throughout the monolayer. The
polarization of such water molecules, especially those
nearest the C-F bonds of the fluorinated chain segment,
would be expected to decrease /i*.

Only recently Bewig and Zisman2l have reported

(21) K. W. Bewig and W. A. Zisman, J. Phys. Chem, 67, 130 (1963).
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values for Av of long-chain amines adsorbed on metals
which were about half of the reported values obtained
from the same compounds in the gaseous state. They
explained the smaller values as resulting from the prox-
imity of the polar end groups to the metal surface and
the resulting possibility of induced polarization, as well
as from another contribution arising from any oriented
water dipoles present on the surface of the metal as one
or more adsorbed monolayers. The even smaller values
obtained in the present investigation are believed to
arise in major part from the dipole contribution from
water molecules present in the spaces between the
oriented aliphatic chains. From the results of the film
balance experiments reported here, such water contri-
butions cannot be eliminated even at the collapse pres-
sures of those monolayers because of steric hindrances
to molecular adlineation which prevent formation of a
solid film.

ISOPIESTIC VAPOR PRESSURE MEASUREMENTS OF THE TERNARY SYSTEM:
SORBITOL-SODIUM CHLORIDE-WATER AT 25°

By V. E. Bowser and R. A. Robinson

Solution Chemistry Section, National Bureau of Standards, Washington, D. C.

Received February 18, 1968

Isop|? Hc ApOr pressure mea ureme dLs have 0l1een madgai/vlnh solut}?ns of sorpitol %Ponéo%uttﬁhlor e

|ast8re(ilsomers sor I'[0| and mannit

|salarger with sorbito

It has been shownlthat aqueous solutions of d- and
DL-tartaric acid have identical vapor pressures within
the limits of accuracy of the isopiestic method. This
has also been demonstrated12for d-, 1-, and di- alanine.
It may well be asked if this would be true if the two
solutions contained, not optical stereoisomers, but dia-
stereoisomers such as D-sorbitol and D-mannitol, especi-
ally as it has been shown recently3 that the standard
potential of the HZHCI/AgCI, Ag cell is not the same
with 5% aqueous mannitol and 5% aqueous sorbitol4as
solvent.  Moreover, sorbitol is much more soluble in
water than is mannitol; sorbitol has a semihydrate,
whereas mannitol crystallizes in the anhydrous form.
We have now made isopiestic vapor pressure measure-
ments on aqueous solutions of sorbitol and of sorbitol
+ sodium chloride which parallel recent measurements5
on the system: mannitol-sodium chloride-water.

Experimental

D-Sor ltolwsobllalned from Atlas Chemical Indus |es Inc
We used 1t w&%out urther treatment, excegtt af we ggl in

vacug OV room temperature, when it lost 0.058% in
weight. %ec ﬁns ample nlp '

(1) R. A. Rcbinson, P. K. Smith, and E. R. B. Smith, Trans. Faraday
Soc., 38, 63 (1942).

(2) R. A. Robinson, J. Biol. Chem, 199, 11 (1952).

(3) R. Gary and R. A. Robinson, to be published.

(4) H. D. Crockford, B. J. Alley, and C. S. Patterson, J. Elisha Mitchell
Sci. Soc., 73, 284 (1957).

(5) F. J. Kelly, R. A. Robinson, and R. H. Stokes, J. Phys. Chem, 65,
1958 (1961).

(6) We were informed by Dr. J. D. Brandner of Atlas Chemical Industries,
Inc., that this was an aliquot of a sample prepared in their laboratory for
reference purposes. It had been separated from other hexitols by formation
of the pyridine complex. The sorbitol was regenerated and crystallized
several times from alcoholic solution. Impurities were thought to be only
a few tenths of one per cent of mannitol, a few hundredths of one per cent
of sugars, and a few thousandths of one per cent of ash.

has a

ting-in" effect on sodium chloride e effect

: san]g 2P Shan i e o s i

Afe megsurem& fs were made? soluhons ofsolbtol alloné
using the ordinary Atlas Qroduct g |ciiweca %m&)

\(/Jv rse tuactlen tguco ain, at the most, 0.65% total sugars and 0.14%
Ta eI | st e molalities. of | |so lestic solytions of sodiu
chl (?n eang ??or itol tﬁed nvedo motic coe |C|ent Tr to
an aso ato att e same concentalon % é
recB rds, dafa for s u[t% ng hoth sodium cﬁlon e an

soroitol; |tparalle a Io re

Table F

Isopiestic Solutions of Sodium Chloride and Sorbitol.

Osmotic Coefficients of Sorbitol

=
o

mNaC 1 VB

0.4998 0.9134 1.0078 1.0066
6963 1.2725 1.0131 1.0111
7156 1.3071 1.0142 1.0116
1.0397 1.8990 1.026

1.2956 2.3661 1.037

1.4089 2.5744 1.042

1.6998 3.1113 1.056

20307b I 3.71247 I 1.074

= sorbitol, D =_mannito

f|rsit o runs, ample B in the thm? amJ Sam“iasé]sm the re-

Discussion

The first three entries in Table | show that, on the
average, sorbitol has an osmotic coefficient 0.002 higher
than that of mannitol at the same concentration.
This, it is believed, is beyond experimental error.

(7) H. S. Isbell, J. F. Brewster, N. B. Holt, and H. L. Frush, J. Res. Natl.

Bur. Std., 40,129 (1948).
(8) R. A. Robinson and R. H. Stokes, J. Phys. Chem, 65, 1954 (1961;.
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Table I1*
The System: Sorbitol-Sodium Chloride-W ater
-------- A —
m 7>B me — mBmec (1) (”)
06963 03237 05280 00486 +o.0r 046
6368 3983 0456+ o2 59
9219 1958 0402 0 40
2.2501 2553 2.1487 0510 -0.05 33
5283 2.0357 0483 - 05 04
8052 1.9156 0451 - .03 85
11055 17789 017+ o2 100
40137 022271 39597 0811+ 04 034
4497 3.8990 0742+ 03 4
0980 3.8306 0713+ .09 19
9501 37575 0689 + 20 106
5.2807 219 5.2367 0925 - 09 023
5284 5.1946 0917 - 09 45
7685 5.1496 084 - 14 03
11349 5.0802 0870 + 07 95
59070 03229  5.8819 12246+ ., 42
174 58579 1153+ 07 56
7941 58120 1020 - 14 00
11079 5.7672 0999 82

“The reference solute, whose molality is |ven |n first
ol Was?ué e 5#”” c“l F%%
ives t £ ercenta e ifrerence in t {PO aI|t
ere ce so Amon ecessa oaccoun ort ed| etween

onserved A valug an cuae ) a _[l_JOSI Ve
ference IS quoted If A%ObSd |s ess than Sf

8%'&%”}?1 1% W o e Do %T{

equivalent amount or mannito

More convincing, however, are the results with sorbitol-
sodium chloride mixtures. Significant differences be-
tween these and the data for mannitol-sodium chloride
mixtures can be demonstrated in two ways. The second
and third columns of Table Il give the molalities of
sorbitol and sodium chloride, respectively, in a mixed
solution in isopiestic equilibrium with a solution of
sodium chloride alone, whose molality is given in the
first column. From the data obtained in a previous
investigation,6it is possible to calculate the molality of
sodium chloride in equilibrium with each of these
mixed solutions if they had contained mannitol in
place of sorbitol. For example, the last mixture of

IsopiESTic Vapor Pressure M easurements of Sorbitol-Sodium Chloride-W ater
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1.1079 M sorbitol + 5.7672 M NaCl was in equilibrium
with 5.9070 M NaCl. A solution of 1.1079 M mannitol
+ 5.7672 M NaCl would have been in equilibrium with
5.9552 M NaCl. Thus, the two reference solutions of
sodium chloride differ by 0.0482 M or 0.82%. This is
well beyond experimental error and demonstrates a
significant difference between sorbitol and mannitol.
The last column of Table Il gives these % differences
for all the solutions measured.

We can also calculate, for the sorbitol-sodium chlo-
ride mixtures, the A/(wb»jg function, which is a
measure of the change in free energy of the solvent
when the mixed solution is formed from the component
solutions.8 Values of this function are given in the
fourth column of Table Il. It was found, by the
method of least squares, that these could be represented
by the equation

—i— = - 0.05326 + 0.00261mc -

mBWic
0.00235mc2 + 0.0134mB (1)

where B = sorbitol, C = NaCl. The fifth column of
Table Il gives the percentage error in the molality of
the reference solution necessary to account for the dif-
ference between the observed and calculated A values.

For the sorbitol-sodium chloride system at tob =
me = 1, A = —0.0396; from the data also recorded,5
we calculate for the mannitol-sodium chloride system
of the same composition, A = —0.0133. At tob = 1,
me = 5, we get A = —0.428 for the sorbitol-sodium
chloride system and —0.286 for the mannitol-sodium
chloride system. This demonstrates, in another way,
the difference between sorbitol and mannitol.

We conclude, therefore, that the two diastereoiso-
mers, mannitol and sorbitol, exhibit a real and distin-
guishable difference in their properties in aqueous solu-
tion. Each has a “salting-in”effect on sodium chloride
but the effect is larger with sorbitol.

Acknowledgment.—We are grateful to Dr. H. S.
Isbell and also Atlas Chemical Industries, Inc., for pro-
viding supplies of sorbitol.
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The homonuclear and heteronuclear di tomg alllorei cof altl tehe_leaxe a]sese cth radon h

ass Ep ctrometry. AEP(? rance ote fla

three- Odz pl’OCCSPGS C0 are OU

Fear nce potentials agree we Wl h 560 other WOI‘ ers W {e the are av ra
0?)8S 8¥e ag%earance otenfials i the fonization continuum of, t

IS ossrbe ause qf the non-crossi
5 vp dI 80ev occur be P%v
e understood as resuItrn? from' reaction 0

ong- ved
respective ionization continua.

Introduction

The appearance potentials of the homonuclear rare
gas molecule ions were measured several years ago, but
the limits of precision were quite broad.2 Previously
in this Laboratory we have studied gas phase reactions
of rare gas ions and excited atoms, including the Kki-
netics of rare gas molecule ion formation,34 and we felt
that a complement to our work would be a redetermina-
tion of the appearance potentials with equipment capa-
ble of a higher degree of precision than that previously
used. During the course of this work new measure-
ments of these appearance potentials were reported,6
and good agreement exists between the values reported
here and the earlier values.

The existence of several of the heteronuclear rare
gas molecule ions has been commented on in the litera-
ture. Osxam suggested the formation of HeNe+ by a
three-body ion-molecule reaction in He-Ne mixtures
subjected to an electric discharge.6 Although he
studied other rare gas mixtures as well, he made no
mention of any other heteronuclear rare gas molecule
ions. Pahl and Weimer actually observed a second-
order HeNe+ ion mass spectrometrically from the
positive column of a glow discharge.7”8 They argued
that the energy of formation of HeNe+ must be less
than 21.56 e.v. because they assumed that excited
helium with energy higher than 21.56 e.v. would react
by the Penning process

He* + Ne = He + Ne+ + e (D

rather than by a process yielding HeNe+. By con-
trast with the He-Ne system, for mixtures of He and
Ar and Ne and Ar these workers did not find either the
HeAr+ or NeAr+ ions.8 This apparent non-existence
of HeAr+ and NeAr+ was explained on the basis of
the non-overlapping of energies of excited states of Ar
with those of He or Ne. Similar reasoning led Biondi

(1) Supported in part by Project Squid under Contract No. Nonr-
3623(S-18).

(2) 3. A. Hornbeck and T. P. Molnar, Phys. Rev.,, 84, 621 (1951).

(3) F. H. Field, I11. N. Head, and J. L. Franklin, J. Am. Chem Soc., 84,
1118 (1962).

(4) (a) J. S Dahler, J. L. Franklin, M. S. B. Munson, and F. H. Field,
J. Crem Phys , 36, 3332 (1962); (b) M. S. B. Munson, F. H. Field, and J. L.
Franklin, ibid., 37, 1790 (1962).

(5) W. Kaul and R. Taubert, Z. orsch., 17a, 88 (1962).

(6) H. J. Oskam, Philips Res. Rept., 13, 401 (1958).

(7) M. Pahl and U. Weimer, Natunwiss., 44, 487 (1957).

(8) M. Pahl and IT. Weimer, Z. Naturforsch., 12a, 926 (1957).
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and Holstein to predict that HeAr+ and NeAr+ would
not be stable.9

Fuchs and Kaul, however, observed NeAr+ mass
spectrometrically and obtained a value for the appear-
ance potential of 16.5 e.v.10 they also observed the
ArKr+ ion which was discussed in somewhat more
detail by Kaul, Lauterbach, and Fuchs.1l Kaul and
Taubert also observed ArXe+ and KrXe+ and gave
values for the appearance potentials of these ions indi-
cating that they were formed from excited states of the
rare gas atoms.6 Morris, however, was unable to find
the KrXe+ ion in gaseous discharge through a mixture
of Kr and Xe with a mass spectrometer probe.12

We have made a study of all the binary mixtures of
rare gases, except Rn, and have observed mass spectro-
metrically all of the heteronuclear molecule ions. We
have obtained the appearance potentials of all except
HeXe+ and have studied the dependence of certain of
them upon pressure.
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(9) M. A. Biondi and T. Holstein, Phys. Rev., 82, 962 (1951).

(10) R. Fuchs and W. Kaul, Z Naturforsch., 15a, 108 (1960).

(11) W. Kaul, U. Lauterbach, and R. Fuchs, Naturwiss., 47, 353 (1960).
(12) D. Morris, Proc. Phys. Soc., 68, 11 (1955).

(13) F. H. Field, J. Am. Chem Soc., 83, 1523 (1961).
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Data and Results

Homonuclear Molecule lons.—Figure 1 shows a
typical ionization efficiency curve, for He2+, which

(14
Sci.Instr., 26, 1101 (1955).

Homonuclear and Heteronuclear Rare Gas Molecule lons

R. E. Fox, W. M. Hickam, D. J. Grove, and T. Kjeldaas, Jr., Rev.
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Fig. L—lonization efficiency curve for He2+ from He.

exhibits the pronounced maximum characteristic of
ions formed from excited states. Very similar curves
have been published for Xe2+,155 Ivr2+,2and N4+ 4under
similar conditions in a mass spectrometer. The exact
shape of the curves varies somewhat with experimental
conditions; specifically in our equipment the maximum
was much sharper with a high field strength of the
electron collimating magnet than with a low field
strength. Even at low magnet field strength (as was
the case in Fig. 1) the maximum for all the molecule
ions is sufficient to differentiate between these ions and
ions formed by direct ionization or ionic reactions.

Figure 2 shows typical data from which the values
of the appearance potentials are obtained. In this
case the experimental difference between the ioniza-
tion potentials of He and Xe (both present in very
small amounts in a much higher pressure of Ivr) is 12.35
e.v. compared to a difference of 12.45 e.v. calculated
from spectroscopic data. This gives us reasonable
confidence in the absolute value of our measurements.
The lines have a slight curvature just above the thresh-
old, but this is an instrumental effect which is not
reproducible. The precision of our measurements is
not sufficient to allow, for example, the unambiguous
assignment of a break corresponding to the upper limit
of the doublet ionization potential for Ar, Kr, and Xe.
In some cases, however, a break is present with suffi-
cient reproducibility and clarity to be measured, as in
the case of £Ar+ as a very weak interference with
ANe2+.

Table | shows the values of the appearance potentials
of the homonuclear rare gas molecule ions from our
data together with literature values. These values
supersede the previous value of the appearance poten-
tial of Xe2+ reported from this Laboratory—11.6 e.v.5
which is also cited by Kaul and Taubert from another
sourcelb—and are substantially the same as the values
reported by Munson, Field, and Franklin4for Ar2+ and
Kr2+ 145 + 0.2and 13.0 £ 0.1 e.v., respectively. The
agreement of the data is gratifying, though two of our
values are somewhat lower than the literature values
by an amount which is outside our indicated limits of
precision. We consider that our values should be

(15) F. H. Field and J. L. Franklin, J. Am. Chem Soc., 83, 4509 (1961).

(16) F. H. Field and J. L. Franklin, “ Symposium on Mass Spectrometry,”
Oxford, 1961.
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Fig. 2—Representative plots of appearance potential data.

more reliable than the earlier values of Hornbeck and
Molnar, but not necessarily more precise than the
values of Kaul and co-workers.

Table |

Appearance Potentials of Homonuclear Rare Gas
Molecule lons

AP(R.24), e.v.

Ri+ These data Lit.

He + 233+ o1 23.423.2C

Nea+ 209= - 20.9C

Ar? Ui+ 15.1615. le

Krat 130+ 13.2,° 13.2¢
Ree S oW, Kl B Fucts » S 18
“Reference 5. 6 aul and R. Fuchs, 2. nacurrorsen.. 158,

326 (13863 »Reference 1.

Table 11 shows values for the dissociation energy of
He2+ from various sources, including several calculated
values. The mass spectrometric value represents the
difference between the ionization potential of He and
the appearance potential of He2+. The value listed
by Herzberg is considered as uncertain, and Pauling
cites the other spectroscopic value in his early paper.
The two values from the scattering of He+ by He were
obtained from the data of Cramer and Simons. Biondi
and Holstein9observed in the spectra of helium after a
discharge, presumably resulting from He* produced
by the recombination of He2+ with electrons, no states
of energy less than ca. 23.1 e.v. This observation may
be construed as giving about 1.5 e.v. for the dissociation
energy of He2+.

The other experimental data do not appear to be
sufficiently well established to be of concern; it is
only the recent calculation of Reagan, Browne, and
Matsen, which sets a lower limit for £x¢(He2+) greater
than our value, that is disquieting. The zero point
vibrational energy is unlikely to be greater than 0.2
e.v., which is not sufficient to account for the discrep-
ancy. Subtracting about 0.2 e.v. from their value of

2.14 will correspond to an excited state of He of 22.6 e.v.

for the lowest energy state which could be involved in

M. S. B. Munson, J. L. Franklin, and F. H. Field Vol. 67

Tavte |
Dissociation Energy of He2+
Experimental
Mass spectrometric M3 ev.
Spectroscopic 3.1
2.56
Scattering 2.16e
39*
Calculated
Pauling 0.05"
Weinbaum o
M0|se|W|tsch 76/
Csavinszk By 8d»
Rea%an rowne, and Matsen 2.
o G. Herzberg, “S ectra of Dlatomlc"Molecules M(Plecu-
Iar S ectr M ecy 9a]5 Stru %re D. Vzg Nostran
?81)3 II:ZIA?: ason'a6 ee|__\ t]nrgslfcemm'
”36 § dW ramer an - Simors, .b.' 'bfG
Mmse&l%l%%e!% Weinbam, g 3 % 1@3
e 7o spg (189 (5

. » P, CS%VI

. . Ph
rXNne and'E, A Matseh, 5. am . crem soe. 84, Rl 62%
the formation of He2+ which is close to the 33S level
at 22.7 e.v. Our value of 23.3 e.v. for DOis nearest the
3'P level at 23.1 e.v., the highest level for principal
guantum number 3. However, one should perhaps not
expect the 317 or any IP level to be the major source
of He2+ since, according to Fig. 1, He2+ has a maximum
at about 30-35 e.v., but Gabriel and Heddle report for
all ® states a maximum in excitation cross section at
about 100e.v.T7

If we assume that at these pressures the radiation to
the ground state is completely trapped then the lifetime
of the 3'P state is 7.4 X 10-8 sec. The lifetimes of the
other states of principal quantum number 3, all of
lower energy than the 3X, are 3B, 3.6 X 10-8 sec.;
*S, 84 X 10-8sec.; P, 9.7 X 10“8sec.; D, 14 X
10~8sec.; and ID, 1.5 X 10-8 sec. These values were
calculated by Gabriel and HeddlelZ7 and agree with the
less complete set of experimental values of Heron,
McWhirter, and Rhoderick.188 The lifetimes of the dif-
ferent states do not appear to be sufficiently different
that one would not expect reaction from all. Excita-
tion cross sections do not appear to be available below
about 30 e.v. but extrapolation of the data of Gabriel
and Heddle suggests that the cross sections for all of
these states should be comparable in magnitude. Since
we observe no variation of the appearance potential of
He2+ with pressure, we do not think that there will be a
contribution of lower energy states to the He2+ inten-
sity which we are not observing at present because of
low intensity. We have no explanation for the dis-
crepancy between our value for DO(He2+) and the
calculated one. One may assume that perhaps the
3'P atomic state forms He2+ in an excited level, but
there is still no explanation of why the lower states do
not react.

Table 111 shows the dissociation energies of the other
homonuclear rare gas ions. For Ne2+ there is an indi-
cation that DQ(Ne2+) = 0.85 e.v. from the spectral lines
observed by Biondi and Holstein.9 Mason and Vander-
slice estimate De(Ne2+) as between 0.33 and 0.71 e.v.

(17) A. H. Gabriel and D. W. O. Heddle, Proc. Roy. Soc. (London), A25S,
124 (1960).

(18) s. Heron, R. W. P. McWhirter, and E. H. Rhoderick, ibid., A234, 565
(1956).
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from scattering data of Ne+ by Ne.® There is also a
value of 0.0035 e.v. calculated for De(Ar2+) from ion
scattering data,Dwhich is much too low.

Tabte |l
Dissociation Energies
DOX) -
09, Do), MO conflguratlon *
X kcal.* D(XP), kcal. kcal. X, —Xj +
He 30 (1.30 ev. +30 (<ruMs2— (<Turls)
Ne 16 (O.69 £.V. 16 (frux2p)2—» (a,*2p)
Ar 25 (1.08 ev. 25
Kr 23 (1.00 e.v. 23
ooy GO g
XE* “m (XE*
o B9 p R OEEs
Br 46 64' 18
R 8
g2p)2-  (Xg2p)
oo A3 llsy (g8
a Taken from.the. compilation in s, W Bensap, “F’\?und ons
enllc Kinetics,” cGr W- H| Book
, p. 662 6 ar rave

Teakqust ana
lff-ff-’le(ﬁand Lolg%r r? 8\,\16“'&9(? e S I

“Electrop_Impact
R}%%nemjc }Jerl%St?JmNaAf]emlstry Acade%ngm Pr:Fscs ewng ﬁ

Table 111 also contains dissociation energies of other
compounds for comparison with the dissociation ener-
gies of the rare gas molecule ions. It may be seen that
the rare gas ion dissociation energies are about half
those of the halogen molecules and may be considered
as showing the same trend as the halogens, although
the variation from Ne2+ to Xe2+ is about the same as
the experimental error. In the examples listed, except
Hi, the molecule ion has a larger dissociation energy
than the molecule. These are cases for which, accord-
ing to the simple MO treatment, the molecule ions have
one less occupied antibonding molecular orbital than
the molecules. From these data we obtain an aver-
age increase of 26 kcal. in bond strength caused by re-
moving an antibonding electron, which may be com-
pared with a decrease of 43 kcal. in going from H2to
H2+, removing a bonding electron.

If we note that F2 s isoelectronic with Nc2+ with
similar comparisons for the other halogen molecule

negative ions, and assume that Z)(R2+) = Z)(X2) for
isoelectronic pairs, then from
EA(XQ = D(Xr) - Atfi(X-) - AH,(X)

we can obtain estimates of the electron affinities of the
halogen molecules. From our data we find 63 kcal./
mole for the electron affinity of F2 which compares
favorably with a recent estimate of 69 kcal./mole.2
Similarly for Cl2we obtain 55 kcal./mole which may
be compared with the tentative value of 39 kcal./mole
given by Pritchard.2 We estimate EA(BrJd = 51 and
(54 (12 = 45 kcal./mole, but we know of no data for
comparison.

Heteronuclear Molecule lons.—Figure 3 shows repre-
sentative ionization efficiency curves for two hetero-
nuclear rare gas molecule ions. Relative intensities
are used so that both may easily be plotted on the same

(19) E. A. Mason and J. T. Vanderslice, 3. Chem phys., 30, 599 (1959),

(20) R. D. Cloney, E. A. Mason, and J. T. Vanderslice, ibid., 36, 1103
(1962).

(21) R. M. Reese, V. H. Dibeler, ag? J, L. Franklin, ibid., 29, 880 (1958).

(22) H. O. Pritchard, Chem Ret)., I, 529 (1953).
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Fig. 3.—lonization efﬂuent:}/ecutigv%snsfor heteronuclear rare gas

scale, and each shows the maximum that is characteris-
tic of products of reactions of electronically excited
atoms and molecules. lonization efficiency curves
similar to these two were observed for all of the hetero-
nuclear rare gas molecule ions.

We were able to obtain appearance potentials for all
of the heteronuclear ions except HeXe+, but the exist-
ence of the ion itself was observed. The intensity of
HeXe+ was too low and there was too much interference
from the high mass wing of the Xe+ peaks at high pres-
sures to permit a reliable measurement of the appear-
ance potential. The appearance potentials are listed
in Table IV with the available literature data. For
three of the four previously reported ions the agree-
ment isgood. However, for HeNe + our value is higher
than that of Kaul and Taubert by an amount greater
than the experimental uncertainty. Our value of 23.4
e.v. is essentially the same as that for He2+ so that the
lowest states involved in He2+ formation also appear to
react to form HeNe+. A careful search was made for
a lower energy process for the formation of HeNe+,
particularly around 20 e.v., but none was observed.

Table IV

Appearance Potentials of Heteronuclear Rare Gas
Molecule lons

P (e.v)

lon These dataA Lit.
HeNe + 234 £ 0.1 22.65
HeAr+ 179+ 3
HeKr+ 199+ 1
NeAr + 168+ 16.5%
NeKr+ 166+
NeXe+ 160+ 3
ArKr+ 140+ 1
ArXe + 135+ 13.55
KrXe+ 123+ 1 12.2»

The heteronuclear ions, with the possible exception
of ArKr+, KrXe+, and HeAr+, appear to be formed
primarily from excited states of the gas of higher ioniza-
tion potential which lie above the ionization potential
of the other rare gas. For ArKr+ and perhaps KrXe +
the values of the appearance potentials are sufficiently
close to the lower ionization potential that it is possible
that these ions may be formed from states of either rare
gas immediately below the ionization potentials of Kr
and Xe, respectively, as well as from states of Ar and
Kr above the ionization limits of Kr and Xe.



1546

Fig. 4 —lonization efficiency icotg]rsves for heteronuclear molecule

Fig. 5.—Schematic represent%tion for non-crossing rule for states
of ItiR.24.

The 17.9 e.v. value for AP(HeAr+) cannot be the
result of a reaction of an excited state of He, since there
is no known state at that energy. The ionization effi-
ciency curve for HeAr+ is somewhat different from the
others, in that there is a low voltage tail, giving the
appearance potential of 17.9 e.v., but there is a rela-
tively well defined break at about 20 e.v., corresponding
in energy to the metastable helium states. Figure 4
shows the ionization efficiency curves for HeAr+,
HeKr+, and NeAr+ for a short range above the thresh-
old, indicating this difference. From the relative
slopes of these two sections of the curve one is inclined
to think that most of the HeAr+ was formed by states
of He above 19.9 e.v.

There is some recent evidence for the existence of
states of Ar of energy as high as 18 e.v.2 In other
atoms for which states above the ionization limit have
been observed, both sharp and broad spectral lines
emanating from these states have been noted.2d The
broad lines are associated with states for which auto-
ionization may occur, and may have lifetimes as short

(23) F. J. Cones and W. Lessman, Z. Naturforsch,, 16a, 1396 (1961),
who also list earlier references.

(24) H. E. Wh te, "Introduction to Atomic Spectra,” McGraw-Hill Book
Co., New York, N. Y., 1934, pp. 394-398.

M. S. B. Munson, J. L. Franklin, and F. H. Field
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as 10~13 sec. Normal radiative lifetimes may be
associated with the sharp lines, which are perhaps long
enough for chemi-ionization reactions to occur. Thus
it is possible that states of Ar above the ionization limit
can produce the HeAr+ ion.

HeKr+ has an appearance potential corresponding to
the helium metastable levels, and NeAr+, NeKr+, and
NeXe+ have appearance potentials which correspond
well to the neon metastable levels. The NeXe+ ap-
pearance potential is below the value of the Ne meta-
stable levels by an amount greater than the expected
precision and may perhaps have contributions from at
present unknown states of Xe in the ionization con-
tinuum in a manner analogous to HeAr+.

The stability of these ions, which is at first surprising
since dissociation to the ion of lower ionization potential
is strongly exothermic, is probably the result of the non-
crossing (or pseudo-crossing) of attractive and repulsive
curves.5 Essentially the same treatment is given for
some dipositive diatomic ions in treatments by Bates
and Carson for N2++ and 02++ B and by Fraga and
Ransil for He2++.Z The shape of the potential energy
curves is indicated in Fig. 5 and shows the activation
energy for dissociation to the more stable products. We
assume that our appearance potential corresponds to
atomic states near the potential minimum for the lower
curve, but it is not possible to obtain a value for this
dissociation energy from our appearance potential
measurements. One would also expect some higher
energy atomic states of the gas of higher ionization
potential to contribute to heteronuclear molecule ion
formation according to the upper curve. No attractive
curve results from the lower state of Ri+ and R2 for
if this were the case the appearance potential of the
heteronuclear molecule ion would be lower than the
lower of the two ionization potentials.

From the pressure studies there was no noticeable
charge exchange between He+ and Ne or Ar or between
Ar+ and Kr since the quantities (Ne+)(He)/(He+)(Ne),
(Ar+)(He)/ (He+)(Ar), and (Kr+)(Ar)/(Ar+)(Kr),
which represent the ratios of ionization cross sections,
were independent of pressure to within +10%. The
data of Stedeford and blasted on charge exchange give
Q(He+, Ne) = 2 X HRITcm.2at 100 e.v. and Q(He+,
Ar) = 1 X 10~¥6cm.2at about 250 e.v.8B Cross sec-
tions at the lower energies of our mass spectrometer
source will be even smaller so that the contribution from
charge exchange should be less than our experimental
error. The formation of Ar+, Kr+, or Ne+ by the
Penning process, reaction 1, is negligible compared to
the formation of the ions by direct ionization through
electron impact.

The relative intensity of the homonuclear rare gas
molecule ion of higher appearance potential was always
decreased by the addition of the gas of lower ionization
potential as the result of the Penning process and
heteronuclear molecule ion formation. There was a
small apparent decrease in the ratios (Ne2+)/(Ne+)
and (Ar2+)/(Ar+) with the addition of helium which
was probably of instrumental origin. A larger decrease

(25) See, for example, C. A. Coulson, "Valence,” Clarendon Press, Ox-
ford, 1952, p. 65.

(26) D. R. Bates and T. R. Garson, Proc. Phys. Soc. (London), A68, 1199
(1§zg% S. Fraga and B. J. Ransil, J. Chem Phys., 37, 1112 (1962).

(28) J. B. H. Stedeford and J. B. Hasted, Proc. Roy. Soc. (London),
A227, 466 (1955).
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in (Kr2+)/(Kr+) was observed with the addition of Ar
which may be instrumental or which may indicate that
some of the higher excited states of Kr are reacting to
form ArKr+.

As an idea of the relative intensities of the ions found
in the systems, for (He)/(Ne) = 1 at about 27 e.v.

and P A 120n, (He+) = 1.3 X 105 (He2+) = 15 X
103 (INe+) = 8.9 X 105 (HedNe+) = 19 X 103
and (INe2+) = 3.7 X 103 all ion intensities in the same

arbitrary units. For (He)/(Ar) = 1 at 26 e.v. and
P S 100 i, (He+) = 3.5 X 104 (He2+) = 14 X 102
(®#Ar+) i.9 x 106 (He4Ar+) = 84 X 102 and
(4Ar2+) = 93 X 103 For (Ar)/(Kr) = 1l at P ~
100 nand 20 e.v., (AAr+) = 8.7 X 105 (4Ar2+) =
X 103 (8Kr+) = 7.0 X 10s (Ar8Kr+) = 2.3 X 103
and (8Kr2+) = 21 X 103 The intensities of hetero-
nuclear molecule ions are less than those of the homonu-
clear ions which can be made from the components,
but the difference is usually less than the order of
magnitude indicated by Pahl and Weimer for HeNe+.8
Rough pressure studies on all of the heteronuclear
rare gas molecule ions indicated an approximately
first-order dependence on each gas. More careful
studies on He-Ne, He-Ar, and Ar-Kr mixtures gave a
good first-order dependence on each rare gas at low
pressures. No third-order processes were detected.
Although all three reactions

HeNe+ + Ne = Ne2+ + He (or Ne+ + Ne + He)

(2
HeAr+ + Ar = Ar2+ + He (or Ar+ + Ar + He)

©)
ArKr+ + Kr = Kr2+ + Ar (or Kr+ + Kr + Ar)

4

are exothermic, evidence for reaction 3 only was found.
The ratios (HeNe+)/(He2+) and (ArKr+)/(Ar2+) are
first order in Ne and Kr pressure, respectively, and
inversely proportional to He and Ar pressure, respec-
tively. The ratio (HeAr+)/(He2+) is inversely pro-
portional to He pressure, but is proportional to Ar
pressure only at very low pressures. These data are
shown in Fig. 6 and indicate a reaction of Ar removing
HeAr +from the system.

From studies of the field strength dependence of the
heteronuclear rare gas molecule ions we find that the
ions have only excited atom reactants, in agreement
with the observations of Kaul and Taubert.5

In a manner analogous to that of our two previous
studies on excited state reactions of rare gasesi4 we
postulate the following mechanism, in which IK is the
rare gas of higher ionization potential

Ri+ + 2e

. _ foi

Ri T e = Ri* + e e (5)
_R2+ ¢ ke'

R2+ e= o . o w ©

. RiR2+ + e h

* -

Ri* + R2 R2++ Ri+ e Kk )

Ri* + Ri = (Ri)+ + e ¥ ®)

R2*t r2= (R22++ e icA 9

Homonuclear and Heteronuclear Rare Gas Molecule lons
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Fig. s —Ratios of heteronuclear aqd homonuclear molecule ions
as a function of pressure.

R2 = R2T hv Kt (10)
Ri* = Ri T hv kt  (H)

Making the usual steady-state approximation on R¥*,
we obtain for low pressures

(Ri)2+ = kK-i(Ri)Hile (12)
(RiIR2+ = Wx(Ri)(R*)iil. (13)
(R2,+ = fOICARDX2e (14)

in which h and ti are the average lifetimes of the excited
species Ri and R2 respectively, and / e is the electron
current.

Since the lifetimes of the states involved are not

Tabte V

Relative Rate Constants for Molecule lons

aR “ Ke'kith B
Rl Iz Ki/ks 5’(’%} K ek3t\ «a\’{&%
He  Ne 1.80 4.0
1.31 2.5
152 3.0
152 3.1
1.62 1.85 3.1 34
He Ar 4.0
7.1 63
12.2 98
7.8 1.67 80 59
Ar Kr 1.82 3.1
1 6]. 2.2
1.7 151 2.6 2.3
“Values of polarizabilit aken from H, H. Lad and
Bdaerten] M %nv‘vé%e uné Pctloneri " Parf 3, k tgn
Hnglﬂlloecu arpnysik,” Springer-Verlag, Berlin, 1950, sth
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known, we cannot calculate absolute values for the rate
constants. Our data are not accurate enough for any-
thing other than a rough estimate of the ratio f2fci,
the ratio of ionization by the excited species to hetero-
nuclear molecule ion formation, but for these cases the
ratio is of the order of 2-10. The ratios are obtained
from the experimental data using a steady state treat-
ment of reactions 5 to 10.
From (12), (13), and (14) we obtain

(RiR2 + fci(R’_‘) (15)
(W fc*(Ri)
(R22+ ke'ki(R_a » (16)
(Ri)2+ Ufc3(Ri)

From (15) we can readily compute the ratio «isxs. The
results are given in Table V and, for comparison, the
ratios of the polarizabilities of the unexcited atoms, R2
and Ri, are included. The ratios of rate constants and
polarizabilities are surprisingly similar, although we
cannot present a reason for the agreement. Similarly,
from (16) we obtain the ratio

Joseph J. Jasper and Barton L. Houseman Voi. 67

kjkik
kenh

Since chemi-ionization reactions are involved, we might
expect

ki~ a(R2

k3 a(Ri)
Lampe, Franklin, and Field®have shown cross sections
for ionization by 70 volt electrons to be proportional to
polarizability. If we assume a similar relation for
excitation cross section and if we further assume

k = ii, then we would have for homonuclear chemi-
ionization
ke'kih ~ a(R232
kjia\ a(Ri)2
Again, Table V shows approximate agreement.
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A considerable body of knowledge is now available
concerning the properties and states of a large variety of
insoluble monolayers on aqueous substrates. This is
the result of the extensive studies of Adam,1Harkins,2
Langmuir,3and others, whose data have been expressed
as functions of various intensive and extensive proper-
ties. The interpretation of these relations has led to
important generalizations concerning the nature of
monolayers, which have proved to be very useful in
various aspects of theoretical and applied surface chem-
istry. Present knowledge concerning monolayers at
the interface between two mutually immiscible liquids,
however, is not nearly as extensive. A review of the
literature reveals that relatively few studies of such
monolayers have ever been reported. The apparent
neglect of this important and interesting phase of surface
chemistry is a probable consequence of the experimental
difficulties attending such measurements generally.
These difficulties become quite pronounced when the
experimental procedure involves the horizontal barrier-
float filmometer.

Although this apparatus was designed originally to
measure the surface pressure of insoluble monolayers at

(1) N. K. Adam, “The Physics and Chemistry of Surfaces,” 3rd Ed.,
Oxford Univ. Press, London, 1941, Chapter 2.

(2) W. D. Harkins, “The Physical Chemistry of Surface Films,”
Publ. Corp., New York, N. Y., 1952, Chapter 2.

(3) I. Langmuir, J. Am Crem Soc., 39, 1848 (1917).

Reinhold

oth t e temperature Opj\ o tasee eSHI
%e gresente hIC?] gives Ih

as used to measure the interfacial surface
rptm# er]e% { ormed s ontaneous[

ﬁ [€ss ﬁS WFI‘e V?I‘IB X
emi ang tne concentratlo S ortne a On sint
aclal surtace pressures as functions of the concen-

the surface of aqueous substrates, certain modifications
have enabled its limited application to the study of in-
soluble monolayers at the interface between two immis-
cible liquids. Typical of such studies were those of
Askew and Danielli4 with protein monolayers at the
water-bromobenzene interface.

Although few data are presently available concerning
either soluble or insoluble monolayers at the dineric
interface, a more complete knowledge of their proper-
ties are essential to a better understanding of certain
biochemical processes, detergency, lubrication, emulsi-
fication, and other phenomena which are dependent on
the properties of the interfacial region.

Since the vertical-pull filmometer is applicable both
to soluble and insoluble monolayers and measures the
film pressure directly,6 this type of apparatus was
adopted for the present study of soluble monolayers at
the water-octane interface. A preliminary study6
clearly demonstrated the practicability and precision of
this apparatus.

Soluble monolayers are established at the dineric
interface as the result of positive adsorption from one or
both of the liquid phases. In order to obtain a pure

(4) F. A. Askew and 4. F. Danielli, Proc. Roy. Soc. (London), A155, 695
(1936); Trans. Faraday Soc., 36, 785 (1940).

(5) W. D. Harkins and T. F. Anderson, J. Am Chem Soc., 69, 2189
(1957).

(6) J J. jasper and T. D. Wood, J. Phys. Chem, 60, 1625 (1956).
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Table |
I nterfacial Surface Pressures of the Alcohols C8to Ci2(Dynes Cm.-1)

! -Octanol 1-Decanct------- -1 (Jndecarlol ----- * -----1-1)odecamol-----.
molai  25° 35° 45° 55° 65° 25° 35° 45° 25° 35 45° 55° 65° 25° 45° 25° 35° 45°
oo1 95 74 60 50 42 96 77 63 95 76 60 48 38 97 75 57 96 7.8 6.3
02 142 120 102 Se 711 144 121 100 142 120 89 80 63 141 117 96 140 11.8 9.9
03 173 149 130 111 93 174 150 128 169 146 125 104 84 168 144 122 169 146 124
04 194 171 150 130 . 194 171 148 191 168 146 12.4 101 190 165 143 187 166 143
05 210 186 164 145 126 208 187 164 204 182 160 137 115 203 181 159 202 183 16.4
07 230 210 192 172 152 229 209 190 224 204 184 163 139 221 201 181 220 201 182
10 248 232 217 .01 180 246 230 214 242 22.5 208 190 166 23.8 221 20.3 23.6 22.0 203
15 264 252 240 2206 207 26.0 248 23.6 256 24.3 23.0 215 194 254 239 224 251 237 223
20 2715 264 254 244 o.6 270 259 248 265 254 242 228 209 263 250 237 260 247 23.4
30 287 2719 271 262 248 283 274 204 217 26.7 256 24.4 229 273 262 250 27.0 259 24.7
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The 1-nonanol, 1-undecanol, and 1-dodecanol isopleths
become increasingly linear with increasing concentra-
tions. The 1-octanol and 1-decanol, however, ap-
proach linearity and then become concave to the
temperature axis as the concentration is increased.
The thermodynamic equation of Clapeyron was
modified by Lord Kelvin for application to two-
dimensional liquid surfaces. Since this equation is
equally applicable to the interfacial region between
two-phase liquid systems, it can be written in the form

- (d-yildD = If/T 3)

With the aid of this equation various thermodynamic
quantities relating to the interface can be calculated.
By reference to eq. 1 it is to be noted that the pressure
P3of the interfacial monolayer is the difference in the
magnitude of two interfacial free surface energies. The
larger of these involves the interface between two pure
liquid phases, and the lesser the same interface occupied
by oriented dipoles which constitute the interfacial
monolayer. This is indicated by eq. 2. Substitution
of the pressure P 8in eq. 3 gives

(dP/dT) = LYT = AS3 @)

Therefore, from the temperature differential of Ps,
the latent heat of adsorption La and the entropy of
adsorption AS3can be determined. Likewise, the two-
dimensional analog of the well known free energy
equation can be written

AH3= Pi8+ T(dP¥dT) (5)

and this enables the calculation of the enthalpy of
adsorption. However, since the interfacial tension is
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a monotonically decreasing function with concavity
directed toward the temperature axis, their values must
be known over the experimental temperature ranges
before the various thermodynamic quantities of eq.
4 and 5 can be calculated. These will be presented in
another report.

When the interfacial surface pressures are plotted as
functions of the volume-molal concentrations, smooth
curves are obtained (not shown in this paper) which
closely resemble and, in effect, are adsorption isotherms.
For each of the alcohols studied, P3 increased very
rapidly with increasing concentration and appears to
be approaching a limiting value which is quite prob-
ably determined by the structure of the monolayer.
As might be expected, Ps decreases with increasing
temperature, a characteristic behavior of adsorption
phenomena. Thus, for a given alcohol, a series of
isotherms is obtained whose initial slopes are decreas-
ingly positive and, consequently, become flatter with
increasing temperature. From reference to the table,
it is evident that for Ps values up to ca. 0.02 m, a
single isotherm would very closely represent all of the
alcohols between 25 and 50°. At higher concentra-
tions, the Psvalues exhibit an orderly trend with the
values decreasing with increasing chain length. At
higher concentrations, the P svalues of the shorter chain
alcohols are greater throughout this part of the concen-
tration range. It is to be recalled that P Bis related to
the water-solution interfacial tension, as shown by eq. 1.
From reference to the table, it is of interest to note that
the values of Yf increase with the temperature at the
lower concentrations, are approximately constant at ca
0.04 to 0.06 m, and at higher concentrations decrease..
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Introduction

The recent ionization potential compilation of Kiserl
contains values for a number of substituted aromatic
molecules. However, because of the variety of ex-
perimental techniques used in these determinations,
viz., photoionization, electron impact, and the spectro-
scopic technique, these data cannot be used with con-
fidence to examine the effect of substituents on the
ionization potentials. For instance, it is well known
that for polyatomic molecules, electron impact values
are generally several tenths of a volt higher than the

1) R. W. Kiser, “Tables of lonization Potentials,”
Energy Commission Report T1D-6142.
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corresponding spectroscopic or photoionization values.2
Furthermore, as Nicholson has indicated,3there are at
least eight methods for extracting ionization potentials
from electron impact data and these sometimes give
rise to widely different values. Thus for a study of
substituent effects it is desirable to use values which
have been determined by the same technique. Rela-
tively few systematic studies of substituent effects on
the ionization potentials of aromatic molecules have
been made.4*9 Of these, the most extensive, as well

(2 F. H. Field and J. L. Franklin, “Electron Impact Phenomena,”

United States Atomic Academic Press, Inc., New York, N. Y., 1957.

(3) A. J. C. Nicholson, J. Crem Phys., 29, 1312 (1958).
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as the most recent, has been that of Crable and Kearns.9
These authors examined a series of mono- and disub-
stituted benzenes. They found the substituent effects
to be qualitatively consistent with the electrostatic
polarization model of Coggeshall,0 and they demon-
strated a correlation between the ionization potential
and the <+ substituent constants of Brown and Oka-
moto.1l

The purpose of this work was to determine electron
impact ionization potentials for a series of monosub-
stituted pyridines in order to compare the substituent
effects with those observed in the substituted benzenes.

Experimental

The i |8n| tion dpdptentlalswie:re determine Watn %ls e Con-

solidated Electr nam(Jes B?ratlo asa
spectrometer ﬂs Was use Kea ns.o emeth
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Results

The ionization potentials determined in this work
are given, along with the values of other workers, in
Table I. The reproducibility of these measurements
is approximately 0.05 v.; however, no estimate of the
accuracy can be made. Since the same instrumenta-
tion and technique for extracting the ionization po-
tential from the experimental data were used in this
work and in that of Crable and Kearns,9the combined
sets of values form a self-consistent set for the study
of substituent effects.

Initially, only the data on the 4-substituted pyridines
will be considered since they are more complete, and
should be directly comparable to the monosubstituted
benzenes and para-substituted toluenes. In Table Il
the ionizaticn potentials of these three series of com-
pounds are compared. It is immediately apparent
that the values for the pyridines are higher than the

(4) J.D. Morrisonand A. J. C. Nicholson, J. Chem Phys., 20, 1021 (1952)

(5) H. Baba, I. Omura, and K. Higasi, BUll. Crem Soc. Japan, 29, 52
(1956).

(6) 1. Omura, H. Baba, K. Higasi, and Y. Kanaoka, ibid, 30, 633 (1957).

(7) K. Watanabe, J. Chem Phys., 26, 542 (1957).

(8) W. C. Price, R. Bralsford, P. V. Harris, and R. G. Ridley, Spectro-
chim Acta, 14, 45 (1959).

(9) G. F. Crable and G. L. Kearns, J. Phys. Chem, 66, 436 (1962).

(10) N. D. Coggeshall, J. Chem Phys., 3, 1265 (1960).

(11) H. C. Brcwn and Y. Okamoto, J. Am Chem S, 80, 4979 (1958).

(12) G. F. Crable and G. L. Kearns, J. Crem Phys., 36, 558 (1962).
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Table |

lonization Potentials of Monosubstituted Pyridine

Derivatives

Other:
Photo-
This work Electron ionization
Compound (e.v.) impact (e.v.) (e.v.)
Pyridine 985 97e--n 9.8%  9.2358
4-Methylpyridine 9.67 9.56" 9.01s
4-Hydroxypyridine 9.70
4-Aminopyridine 8.97
4-Chloropyridine 10.15
4-Bromopyridine 9.94
+Fé/r|d|neearboxaldehyde 10.12
2-Chloropyridine 991
2-Br omoi)yndme 9.65
2-Methylpyridine 9.56  9.66"
2-Pyridinecarboxaldehyde ~ 9.75
»See ref. 6. cSeeref. 7. o Seeref. 13, eSee

See ref. 5
ref, 14,

benzenes and toluenes, and that the substituent effects
are qualitatively the same. To further demonstrate
these relationships, the pyridine ionization potentials
were expressed as a linear function of those of the
benzenes and the toluenes and the following equations
were determined.

Ip= 0.8277b + 2.08 (1)
Ip= 0.827/t + 2.29 (2)

The subscripts p, b, and t indicate pyridine, benzene,
and toluene, respectively. The values of 7Pcalculated
using (1) and (2) are given in Table 11. The standard
deviation from the experimental values is 0.06 e.v.,
which closely approximates the experimental repro-
ducibility quoted previously.

Table Il

lonization Potentials of 4-Substituted Pyridines, para-
SuBSTITUTED TOLUENES, AND MONOSUBSTITUTED BENZENES

Pyridine
Benzene®  Toluene® Exptl. Y Caled, (e.v.)
Substituent (e.v.) (e.v.) (e.v) Eqg. 1 Eq. 2
H 9.56 9.18 9.85 999 988
CHa 9.18 8.99 9.67 967 9.72
OH 9.16 8.97 9.70 966 9.71
nhz 8.32 8.14 8.97 8.96  9.02
9.60 0.21 10.15 1002 991
Br 9.52 9.22 9.94 9 95 9.91
e anizahon oolenils were e o he work
“These ionization lals were taken ro e, wor
Crable and Kearns.s nhtne exceptelon oF benz rnje yde, which
was measured In this wor
Discussion

The ionization potentials of the benzenes and toluenes
obviously correspond to the removal of a Tr-electron.
However, in the case of the pyridines an uncertainty
arises pertaining to the type of molecular orbital from
which the electron is removed. The electronic spectra
of the pyridines are known to exhibit two bands in
the near-ultraviolet region due to the w ir* and
n “*e F* transitions.1616 Of these, the n — t* tran-
sition occurs at the longer wave length; for example,

(13) A Hustrulid, P. Kusch, and J. T. Tate, Phys. Rev, 54, 1037
(1938).

(14) L. D. Isaacs, W. C. Price, and R. G. Ridley, “Vacuum Ultraviolet
Spectra and Molecular lonization Potentials,” in ‘“The Threshold of Space,”
edited by M. Zelikoff, Pergamon Press Ltd., lg.ondon, 1957, pp. 143-151.

(15) S. F. Mason, Quart. Rev. (London), 19, 287 éé%l).

(16) J. H. Rush and H. Sponer, J. Crem Phys., ZU, 1847 (1952).
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in pyridine the x *m x* (TS, #- % ) and n *e x* 0B2
‘A,) transitions occur at 251 and 270 m/x. respec-
tively.1616 The relative magnitudes of the ionization
potentials of the n- and x-electrons in pyridine (or
the 4-substituted pyridines) cannot be predicted from
the electronic spectrum since the upper states are
different in the two transitions; however they are
thought to be almost equal.7 Baba, et al.,66 utilizing
their electron impact measurements of pyridine, 2-, 3-,
and 4-methylpyridine, and the diazines have suggested
that the n-electrons have the lowest ionization potential.
This conclusion rests strongly on the relative magni-
tudes of the methyl substituent effect in the 2-, 3-,
and 4-positions. Our results on the relative magni-
tudes of the 2- and the 4-methyl substituent effects
are the opposite of theirs. In this respect, it is note-
worthy that the ionization potentials of the 2-substi-
tuted pyridines which we have measured are all lower
than those of the corresponding 4-substituted pyridines.

In the previous section it was shown that within
experimental error a linear relationship exists between
7P and 7b or 7t. These relationships have the same
slopes and different intercepts. The intercept dif-
ference reflects the almost constant substituent effect
of the methyl group in the toluenes as compared to the
benzenes which has been noted previously.9 It is in-
dicated by these linear relationships that the apparent
substituent effects on the ionization potentials cf the
pyridine are essentially the same as those observed
in the benzenes or toluenes. In the 4-substituted
pyridines, it is expected that substituent effects on the
n-electrons would be quite subdued as compared to
those on the x-electrons, since the mode of interaction
is essentially restricted to inductive effects. Thus, the
linear relationships (1) and (2) suggest that the elec-
tron impact ionization potentials of the 4-substituted
pyridines primarily correspond to the removal of a
7r-electron.

Theoretical calculations have shown that the wave
length shift of the lowest frequency x —» x* band (a-
band) of the monocyclic azines from that of benzene
can be explained as a perturbation of the benzene
energy states by the nitrogen atoms.1820 Thus it is
reasonable that the substituent effects on the benzene
and pyridine x-electrons would be linearly related.

The suggestion that the electron impact ionization
potentials of the pyridines primarily correspond to
the removal of a x-electron does not necessarily mean
that the x-electrons have a lower ionization potential
than the n-electrons. Recently Fox and Hickam2
using the RPD method have shown that in the case
of benzene, where a number of excited states of the
ion occur near the threshold, the extrapolation of the
ionization efficiency curve above the break correspond-
ing to an excited state of large cross section (relative
to the lower energy states near the threshold) gave a
value in good agreement with the conventional electron
impact ionization potential. On the other hand the
threshold was in excellent agreement with the spectro-
scopic ionization potential.2l Thus in the case of the

(17) C. Reid and R. s. Mulliken, J. Am Chem Soc., 76, 3889 (1954).

(18) R. McWeeny and T. E. Peacock, Proc. Phys. Soc. (London), A70, 41
(1957).

(19) N. Mataga and K. Nishimoto, Z physik. Chem, 13, 140 (1957).

(20) J. N. Murrell, Mol. Phys., 1, 384 (1958).

(21) R. E. Fox and W. M. Hickam, J. Chem Phys., 22, 2059 (1954).
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pyridines if the ionization cross section of the n-electrons
were small compared to the x-electrons, it is quite
possible that the influence of the n-electrons upon the
conventional electron impact ionization potential
would be small even if they had the lowest ionization
potential. Therefore based on the above considera-
tions, it can be tentatively concluded that the sub-
stituent effects on the x-electrons of the nitrogen
heterocyclic aromatic ring parallel those on the x-
electrons of a normal aromatic ring. It is also of
interest to note that the slopes of (1) and (2) are only
slightly different from unity, indicating that the per-
turbation of the x-electrons by the heterocyclic nitro-
gen atom is almost constant.

Crable and Kearns9 demonstrated a correlation
between the ionization potentials of the monosubsti-
tuted benzenes or para-substituted toluenes and the
g+ substituent constants of Brown and Okamoto.1l
In view of the linear eq. 1 and 2 it is expected that a
similar relationship should exist for the 4-substituted
pyridines. Crable and Kearns9 also showed the
electrostatic polarization model of CoggeshallD could
be extended to groups having appreciable dipole
moments and they were able to account qualitatively
for the observed substituent effects. This model
relates the change in ionization potential to the work
which must be done in bringing the substituent group
from infinity to the positively charged aromatic
ring. The two main contributions are the interactions
of the positive charge (taken to be in the center of the
aromatic ring) with the induced dipole and the perma-
nent dipole moments in the substituent group. The
interaction with the induced dipole moment will
always lead to a lowering of the ionization potential;
however, the interaction with the permanent dipole
moment can result in either a higher or lower ionization
potential depending upon the moment orientation.
The pyridines offer an additional opportunity to test
this model, since the center of positive charge will be
displaced toward the nitrogen atom (presuming that
the molecular orbitals do not change drastically upon
ionization).2 Inspection of Table | shows the 2-
substituted pyridines have lower 7P than the 4-substi-
tuted; the values for 4-C1, 4-Br, and 4-CHO are higher
than pyridine, and the other 4-substituents are lower;
the value for 2-C1 is higher than pyridine and all the
other 2-substituents are lower. The electrostatic
polarization model applied to the pyridines requires
that (1) the interaction energy between the positive
charge and the induced dipole and permanent dipole
moments be greater in the 2-position than in the 4-
position and (2) the interaction energy fall off more
rapidly with distance for the induced dipole moment
(which varies as r-4) than for the permanent dipole
moment (which varies as r-2). The application of
these two requirements leads to a satisfactory qualita-
tive account of the above observations. For example,
the values for the 2-substituents are expected to be
lower than the corresponding 4-substituent except in
cases where the permanent dipole moment of the

(22) This expectation is based on the theoretical calculations of Mc-
Weeny and Peacock on the monocyclic azines which indicate a higher 7
electron density near the nitrogen atom. Recent quadrupole resonance meas-
urements2Z support these theoretical results.

(23) E. A. C. Lucken, Trans. Faraday Soc., 57, 729 (1961).



1554

substituent is large and directed away from the ring.
Unfortunately, because of the uncertainties involved,9
detailed calculations of the change in ionization po-
tentials are not practical. It is evident, however,
that there are no gross inconsistencies between the
predictions of the model and the observed ionization
potential variations.

SINGLE ION ACTIVITIES AND
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A return is proposed to the ascription of physical significance to single ion activities in electrolyte solutions

and illustrations are given of two cases where this seems to lead to meaningful results.

in 0.1 MHc1 y H+seems

to be about 5% greater than -yen in rough agreement with predictions from the previously postulated difference

in degree of hydration of H + and CD.
.arger, and sometimes much larger, than /RIN+

In dilute solutions of tetraalkylammonium
It is suggested that this is a real phenomenon, and an explana-

iodides /!- appears to be

tion is offered in terms of the structure-promoting influence of R N + cations and the structure-breaking effect

of I7.

For the convenient tabulation of numerical data relating to single ion activities a new property of

ionic solutions is proposed, to be called the mean ionic activity deviation, denoted by 5%, and defined as 5+ =
(f+y+/fJ,~)C‘I When used with the mean ionic activity coefficient, /., this makes accessible the single ion

activity coefficients through the identities/+ = (/#s%)o

Introduction

Although it is now over 30 years since single ion
activities were shownl to be inaccessible to exact
thermodynamics, it has never quite been possible to do
without these quantities, and an uneasy compromise
has been struck in their regard. That is, it has been
agreed not to call any given quantity a single ion ac-
tivity at the same time that the idea of such an activity
has still been used freely in various kinds of derivations,2
and elaborate procedures have been worked out for
getting refined values of pH3—i.e., of an effective an*.
This is not a very satisfactory situation, and one of the
purposes of the present essay is to propose that single
ion activities and activity coefficients be reinstated as
acceptable working quantities. Special care will be
necessary to ensure adequate recognition of the inherent
uncertainty of any numerical value assigned, but the
advantages to be gained seem considerable in the re-
opening of avenues of investigation, and of interpreta-
tion, of ionic solution phenomena. One such avenue
has recently been followed4 in the use of aci- in study-
ing the binding of counterions in polyelectrolyte solu-
tions and several others are explored below.

That there is no difficulty in defining a single-ion
activity coefficient in terms of a thought process may be
illustrated, among other possibilities, by the fact that
this is what is done when the Giintelberg charging
process is employed in deriving the equations of the
Debye-Huckel theory. The problem has thus been
one of accessibility only, and this, in turn, reduces to

(1) E. A. Guggenheim, J. Phys. Chem, 33, 842 (1929); 34, 1540 (1930).

(2) See, for example, (@) D. A. Maclnnes, “The Principles of Electro-
chemistry,” Dover, New York, N.Y., 1961, Chapter 13; (b) J. G. Kirkwood
and 1. Oppenheim, "Chemical Thermodynamics,” McGraw-Hill Book
Co., New York, N. Y., 1961, Chapters 12 and 13.

(3) See, for example, H. S. Harned and B. B. Owen, “ The Physical Chem-
istry of Electrolytic Solutions,” 3rd. Ed., Reinhold Publ. Corp., New York,
N. Y., 1958, Chapter 10.

(4) S. Lapanje, J. llaebig, H. T. Davis, and S. A. Rice, J. Am. Chem Soc.,
83 1500 (1961).

tand/_ = (/i/UU 2"
that posed by the impossibility of the exact evaluation,
by thermodynamic methods, of liquid-junction po-
tentials.2a The last-named fact has an interesting
implication, namely, that to assert that nothing can be
known about single-ion activities is equivalent to stating
that nothing can be known about liquid-junction po-
tentials. Since the latter statement is very far from
being true, it is both possible and legitimate to make, and
to act upon, the converse statement that anything that
can be known or guessed about a liquid-junction po-
tential can be made to provide a piece of information,
or an estimate, about a single-ion activity.

This is the principle which has been employed in ob-
taining pH values3 and in the evaluation, referred to
above,4 of the activity of chloride ion in certain
electrolyte solutions. In these applications, experi-
ments are devised in which the potential difference
across a liquid junction is imagined (a) to be negligible,
(b) to be calculable, or (c) not to change (or to change
only trivially) as the test solution is altered in certain
ways (for instance, is made to run from high dilution,
where the single-ion activity coefficient must be near
unity, to the finite concentration of interest). If the
errors in such assumptions were zero, one would have
exact values of the single-ion activities, or activity
ratios, involved. Correspondingly, any estimate of the
numerical error the assumptions contain is, when
translated, an estimate of the error-limit to be ascribed
to the single-ion activity measurement. This in turn
makes it possible, by standard thermodynamic means,
to evaluate, within the corresponding (estimated)
limits of error, a variety of other “non-thermodynamic”
quantities of interest.

Single-lon Activities in 0.1 M HC1—An an example
of what can be done, take the carefully considered
values of 1.085 and 1.092 assigned, respectively, by
Hitchcock and Taylor6and Bates, Pinching, and Smith6
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for the pH of 0.1 M HC1. The latter is on a molality
basis, and the former becomes 1.086 when corrected to
the same basis. These make log yH+ = —0.086 or
—0.092; but y= for this solution is reported as 0.7964,7
giving for log y+, that is for V2Zlog ytl* + log tC|)
the value —0.099, corresponding to log Tci- = - 0.112
or —0.106. Thus log (t n +/7¢i-) equals 0.026 or 0.014,
and t h +/tci -equals 1.062 or 1.033.

How greatly these numbers are in error is, of course, a
question. It seems likely, however, that they are more
than qualitatively correct, and that, in 0.1 M HC1 at
25°, the single-ion activity coefficient of H+ is in fact
about 5% higher than that of CI-. In support of this
conclusion it may be noted that Robinson and Stokes,8
in their discussion of the influence of hydration on
stoichiometric activity coefficients, have ascribed a
hydration number of about 8 to HC1, and consider that
this is almost entirely cation hydration. A simple ex-
tension, however, of their derivation (in fact, a return
to the form given earlier by Bjerrum9 supplies expres-
sions for the influence of single-ion hydrations upon
single-ion activity coefficients. The result for a 1-1
solute, correct to first-order terms in m, is

[ m
55.51 (D

where h+ is the cation hydration number, i.e., the num-
ber of molecules of water which a cation removes from
its solvent function, and h_ the hydration number of the
anion. Using eq. 1one obtains

h 2(7i+ + h-) - 2
intt = 7 )
55.51

the standard result for the contribution which hydration
makes to the. stoichiometric mean ionic activity co-
efficient on a molality basis. Buteq. 1also give

In (t+Zt-)1 - in 2

for the spread which differential hydration should
produce between In y+ and In t_. Taking h+ =
8 and 7_ = O, this predicts 0.013 for log y+y_ in0.1 M
HC1, somewhat less than the “experimental” values
obtained above. Since other influences may also be at
work, the agreement seems good enough to lend support
to the thesis that the ratio y+/y~ can be meaningfully
studied and has, in this solution, a magnitude of about
1.05, asinferred for it from the literature pH values.

Tetraalkylammonium lodides.—The usefulness of
this type of reasoning in opening new fields for study
may be illustrated by applying it to the experimental
results obtained by Devanathan and Femandolc with
the cell

(5) D. I. Hitchcock and A. C. Taylor, J. Am. Chem Soc., §9, 1812
(1937); see also ref. 3.

(6) R. G. Bates, G. D. Pinching, and E. R. Smith, J. Res. Natl. Bur. Std,
45, 418 (1950).

(7) Reference 3, p. 466.

(8) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,”
Butterworths, London, 2nd Ed., 1959, pp. 238-250.

(9) N. Bjerrum, Z anorg. allgem Chem, 109, 275 (1920).

(10) M. A. V. Devanathan and M. J. Fernando, Trans. Faraday Soc., 58,
784 (1962).
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Ag, Agl, R&XI(c), KCl(sat), Kl(c), Agl, Ag (3)

Here RANI is a tetraalkylammonium iodide, R being
methyl, ethyl, n-propyl, or n-butyl. ¢, which was kept
the same on both sides of the cell, was varied from some
thousandths to some tenths of a mole/1, and the corre-
sponding e.m.f. values were measured at 25°. Several of
these are quoted in column 3 of Table I. Since the
single ion conductances of all of the relevant ions are
known the liquid junction potentials may be estimated
by use of the Henderson equation.Z3 When this is done,
they come out to be near 2 mv. in every case, and the
difference between the estimated potential for the
junction R4X1(c), KCl(sat) and that for the junction
Kl(c), KCl(sat) which is bucked against it is never
more than about 0.2 mv. Since, therefore, the Hender-
son equation, in spite of the approximations it contains,
can hardly give results of the wrong order of magnitude
(this is the crux—i.e., the weak point or the strong
point—of the argument), it seems justifiable to proceed
on the assumption that junction potentials contribute
only negligibly to the measured e.m.f. values. This is
operationally equivalent to, and therefore constitutes
an operational justification for, the assumption
made by Devanathan and Fernando that the junction
potentials are themselves equal to zero.

Their other assumption, however, is not acceptable,
namely, that a measured e.m.f. for cell (3) is equal to
(RT/F) In (/xr,nill+ki)- The analogy of this cell to
two pH cells bucked against each other makes clear that
what is in question is, instead, the ratio of the single-ion
activities of the iodide ion in the two half-cells. There-
fore, since the half-cells are always matched by making
¢ the same on both sides, we may write

RT

E = Inn = 0.0592 log n volts (4)

where ri is 7i-(r4i)7/i -(xi> the ratio of the single
ion activity coefficient (concentration basis) of I~
in RANI at the relevant concentration to that in Kl
at the same concentration.

The rvalues of rt corresponding to the e.m.f. values
quoted in Table I are shown in column 4, and their
numerical values are striking. That is, it would prob-
ably not have been expected that the single ion activity
coefficient of I- in0.03 M (CAH9ANI, for example, would
be 8.65 times that of the same ion in a KI solution.
Also interesting are the consequences to which one is
led if the N\ values are taken seriously. These are dis-
played in columns 5-9 of Table I. Column 5 gives
values o f/+ for RAN|I, estimated from the freezing point
measurements of Lange.ll They all fall below the
limiting law values, itself a rather remarkable fact.
Column 6 gives the corresponding values of /+ for KI.
These were computed from constants for the Hiickel
equation given by Harned and Owen22 and are prob-
ably not greatly in error (the value for 0.10 M matches
that given by Robinson and Stokes).13 From the /+
values for the separate salts, r+ is computed in column
7, namely /£ r,ni//t ki- But

(11) J. Lange, Z physik. Chem., A168, 147 (1934).

(12) Reference 3, p. 510. The distinction between /+ and 7+ has been
neglected here.

(13) Reference 8. p. 494.
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Data and Derived Quantities from Measurements on the Cell

Ag, Agl, RANI(c), KCl(sat), KI(c), Agl, Ag

/£ Kid rj rea™ st Kl
851 0.954 0.570 0.358
943 994 128 29[
903 982 434 196
801 948 311 108
178 896 113 017
710 658 030 002
801 926 303 107
851 882 0900 0104

ably states something real about what is going on in the
solutions. One reason for this judgment is that the
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Table |
R ¢, moles/1. E mv.* Ne ARINI
CHi 0.03 12.0 1.60 0.812
CH6 003 7.8 1.355 937
.01 205 2.22 .886
03 21.3 2.89 807
.10 481 649 .666
30 69.1 14.7 A67
cah, 03 20.1 2.83 788
cdho 03 55.5 8.65 51
«Ref. 10, »Seetext. . Ref. 11 o Ref. 12
(Irer+li-)rdi [ r NHRN) X ri= ret X n
- (Ik+i-)Ki [ k<KI)

5)

This makes accessible the ratio called rcat, which is tab-
ulated in column 8, and is, in words, the ratio of the
single ion activity coefficient of RAN+ in RANI to that
of K+ina K1 solution of equal concentration.

Finally, the ratio of rcat to rj for the same solution-
pair is easily shown to equal

Pt _ (/r,N+/i-)r N _

(I+/i-)ki 52

n

Here a new quantity, 5t, has been introduced, of which
more will be said below. For the present it suffices to
note that it is a property of an individual solution, as
[+ is, and that it is so defined that for these 1-1 solutes
52 is the ratio of the cation activity to the anion ac-
tivity in the solution under discussion. Thus the ratio

1.05 derived above for /h+//ci- in 0.1 M HC1 is 52

for that solution. Column 9 of Table I contains values
of 5t2r4i/5+Xi obtained, according to eq. 6, by divid-
ing the values of column 8 by those of column 4. They
show how RANI solutions compare with the equivalent
K1 solutions in respect of the cation/anion activity
ratio, and if, provisionally, it may be imagined that
5Xi is, like the value for 0.1 M HC1, not greatly
different from unity, then the values in column 9 are
approximately equal to / r.nV/i- br the various solu-
tions to which they correspond.

The physical import of these values is as follows.
They say, for instance, that in 0.03 M solutions, f+
is only some 35% as large as/- in (CH34NI, about 10%
in (CHJYANI and (CH)ANI, and about 1% in (C4H94.
It may be noted that the accuracy of the values used for
f+ for RANI and for KI does not greatly affect these
qualitative conclusions, since rcat/ri r_2(rn2 so
that even if all of the mean activity coefficients were
taken to be unity 52t r,ni would still be 39,11.9,12.5, and
1.35%, respectively, for the cases named. One must
therefore conclude (a) that the data are seriously in-
accurate, 'b) that the Henderson equation is inap-
plicable in such junctions, or (c) that there is something
about the system tetraalkylammonium ion-iodide
ion-water that makes the relative activity of iodide ion
larger—and sometimes very much larger—than that of
the tetraalkylammonium ion in these salt solutions.

The position taken here is that while it is too early to
set accurate limits to the errors which might enter
through alternatives (a) X4and (b), alternative (c) prob-

falling below the limiting law values of /+ in RANI
solutions already suggests that these are anomalous.
Moreover, a qualitative explanation of the anomaly in
52can be offered in terms of existing structural ideas.
Taking as an example the comparison of (CH9YANI
with K1 solutions, the interpretation proceeds as
follows.

Interpretation and Conclusions

All the evidence that we have® indicates that the
iodide ion is a strong structure-breaker, that the tetra-
butylammonium ion is an even stronger structure-
maker, and that the potassium ion has a net effect
which is not strong in either sense, though probably
slightly structure-breaking. The effect of these struc-
ture influences on activity may be approached by
imagining a two-stage solution process. If, for exam-
ple, the structure-shift evoked by addition of |- to the
solution could be imagined at first to be inhibited, and
the ion considered to be dissolved, initially, in water
which retained its previous structure, then a lifting of
the inhibition would be followed by a structure shift,
and this would necessarily be accompanied by a lowering
of the free energy of the system, the amount of this
lowering depending on, among other factors, how much
work had to be done to break the water structure.
Now, in the presence of tetrabutylammonium ions, the
water is more structured than it would be if they were
not there and therefore, presumably, harder to bring
into the random state appropriate to the neighborhood
of an iodide ion. The introduction of the latter under
these circumstances will therefore be expected to be
accompanied by a free energy change which is less
negative, partly because extra work must be done on
the water and partly because the final state of the water
near the 1- will presumably be less “favorable” than
in pure water. The free energy of hydration of |- in
the presence of (CAH94AN+ ions should therefore be
less negative than in their absence, and this should
produce an increase in escaping tendency—i.e., a
raising of activity—over and above the effects pro-
duced by other influences which are at work.

In the corresponding K1 solution the activity of |-
will likewise be subjected to an influence arising from
the effect of K+ upon the structuredness of the water.
Here, however, the influence will be much weaker,

(14) J. C. Rasaiah has set up cells of the type (3) in this Laboratory and
has confirmed that large e.m.f.’s are in fact observed.

(15) H. S. Frank and W. Y. Wen, Discussions Faraday Soc., 24, 133
(1957), and references there cited.
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since K+ is much less effective than (CH9AN+ in
altering structure. /ikc.HdNI] will therefore lie
higher than/i jki], i.e., riis predicted to be greater than
unity, in agreement with experiment.

It will be noted that from the point of view of, and to
the order of approximation involved in, this discussion
the structural effect of (C4AH94AN+ upon/!- is not a
direct ion-ion interaction, since it arises solely from a
change which the presence of (C4H 94N+ produces in
the free energy of hydration of | It is in this respect
exactly similar to the salting-out effect discussed by
Huckel,56and may, indeed, be thought of as a supple-
ment to that effect. It thus seems appropriate to speak
of structural salting-out and salting-in, and to para-
phrase the above discussion by saying that rg is greater
than unity because |- is more strongly salted-out by
(CHIYAN+than by K+.

Before leaving rt it is necessary to dispose of another
effect which, while important in principle, happens in
this case not to enter into the final result. This is the
structural salting-in influence which, in the model here
under discussion, all ionic species must exert upon
themselves. Because this effect must always be pres-
ent, an I- in (C4AH94NI will not only be salted-out by
(CHIYAN + but will also be salted-in by the other I~
ions, and/i-[(c,H!)iNi] will be the resultant of these two
effects (as well as of all of the non-structural ones which
are also present). To the first order, however, the
structural contributions to In fi- should be additive,
and, to the extent that this is true, the self-stabilization
of I- will be the same in (CH9ANI as in KI. The
contributions on this score to /i-[(C4Phi] and to
/i-[KU will therefore cancel when the quotient is
formed, and the earlier inferences about this quantity
can still be accepted as they stand.

Turning now to the cations, (C4H94N + will be ex-
pected to be salted-in by itself and salted-out by I-.
Since we have reason to consider (C4H 94N+ stronger in
its intrinsic structure-altering tendency than is I-,
the former effect should preponderate, and the resultant
/(C.HiiiN+tcCiHsj.Ni] should be lower than it would have
been if no structural influences had existed. K+ will
also saltitself in, and be salted either in or out (probably
somewhat “in”) by 1-. Here again, however, the
relatively feeble structure-altering tendency of K+ will
make the net effect on /K+ smaller than that on
/(C.n)n+ We therefore predict, again in agreement
with experiment, that rcat should be less than unity.

The salt (CH9ANI, therefore, forms aqueous solu-
tions in which, on this interpretation, the striking
effects which are observed result from three facts:
(@) both anion and cation have marked influences on
water structure, (b) these are opposite in sense, and (c)
one of them has a larger intrinsic magnitude than the
other. These lead to the result that the “weaker” ion
(here 1) suffers a net salting-out, and the “stronger”
[here (CAH9YAN +] a net salting-in. The quantity we
have called 5t2is therefore less than unity, and to an
extent which far exceeds the corresponding effect in
K1, where, indeed, the effect is predicted to be in the
opposite direction (5t2 > 1; the salting-in effect of
iodide on itself should be greater than what it does to
K+).

(16)  (a) E. Huckel, Physik. z., 26, 93 (1925); (b) G. Scatchard, Chem-

Rev., 13 7 (1933); (c) ref. 3, p. 508.
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This is so far, of course, a largely qualitative interpre-
tation, with only such semiquantitative corollaries as
that the larger the R group in RANI the larger should
be the ratio *ZRNI/5tXi. Even this conclusion
is only partially borne out in Table I, however, as there
seems to be an inversion in order between the tetra-
ethyl and tetrapropyl salts. It isalso not clear whether
the fact that /+ for RANI falls below the limiting law
line can be accounted for by the extent to which the
salting-in of the cation exceeds the salting-out of the
anion, or whether some additional factor must be in-
voked.

The fact that such questions can be raised, however,
suggests that we have here an area of inquiry which will
repay further study. If there is any meaning at all in
the foregoing discussion it is that statements about

/+ alone (or about the derived quantities L2 J2 etc.)
will not suffice to give a complete account of the thermo-
dynamics of aqueous electrolytes, but that, on the
contrary, ways must be sought to obtain, tabulate, and
interpret thermodynamic information about individual
ions and their behavior in different combinations.

For obtaining such information, renewed attention to
liquid junction phenomena seems an obvious line of
attack. In addition to the re-examination, from the
point of view here taken, of the very considerable body
of data already in existence, this would include new ex-
perimental work and a wider testing of such additivity
relations as those discovered by Maclnnes and Yeh.T7
It has also been pointed outi8that the possibility exists
in principle of measuring single electrode potentials by
non-thermodynamic (e.g., electrostatic) means, and
ways may be discoverable of using such measurements
to evaluate single-ion activities.

Assuming that meaningful results can be obtained
from such studies, the quantity introduced above as
5+ seems to offer an appropriate way of recording them.
It has the desirable attribute of being a property of a
neutral species, so that it can be tabulated alongside of
[+, to which it is, indeed, defined to be a complementary
quantity. The definition is

« = [/IV /- ]1Ao0r

In5+t = - [v+In/+ -
\

v-In/_] @)

It thus follows that
U = (/£5r /2~ and/_ = (/£/5%)"2*

or

In/+ = ~ [In/£ + In5t]and
Zv+

In/- = ~ [In/x - In5%] (8)

Lv

and, since for solutes of symmetrical charge-type v
= 2v+ = 2p_, In/+ and In /_ are obtained for such sub-

(17) Ref. 2a; D. A. Maclnnes and Y. L. Yeh, J. Am Chem Soc.f 43
2563 (1921). The “Characteristic Potentials” found by these workers for
the cells Ag, AgCl, M*C1 (0.1 M), MIICL (0.1 M), AgCl, Ag combined (a)
with the assumption that the Lewis and Sargent expression for the liquid
junction potentials is exact (or nearly enough so), (b) with accepted values
of /£, and (c) with the pH of 0.1 M HC1 discussed in the text, lead, by
straightforward methods, to the following values of applicable at 25°
and in 0.1 M solutions; HC1, 1.025; LiCl, 0.997; NacCl, 0.990; KC1, 0.926.

(18) Ref. 2b, p. 211.
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stances by simple addition or subtraction of In/+ and
In5t. In this case, in plots against c n, say, the curve
for In/+ lies midway between those for In/+ and In/_,
and In 5= is the distance separating it from either of
them. Corresponding, if less simple, relationships
subsist for solutes of more complicated type, and seem to
justify the proposal to call 5= the mean ionic activity
deviation. It may be noted also that changing from
one scale to another for expressing activity coefficients—
i.e., mole fraction, molality, and concentration scales—
does not change 8t, since the conversion factors divide
out when the ratio is taken. This makes possible the
use of the same symbol in all systems.

So far as concerns interpretation, it should be pointed
out that structural effects of the sort just discussed,
and differential hydration, mentioned earlier, are by
no means the only influences that can be imagined to
cause /+ and /_ to differ. In principle, anything that

ELECTRONEGATIVITY OF THE
DIFLUORAMINO GROUP
By Raymond Ettinger
Rohm and Haas Company, Redstone Arsenal Research Division,
Hurttsville, Alabama
Received January 12, 1965

Three empirical or semi-empirical methods have been
employed in estimating the electronegativity of the
difluoramino group (~NF3J. The agreement between
the three independent methods is remarkably good,
indicating that the electronegativity is about 3.3.
When this estimate is combined with recent “orbital
electronegativity” calculations, one obtains a reason-
able picture of the hybridized bonding orbitals of nitro-
gen in difluoramino compounds.

The first method involves the extension by Wilms-
hurstlof Gordy’s2relation between an atom’s electro-
negativity and the effective nuclear charge at its cova-
lent boundary. According to Wilmshurst, the group
electronegativity of the radical -AB {i.e., the electro-
negativity of the bonding atom A, perturbed by the
other atems B) can be written

x-ab = 0.31{n* + 1)/r + 0.50 1)

where r is the covalent radius of atom A in the AB bond
and n* is the effective number of valence electrons on
atom A. The latter quantity was evaluated in the
manner outlined by Wilmshurst, assuming the electro-
negativities of nitrogen and fluorine given in his paperl
Xn = 3.01 and xf = 3.94. For the covalent radius of
nitrogen in -NF2 we have considered the single bond
radii suggested by Pauling3 (rN = 0.70 A.) and by
Schomaker and Stevenson4 (rN = 0.74 A.). Equa-
tion 1 gives xnfj = 3.42 and 3.26, respectively.

(1) J. K. Wilmshurst, J. Crem Phys., 27, 1129 (1957).

(2) W. Gordy, Phys. Rev., 69, 604 (1946).

(3) L. Pauling, “The Nature of the Chemical Bond,” 3rd. Ed., Cornell

University Press, Ithaca, N. Y., 1960.
(4) V. Schomaker and D. P. Stevenson, J. Am. Chem Soc., 63, 37 (1941).
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can contribute to non-ideality of the solution could
make a contribution here, provided it acted, in the first
instance, on the individual ions separately—e.g., heats
of hydration. Interionic attractions and repulsions
will, on the other hand, probably be symmetrical in
their influences on anion and cation, except where
charge-type differences produce the sort of formal dis-
symmetry which appears, say, in the limiting law
expressions for the ions of MgCU Interionic effects
will thus be expected to show up in/%, and not in 6+
even if, as may be the case in the tetraalkrdammonium
iodides, water structure changes were able to alter the
shape of the ion cloud in such a way as to require modi-
fication of predictions made on purely electrostatic
grounds.

Acknowledgment.—-This work, and its publication,
have been assisted by a grant from the National Science
Foundation.

The latter value is preferred because the Schomaker-
Stevenson radii for N and F, combined with their inter-
atomic distance correlation, predict 1.38 A. for the
NF bond distance, while the Pauling radii predict
1.34 A. The experimental NF bond length found in
NF3is 1.37 A.

Wilmshurst6 has further suggested that for poly-
atomic hydrides HX, where X is a group, the square
root of the stretching force constant knx should be
taken as a measure of the electronegativity of X.
He gives the following empirical equation for xx
which is linear in the sensitive vibrational frequency
fhx

xx = 1104 X 10-31 + (cm.-") -

024 (2)

Although weakly absorbing, the hydrogen stretch
frequency in difluoramine6 has been observed7 in the
gas phase at 3193 cm.-1. With this frequency, eq. 2
yields xn¥, = 3.25.

Yet another method is available for estimating the
electron withdrawal power of the difluoramino radical.
Dailey and Shoolery8have studied the relation between
the difference in methyl and methylene proton magnetic
resonance shifts and the electronegativity of the substit-
uent in monosubstituted ethanes. A linear expression
was found for the ethyl halides which applies moder-
ately well to other substituents.8

xx = 0.695(5cii, — Sh,) + 171 (Ginp.p.m.) (3)

(In constructing (3), Dailey and Shoolery employed
halogen electronegativities which differ slightly from
those used by Wilmshurst.9 The Hland FOn.m.r.

(5) J. K. Wilmshurst, J. Chem Phys., 28, 733 (1958).

(6) J. P. Freeman, A. Kennedy, and C. B. Colburn, J. Am. Chem Soc.,
82, 5304 (1960).

(7) J. 3. Comeford, D. E. Mann, L. J. Schoen, and D. R. Lide, Jr., Na-
tional Bureau of Standards Report 7554.

(8) B. P. Dailey and J. N. Shoolery, J. Am. Chem Soc., 77, 3977 (1955).
See also P. T. Narasimhan and M. T. Rogers, ibid., 82, 5983 (1960).
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spectra of difluoraminoethane9 have been obtained.
The F1 spectrum exhibits a single broad band 129
p.p-m. downfield from trifluoroacetic acid and is
otherwise uninformative. The methyl resonance dis-
plays a typical 1:2:1 triplet due to coupling (7 c./
sec.) with the methylene protons, and its center is
5.9 p.p.m. to the high field side of external benzene
(no bulk-susceptibility corrections). The latter shift
compares well with the methyl shift in a host of re-
lated ethane derivatives8 and supports the assump-
tion that the electron withdrawal power of substituent
groups is almost completely attenuated by the G-C
bond. The methylene portion of the CZHBNF2 spec-
trum contains twelve peaks: a triplet arising from
coupling (28 c./sec.) to the two fluorines, each compo-
nent of which is further split into a 1:3:3:1 quartet by
the methyl protons. The measured value of 5cm — 5Ch2
was 2.25 p.p.m., which, according to (3), corresponds
to xnf* = 3.27.

It istempting to associate the group electronegativity
of -N F2derived herewith the “orbital electronegativity”
of nitrogen, for a three bonding valence state, as
calculated by Hinze and Jaffé.0 (The calculations
were for neutral atoms, so it is important to note that
we are neglecting the effect of partial charges on the
atoms.) These authors found that the orbital electro-
negativity for o orbitals was linearly related to the
amount of s character. Thus, the electronegativities of
intermediately hybridized orbitals, such as occur in
nitrogen compounds, become available by interpolation.
From the data of Hinze and Jaffé,0 an N orbital
electronegativity of 3.3 (Pauling scale) corresponds to a
bonding a orbital of 84% p character. Mashimall
attempted to explain the observed dipole moment
of NF3in terms of the hybridization of lone pair and
bonding wave functions. He concluded that the
hybrids of the N atom could be related simply to the
observed bond angle, and the latter predicts 83% p
character. In a more general treatment of the same
problem, including the contribution of the polarity of
the NF bond, La Paglia and Duncanl calculated a
bonding wave function for NF3which was about 80% p
in the N part.

(9) J. W. Frazer, J. Inorg. Nucl. Chem, 16, 63 (1960).

(10) J. Hinze and H. H. Jaffé, /. Am. Chem Soc., 84, 540 (1962).
(11) M. Mashima, J. Chem Phys., 24, 489 (1956).

(12) S. R. La Paglia and A. B. F. Duncan, ibid., 34, 1003 (1961).

RADIOCARBON-LABELED COMPOUNDS
PRODUCED BY THE NEUTRON
IRRADIATION OF GUANIDINE

HYDROCHLORIDE1

By Thomas W. Lapp and Robert W. Kiser

Departrrent of Chemistry, Kansas State University,
Manhattan, Kansas

Received January 8, 1968

The formation of carbon-14-labeled products result-
ing from the neutron irradiation of crystalline cyano-
guanidine was studied by Lapp and Kiser,2 and they

1) This work was supported in part by the U. S. Atomic Energy Com-
mission, under Contract No. AT(11-1)-751 with Kansas State University,
and is a portion of a dissertation to be presented by T. W. Lapp to the
Graduate School of Kansas State University in partial fulfillment for the
degree of Doctor of Philosophy in Chemistry. Presented at the 144th
National Meeting of the American Chemical Society, Los Angeles, Cali-
fornia, March 31-April 5, 1963.
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indicated that the cyanamide radical, produced by the
carbon-14 atom and/or by the accompanying 7-radia-
tion, might play an important role in the formation of
the radiocarbon-labeled products observed in solution.

In an effort to obtain a better understanding of the
actual processes occurring during the recombination
period, we have extended these studies to the neutron
irradiation of crystalline guanidine hydrochloride and
subsequently studied the various carbon-14-containing
compounds present when the target material was dis-
solved in water. It was anticipated that if the recoil
carbon-14 atom or the associated 7-radiation produced
the cyanamide radical, it would be possible to explain
the production of the various carbon-14-containing
compounds observed in the neutron-irradiated sample
as arising from reactions of the radio-labeled cyanamide
radicals. Specifically, if the cyanamide radical is in-
volved in the cases of both cyanoguanidine and guani-
dine HC1, we expect to observe very similar radio-
labeled products. If these results were realized, it
would then suggest that the formation of “simple com-
pounds” from the reaction of carbon-14-containing
radicals with the solvent may be relegated to a position
of minor importance (at least where a large 7-flux is
associated with the neutron flux). The formation of
“simple compounds” has been discussed in the studies
of acetamide3 and a-cyanoacetamide.4 We present
in this paper our experimental approaches and find-
ings. We utilize these results in the discussion of the
possible reactions producing the radio-labeled species
observed in aqueous solution.

Experimental
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(2) T. W. Lapp and R. W. Kiser, J. Phys. Chem, 66, 152 (1962).
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diation angd subsequent dissalytion mple in water
soTutlonso *he |Fraghated dam ehe/gr ﬂ? n%e\?veresubjected
to analyses for the chemical species Iisted in

Table |

Carbon-14 Distribution among Various Compounds
Resulting from Neutron lrradiation of
Guanidine Hydrochloride

--—- -—% of total activity------ >
Fraction Average  Values obtained

NH)NH: (guanidine) 64 65, 6.0,
NH NHo dcetamidine) w11 107, 114
138, 108, 116

H)NH2 (cyanoguani- 121
JNHC(NH)NHz 163 154, 157, 177
42, 46, 3.4

iquanide
!\F:C( NH2)N= CH (3-amino- 4.1

ENC(NH2)=NC(NH2=N 218
(melamine)
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Discussion

The recoil carbon-14 atom in guanidine hydrochloride
does not appear to be stabilized within the solid matrix
in the form of “simple” compounds or in the form of a
chemical species which could undergo reaction, such as
decomposition or rearrangement, in the presence of
water to produce “simple” compounds. Similar ob-
servations have also been noted in the investigations
of the chemical compounds, containing the recoil car-
bon-14 atom, produced during the neutron irradiation
of crystalline acetamide3and a-cyanoacetamide.4 This
small degree of carbon-14 labeling produced in the
“simple” compounds suggests that the radiocarbon
labeling process occurs primarily as a result of replace-
ment reactions within the solid matrix in which the re-
coil carbon-14 atom replaces the carbon atom in the un-
labeled molecule of guanidine hydrochloride. As a re-
sult of this replacement reaction, a fragmentation of
the molecule occurs in which only one or two chemical
bonds are broken and the multiple rupture of bonds to
produce small fragments containing only a single car-
bon atom does not occur to any significant extent.

The results of this study indicate that the cyanamide
radical plays an important role in the production of the
final chemical species incorporating the recoil carbon-14
atom. This indication is supported by the results ob-
served in the neutron irradiation of crystalline cyano-
guanidine.2 The production of the cyanamide radical
may occur by a replacement reaction of the carbon-14
atom with a guanidine molecule within the solid matrix,
after the recoil atom has been slowed down to the point
where it is stable toward recombinations. This re-
placement reaction results in the rupture of a C-NH>
bond. This leads to the formation of the radiocarbon
labeled cyanamide radical, which may then undergo
reactions with other molecules of the matrix to produce
the final chemical compounds observed.

There appears to be no significant interaction of the
solvent with the irradiated target material. This can
be observed by a comparison of the percentage activity
found in urea and in the target material, guanidine. If
the solvent reacted significantly with the various matrix-
stabilized species, we would expect that the radiocar-
bon activity in the urea would have been greater than
that observed experimentally.

Significant amounts of activity were found in four
chemical compounds: cyanoguanidine (12%), acetam-
idine (11%), guanylguanidine (biguanide) (16%), and
melamine (22%). The formations of cyanoguanidine,
acetamidine and melamine are suggested to occur in a
manner similar to that previously postulated in the
study of the neutron irradiation of crystalline cyano-
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guanidine.2 A possible method for the formation of
biguanide may be postulated to occur by equation 1.

NHLIMNH + NHX(NH)NH2—*m
NHZ IANH)NHC(NH)NH2 (1)

Certainly, alternate possibilities for the formation of
biguanide-Clcould be written.

Degradation studies of cyanoguanidine, melamine,
acetamidine, and biguanide, which would indicate the
percentage of the carbon-14 labeling at each carbon
position, were not performed, so we are unable to indi-
cate specifically the degree of labeling of the carbon-14
positions in the product molecules.

The neutron irradiation of crystalline guanidine hy-
drochloride does not cause incorporation of carben-14
into the “simple” molecules. We would suggest that
the incorporation of the recoil carbon-14 atom into the
more complex chemical species occurs via replacement
reactions of the recoil carbon-14 atom with the guani-
dine molecule of the matrix to produce the cyanamide
radical. This radical then further reacts with other
species present in the matrix to produce the final prod-
ucts observed. The study of the radiocarbon-labeled
compounds produced by the neutron irradiation of
cyanoguanidine2and the results of this study appear to
occur by the same process, i.e., the intermediate forma-
tion of the radiocarbon-labeled cyanamide radical. Cer-
tainly the final products observed in solution in both
of these studies are readily explained in terms of similar
reactions.

Acknowledgments.—The initial stages of this re-
search were supported in part by a grant from the
Petroleum Research Fund administered by the Ameri-
can Chemical Society. Grateful acknowledgment is
hereby made to the donors of said fund.

PREPARATION AND STUDY OF ORDERING IN
A(B,03Nbo.,)0i PEROVSKITE-TYPE
COMPOUNDS

By Francis Galasso and Jane Pyle
Lhited Aircraft ion, Ressarch Latoratori
et Pt G
Raeived January 15 1963

The perovskite structure adopted by many ABO3
type compounds can be described by a cubic unit cell
with a large A ion at the center, smaller B ions situated
at the corners, and oxygen ions on the edges. Whenions
of more than one element are present in the B position,
the possibility of these ions being ordered exists. A
study of Ba(B'0.5Nbo.5)03type compounds demon-
strated that size and charge difference of the B position
ions had an important effect on their ordering.l In a
more recent investigation of A(B'0.s3a0.67)03type com-
pounds, where A is a barium or strontium ion and B' is a
smaller divalent ion, these results not only were substan-
tiated but it also was found that the degree of long-
range ordering in the B position ions decreased as the
difference in the size of these ions became smaller.2 In
order to test the generality of these results for other
perovskite-type compounds with two different ions in
the B position, a study of ordering was undertaken in an

(1) F. Galasso and W. Darby, J. Phys. Chem, 66, 131 (1962).
(2) F, Galasso and J. Pyle, Inorg. Chem, 2, 482 (1963).
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type compounds.

analogous series produced by substituting niobium for

tantalum in the A(B'Q3Ta0.67)03 compounds. The re-
sults of this study are presented in this note.
Experimental
Most of the compounds were mixed according to the equation
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(3) F. Galasso and L. Kat«, Acta Cryat,, 14, 647 (1961).
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Discussion and Results <

In a previous study it was observed that any of the
A(B'o.xTacer)o 3compounds which could be heated to
approximately 1400° showed evidence of having the
Ba(SrQxzTao.e7)o 3 ordered perovskite-type structure,
and also that the degree of ordering in the B position
decreased as the size of the B ions decreased.2 If the
compounds which could not be heated higher than 1100°
are not considered, the results of this study on analogous
niobium compounds with the general formula A (B 'o3
NbQe?)O3 are quite similar (see Table 1). The most
interesting difference found between the A(B'03
NbQs7)O3and A (B 'Q33Tac.67)03compounds lies in the fact
that the B ions were ordered in Ba(ZnQ33Ta067)03 and
Ba(Nio.33TaQ67)03, but no evidence of ordering was found
in the Ba(ZnQ3N\bo.67)03 and Ba(Nio.33Nbo.67)03 X-ray
patterns even though the size and charge of the tan-
talum and niobium ions are similar. For the series of
Ba(B'0.3Nbo.67)0. compounds listed in Table I, it seemed
most reasonable that Ba(B,a3\bo.67)03 along with Ba-

Table |
Structure D ata for AiB'0.ssNbo.eOCh Compounds
Differ-
ence in
lonic ionic
radii radii of B
Cellg of B’ ion, position
Compound size, A. ' A.a ions, A. Unit cell
Ba(Mgo0.33Nb0.67)0% a — 5.77 0.07 0.02 Hexagonal
c = 7.08
Ba(Nio.33Nb0.67)03& a = 4.074 .69 .00 Cubic
Ba(Zn0.33Nbo.67)03C a = 4.094 74 05  Cubic
Ba(Feo.33Nbo.67)03 a — 4.085 .74 .05 Cubic
Ba(Cdo.*3Nbo.«<)0. a = 4.168 .97 .28 Cubic
Ba(Cao0.33Nb0.67)03 a = 5.92 .99 .30 Hexagonal
c —/7.25
Ba(Pbo.33Nbo.67)03 a = 4.26 1.20 .51 Cubic
Sr(Mgo.33Nfco.67)03 a — 5.66 0.67 .02 Hexagonal
c = 6.98
Sr(Nio.33Nbc.67)03 a = 5.64 .69 .00 Hexagonal
¢ — 6.90
Sr(Zn0.33Nbo0.67)0x a = 5.66 .74 .05 Hexagonal
c = 6.95
Sr(Fe033Nbe.67)03 a = 3.997 74 .05 Tetragonal
¢ = 4.018
Sr(Cd0.33Nbo0.67)03 a = 4.089 .94 .28 Cubic
Sr(Cao.33Nbe.67)03 a — 5.76 .99 .30 Hexagonal
c 7.16
o Ahrens jonic dn vFaIues 5 . eortedb R, ROX E
exe an gu n rte sso L 8?
atior of 40,

ndexed u ot |m
¥V rvaluesgrven th reepaces +00 r&forvalues given to two

(4) F. Galasso, J. R. Barrante, and L. Katz, J. AN dem S, 83, 2830
(1961).

(5) L. H. Ahrens, “Use of lonization Potentials: 1, lonic Radii of the
Elements,” GRahimet im Acta, 2, 155 (1952).

(6) R. Roy, J. Am Caric Sx, 37, 581 (1954).

(7) F. Galasso, L. Katz, and R. Ward, J. AN Gam S, s1, 820 (1959).
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(Mgo.33Nb0.67)03 and Ba(ZnQ3Nbo.67)03 would not have
an ordered structure because of the small differences in
the ionic radii of their B ions. It was surprising to find
that Ba(X[gQ3Nbo.6)0 3 which has a much smaller
difference in the radii of its B ions than the zinc com-
pound, adopts the ordered structure. Figure 1 shows,
however, that the magnesium ion appears to be much
larger in these compounds than Ahrens’ value5for the
radius indicates. If this is the case, the difference in size
between the magnesium and niobium ionswould be some-
what greater than is indicated in Table I, but still not
large enough to be the only cause of ordering in this
compound.

Since Sr(Nio.3:Nbo.67)03 and Sr(Zn¢.33Nbo.67)03 have
the ordered structure while the analogous compounds
with barium in the A position do not, it appears that
the small size of the A ion also may be a factor contrib-
uting to ordering. It must be noted, however, that
the size and charge difference of the B ions appear to be
the most important causes of their ordering in these
compounds, and it is only when their effect is minimized
that other factors become most influential in producing
an ordered arrangement of B ions.

INTENSITY OF THE 9 kk. BAND AND
MOLECULAR. ASSOCIATION IN VANADIUM
TETRACHLORIDE1

By Eugene L.

rubb, F. A. B lankenship, and
. Linn Bedford2

Noyes Chevical Laboratory, Uhiversity of Hlinois, Uberg, Illinois
Raeived Feoruary 6 1963

The absolute intensity of a ligand field transition of a
simple molecule such as VCL provides a very useful test
for molecular calculations. Since the only previous
experimental studies3-6 of the VCL ligand-field bands
(<~9 kK.) did not provide a reliable oscillator strength
we undertook to properly measure it over a small tem-
perature and pressure range. The possibility that
strong intermolecular forces are important in VC14 in
condensed phases has been suggested. The question is
crucial in interpretation of optical and magnetic proper-
ties. To test this, we also studied band shape and in-
tensity of the 9 kK. band of VC14in condensed phases.
In so doing, we obtained some vapor pressure data
which substantiate VCL as being a “normal” (i.e., un-
associated) liquid at and above room temperature.

Experimental
Four series of measurementﬁ wer car [ d out.
s rlesh—An apparatusex aine %rammed in ref. 6 was
u?e . The arran ement all A éemp re a ressH[e
of the vapor sample to be varle Pen en
n rified s mple Was sealed rnto an aé r? sshapgo ratys h vr
ass-sick ressurr] ?508 ince the an
arles ver tteovgrt ran nte ratedr te sr |s
to peak in ensrt
as ar easl % andthem

gro {tro a
[) r from all.causes % ?ossr
solute deviation +3% for In vrdua measurements, we

(1) Supported in part by grants from the National Science Foundation,
and by NSF and University of Illinois predoctoral fellowships held by
F. A. B.

2) Alfred P. Sloan Research Fellow.

3) A. G. Whittaker and D. M. Yost, J. G’HTlPhys 17, 188 (1949).

4) F. A. Blankenship and R. L. Belford, II'Jd 36, 633 (1962).

5) F. A. Blankenship, Doctoral Thesis, University of Illinois, June, 1962.

(6) E. L. Grubb, F. A. Blankenship, and R. L. Belford, Group on Bind-
ing and Structure of Metal Complexes Research Report No. 14, Depart-
ment of Chemistry, University of Illinois.
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IowEd in detiul the temperature and pressure behavior of only the

ea
i Senes Il. —yW|th 10-cm. fused-quartz cells jn a Car 14spec
Bhotometer at roan temperature, s ecﬁ1 NzCOﬂ amm
a or at ts equilibrium pressure ‘0 ere 0b me
o calcul tec ncentratl ns we em % ?ﬂﬂ(l fium vapor
pregsure \a sereil an tat CNUKAreV, et aj.1
Sur, Gije Tnd btahne jom fhe Vi ({mm
orEoratl n of Amerlca Was g%m thin cells costructed from

Nt
aﬁ &tne Sy méﬁéur 110 %Cee{ﬁcﬁ\}(p “Hhepects

were etermmeh a roo Lature All manipulations were
arrle outmt e amo
Series V— t||

the cells r|esII| or fused silica cell
(T%é red sec ra rE)O% so [ufions 0? 814 In wei
drie ra serles extremw eca tlon? a alr]st contami-
natlon an ?ecom osition ¥vere observe esults of series
[T, 111, and [V were taken from complete frequency SWeeps.
Calculations and Results

The data from runs at the elevated temperatures were
processed with the equation e = aRT/Pl, where
a (= log(707)) is the decadic optical density, P the
partial pressure of absorbing species, | the cell length,
R the ideal gas constant, and T the absolute tempera-
ture. The experimental intensity is expressed as 0s-
cillator strength, /

10-6/e dv/kK 1 mole-1 cm.-1

To is the incident intensity of monochromatic light of
wave number 1 is the intensity after passage through
the absorbing system, m the electronic mass, c the ve-
locity of light, N Avogadro’'s number, and e the elec-
tronic charge. The integration is extended over the
complete absorption band. The pressures, P, of VC14
at the recorded temperatures were taken directly from
the sickle gage of the apparatus after corrections were
applied for a small pressure of CI2 (originating from
slight decomposition of VC14. Results are summarized

in Table I.
Table |
Intensities of the 9 kK VClAAbsorption Band
Series  Series
Series | vapor 1 111 Series IV
25° 54° 69° vapor  liquid CCh soin.
Path (mm.) 200 200 200 100 0.019 0.0264 10.0
emax/ (1-/
mole cm.) 150 142.4 1413 147 123 122 123
1000/ 2.2 2.2 2.2 2.16 2.16 2.09 2.22

All runs in series | and Il (vapor) give en& =
146 + 4 l./mole cm. The oscillator strength is inde-
pendent of temperature and pressure over the 25-70°
range, and is independent of physical state. (The
condensed phases show slightly lower, broader bands
with the same integrated intensity as the vapor.)
These observations add weight to other observations8-10
that the molecular species present in all three states (va-
por, liquid, solution) is in all probability the same—mon-
omer—as one would expect the ligand field band in-
tensity to depend drastically upon molecular symmetry,6
which should change markedly with polymerization.
Mass spectrometric and vapor density measurements9

(7) S. A. Tchukarev, M. A. Oranskaya, T. A. Tolmetcheva, and A. K.
Yakhkind, Zh Khim, 1, 30 (1956).

® H. E. Roscoe, A Grem Liehig, 7, 70 (1869).

(9) J. R. Marquart, unpublished.
(10) W. N. Lipscomb and A. G. Whittaker, J. Am (r'em Soc,, 67, 2019

(1945).
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indicate an upper limit of dimer:monomer < 1:4000.

The vapor pressure was observed to be 16.85 + 0.10
torr at 320°K. A good linear plot of log Pvap vs.
I/T (25 to 150°) shows the enthalpy of vaporization
to be 10.0 kcal./mole, which supports the latest7 of
the two previous measurements.37 It is instructive to
compare these data for VC14 and TiCl4:

A&(vap) at Ai/ (vap),
B.p., °K. b.p., eu. kcal./mole
Ticl4 411.5 23.8 9.8
vCl4 422 23.7 10.0

The similarity of these properties suggests that VC14
and TiCl4are very similar, particularly in the strength
of their intermolecular cohesive forces. Presumably,
TiCl4is not appreciably associated in liquid or vapor;
the above similarity would suggest that VC14 also is
not dimerized in either state. The Trouton constant
(AA(vap) at the normal boiling point) has almost the
normal value; it is nearly the same for the two mole-
cules TiCl4and VC14 This is further evidence against
strong molecular association. The studies of Whit-
taker and Yost3led them to speculate that VCl14is a
“normal” liquid, not associated; our studies support
their view.

SEMICONDUCTIVITY AND
PHOTOCONDUCTIVITY OF
PURINES AND PYRIMIDINES

By Sadhan Basu and Walter J M oore
Cremicd Laboratory, Indiane. Lhiversity,
Blooringon, Indiama
Raeived Januery 26, 1953

Since the original suggestion of Szent-Gyorgyilthere
has been a continuous interest in the possibility that
electronic semiconductivity and photoconductivity
might play a part in biochemical mechanisms.2 For
example, some unusual effects of radiation on the nu-
cleic acids have been observed. A quantumyield$ = 1
was found for the inactivation of a transforming prin-
ciple (DNA) by soft X-rays3and ¢ = 0.1 to 1 was re-
ported for various phage preparations.4 Such high
quantum vyields in macromolecules suggested that an
exciton might travel freely through the molecule until
it is trapped at a site at which the elementary reaction
of deactivation can occur. Such exciton mechanisms
are closely related to the phenomenon of photoconduc-
tivity. If, during the course of its motion, the exciton
encounters a strong donor or acceptor entity (ze., a
trapping center), then either the positive hole or the
negative electron will be trapped, leaving its counter-
part mobile. The trapping effect, therefore, leads to
the generation of charge carriers which can carry elec-
tric current through a conduction band.

Experimental Procedures

In olrderto btamfurthermformatmn n such transfer pro %es
rknuc el acids, wec? %' to measure the. conductivity a ﬁ
photoconductivity of their constituent purines and pyrimidines.

(1) A. Szent-Gyorgyi, NAILIE, 148, 157 (1941).

(2 D. D. Eley, “Biological Semiconductivity,” in “Horizons in Bio-
chemistry,” ed. by M. Kasha and B. Pullman, Academic Press, New York,
N. Y., 1962, provides a complete review.

(3) R. Latarjet, H. Ephrussi-Taylor, and N. Rebeyrotte, Rad Res,
Suppl. 1, 417 (1959).

(4 H. Ephrussi-Taylor and R. Latarjet, Bahim Bigdhys. Adg 16,
183 (1955); G. Stent and R. Fuerst, J. Gn Physidl., 38. 441 (1955).
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Photoconductivity and Semiconductivity of Purines and Pyrimidines

Photocurrent (M) X 10u

360 mi . E. eV.

0.71 0 0.56 0.90
.10 0 55 1 38
.10 0 29 1.09
.10 0 .60 140
60 0 47 1.10

2.24 0 55 1.10

1564 Notes
Table |
Dark
current X . 290 m/i
Compound 101, amp. air vac.
Adenine 0.26 2.88 1.24
Uracll 50 5.75 4.10
Th}/mme 55 4.45 3.20
Cytosine 50 4.25 2.80
Guanine . 22 2.74 1.09
Hypoxanthine 25 5.75 3.50
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Results and Comments

cm.
The experimental results are summarized in Table I.
The reproducibility of current measurements on du-
plicate samples was about 10%. The photoconduc-

(5) B. Rosenberg, J. Chem Phys., 31, 238 (1959).

tive action spectrum followed the absorption spectrum
of a concentrated water solution of the base. An ex-
ample is shown in Fig. 1. This correlation is evidence
that the measured photoconductivity is a molecular
property of the crystals and is not simply a surface
effect in the powdered samples.

On the other hand, the importance of surface effects
is emphasized by the markedly higher photocurrents in
the samples exposed to air. In air, appreciable photo-
current was detected in the range 320 to 380 m/u, but
this was practically absent in vacuo.

In air, the photocurrent was higher when the sample
was illuminated through the positive electrode than
when it was illuminated through the negative electrode.
In vacuo, the photocurrent was independent of the
direction of illumination.

The last two columns in Table | give the activation
energy E for the semiconduction, computed from a
= o exp(—E/KT). The activation energies were
markedly lower in air, although the dark currents at 30°
were about the same. Since the band gap for the onset
of the photoconduction process is about 3.5 e.v., it is
likely that it is not related to the semiconductivity ob-
served from 30 to 70°.

The higher photocurrent in air when the sample is il-
luminated through the positive electrode is in accord
with a mechanism in which the predominant current
carriers are positive holes. It is possible that adsorbed
oxygen molecules at the crystallite surfaces are then
acting as trapping centers for electrons. However, the
question of the detailed mechanism of conduction in
these materials is likely to be solved only by an ex-
haustive study of monocrystalline specimens of ultra-
high purity, in which surface effects and trapping by im-
purity centers can be more readily isolated. The
present results are at least consistent with exciton
mechanisms in irradiated nucleic acids and suggest that
adsorption of electron acceptors may influence the elec-
tronic properties.
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The sublimation pressure of a single crystal of MnF2
has been measured by the Langmuir free-evaporation
technique. Until this work was carried out, no other

* Rise University, Houston, Texas.
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experimental data on the sublimation rate of MnF2
had been reported in the literature. Brewer, Soma-
yajulu, and Brackettlhave estimated the heat of sub-
limation to be equal to 75 kcal./mole.

Experimental Apparatus and Techniques ,
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X r%%tbogr Ith a Fortran program on a éontrol Bata 604 drglrtal

Discussion of Results

MnF2g) was considered the only important vapor
species. The free energy functions for both solid and
gaseous MnF2 were taken from the data compiled by
Brewer, Somayajulu, and Brackett.1

The experimental results are summarized in Table I.
A third law calculation from these data gives AH°My =
76.4 + 1 kcal./mole for the heat of sublimation while
the second law least-square plot of log P vs. I/T gives
AH® = 735 * 0.5 kcal./mole at Tay = 939 0°K.
When corrected to 298°K. using the heat content values
compiled by Mah3 and the molecular constants esti-
mated by Brewer, Somayajulu, and Brackett,"- the

second law approach gives AHO® = 76.0 + 1.0 kcal./
mole.
Table |
Vapor Pressure Data on MnF2

T, °K. p A#°298, kcal./mole

924.1 2.49 X 10-9 76.46

939.0 4.73 X 109 76.45

952.3 8.54 X 109 76.38

963.8 1.35 X 10-8 76.39

969.9 1.69 X 108 76.43

982.9 2.718 X 10-8 76.44

964.3 1.40 X 10-8 76.36

9517 8.34 X 109 76.38

887.1 4.94 X 10-10 76.34

76.40 + 0.5 kcal./mole

Using the above sublimation and other available
thermochemical data,4 one calculates the atomization
energy of MnF2(g) to be 217 kcal./mole, which is in good
agreement with the 220 kcal./mole estimate of Brewer,
et al.1 This indicates 108.5 kcal./mole for the average
bond energy in MnF2 while Gaydon6 has estimated
D°(MnF) as 81 kcal./mole from molecular spectra via
a linear Birge-Spooner extrapolation.

(1) L. Brewer, G. Somayajulu, and E. Brackett, University of California
Radiation Laboratory Report No. 9840, September, 1961; Chem. Rev., 63,
111 (1963).

(2) L. H. Dreger and J. L. Margrave, J. Phys. Chem.,
R. C. Paule, Ph.D. Thesis, University of Wisconsin, 1962.

(3) A. D. Mah, U. S. Bureau of Mines, Report of Investigation 5600
(1960).

(4) D. R. Stull and G. C. Sinke, “Thermodynamic Properties of the Ele-
ments,” Advan. in Chem. Series, ACS, 1956; F. D. Rossini, D. D. Wagman,
W. H. Evans, S. Levine, and |. Jaffe, National Bureau of Standards Circular
500 (1952); JANAF Interim Thermochemical Tables, edited by D. R.
Stull, The Dow Chemical Company, Midland, Michigan, 1960.

(5) A. G. Gaydon, “Dissociation Energies,” Chapman and Hall, Ltd.,
1953.

64, 1323 (1960);
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TSOTOPIC FRACTIONATION IN THE OH ITO
EXCHANGE REACTION
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Received March 15, 1963
It is important to know with some certainty the
equilibrium constant in the system

HD Mg+ 08" H2DI8ig + 0 16H -a

in order to interpret the fractionation of oxygen isotopes
during the hydrolysis of certain complex ions. Values
of this constant, K, at 25° have been calculated.
Hunt and Taube2 have obtained a result of 1.035,
from vibrational frequencies of HsO vapor and of OH-
in 10 M solution. More recently Thornton3has refined
the value to 1.0385 by using the parameters of liquid
H2D and including librations. In both calculations
approximate methods were employed in deriving the
frequencies for HD 18 We have therefore performed
a direct experiment to measure this quantity, which we
find to be 1.045 + 0.003 at 15°. When an allowance
is made for temperature, the agreement with calculated
values is quite good.

The actual numerical value of K is an essential
feature in arguments about the mechanisms of hy-
drolysis which we have developed elsewhere.4

Experimental
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The method of Hunt and Taube3 gives a value of
1.044 for K at 0°, which leads to 1.039 at 15° by inter-
polation. However their procedure really refers to an
equilibrium between aqueous OH- and HZ vapor.
When an allowance is made for this by multiplying by
a, K becomes 1.048 at 15°. Inclusion of the libration
of OH- reduces this quantity to 1.046, which agrees
well with the values observed. If it is assumed that
Thornton’s value3 has the same temperature depend-

(1) Department of Chemistry, Stanford University, Stanford, California.

(2) H. R. Hunt and H. Taube, 3. Phys. chem., 63, 124 (1959).

(3) E. R. Thornton, 3. Am. Chem. Soc., 84, 2474 (1962).

(4) M. Green and H. Taube, submitted for publication in Inorg. Chem

(5) C. A Millsand li. C. Urey, J. Am Chem Soc., 62, 1019 (1940).

(6) “Proc. of International Symposium on Isotope Separation,” North-
Holland Publ. Co., Amsterdam, 1958, p. 337, ed. by J. Kistemaker, J.

Bigeleisen, and A. O. C. Nier.
(7) H. M. Feder and H. Taube, J. Chem Phys., 20, 1335 (1952).
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ence as that of Hunt and Taube, his method would give
a value of 1.0425 at 15°. A value of 1.045 + 0.003 at
15° seems to be compatible with both experimental
and theoretical data. A similar sort of argument
points to avalue of 1.040 + 0.003 at 25°.

COMMUNICATIONS

CATIONIC MOBILITIES IN FUSED CESIUM
NITRATE AND THALLOUS NITRATE

Sir:

In the course of the past few years many papers deal-
ing with the determination of transport numbers of
ions in pure ionic melts have been published. Most of
the experiments were made with porous plug cells1-4
in which the plugs act as reference frames for the ionic
velocities.

In our present work we used the experimental tech-
nigue of electrophoresis on thin layers for the determina-
tion of single ionic mobilities in molten salts. The layer
consisted of fine alumina powder sprayed on a sintered
non-porous alumina support strip (30 cm. X 1.5cm. X
2 mm. thick). The thickness of the layer was about
10 mg./cm.2 It was impregnated with the pure salt
under test and doped at one end with a small amount
of radioactive cations. The cell terminals consisted of
two platinum electrodes immersed in the melt contained
in crucibles. The electric connection between the
crucibles and the strip was achieved by asbestos paper
bridges. The potential gradient along the alumina
strip during the experiments was measured by two
auxiliary platinum wire electrodes in contact with the
strip at both ends. The mobility data reported are
referred to this potential gradient.

Under normal experimental conditions the field
strength was 3-6 v./cm. and the running time was 1-2
hr. The current was 10-45 ma., which corresponds to
a maximum Joule heat of 0.2 w./cm.2 This value is
small enough to avoid temperature differences along the
strip.

When the experiment was completed, the strip was
cooled to room temperature and the activity distribu-
tion scanned by a G.M. window counter in which the
aperture was 0.5 mm. In Table I we compare a few
results obtained for alkali nitrate melts with those ob-
tained by other authors who determined the porous
plug transport numbers in the same systems. We
also give original results for cesium nitrate at 450°
and thallous nitrate at 250°.

The mobilities in the third column are the results of
runs carried out at different potential gradients.

(1) B. B. Owens and F. R. Duke, Ames Laboratory, lowa State College,
Unclassified Report USAEC 1SC-992.

(2) R. W. Laity and F. R. Duke, J. Electrochem Soc., 205, 197 (1958);
“ Metals Reference Book,” Butterworths Scientific Publications, London,
1955, pp. 614-627.

(3) A. Kdemm, Discussions Faraday Soc., 32, 203 (1961).

(4) E. D. Wolfand F. R. Duke, Ames Laboratory, lowa State University,
Unclassified Report USAEC 19-334.
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TO THE EDITOR

Tabte |

Cationic Mobilities of Pube Fused Salts
u X 10»,
T, cm.2 Previous
Salt "C. v.-lsec-1l Av. work
1.56
CsNOs 450 1.69 1.63 £ 0.07
1.64

1.08
0.99
1.04
1.11

TINO, 250 1.05 = 0.06

3.86
NaNOa 3.50 3.90 3.87 + 0.07 3.86 £ 0.05°
3.84

2.04
KNOa 350 2.08 2.08 £+ 0.06 2.21 £ 0.11*
2.12

2.57
AgNOa 250 2.68 2.57 =+ 0.11 2.87 £ 0.196
2.47

“Reference 1. 6Reference 2.

We feel that electrophoresis on thin layers in fused
salts is an accurate and useful method for determining
electrical transport properties of ionic melts.

S. Forcheri
C. Monfrini

Dipartimento Materiali
Chimica Alte Temperature
C.C. R. Euratom

Ispra-Varese, ltaly

R eceived January 29, 1963

PHOTOCHEMICAL REACTION OF HYDROGEN
BROMIDE WITH OLEFINS AT LOW
TEMPERATURE
Sir:

A recent electron spin resonance study of the interac-
tion between ultraviolet irradiated hydrogen bromide
and various olefinsl has been interpreted in terms of
radicals formed by addition of a bromine atom to the
double bond in such a manner that bonding is effectively
symmetrical.1 The alternative reaction considered was
hydrogen atom addition, but this was excluded on the
grounds that the spectra were not those expected for
alkyl radicals, and, for reaction with cyclopentene and
2-butene, spectra were identical when deuterium bro-
mide was used instead of hydrogen bromide.

(1) P. 1. Abell and L. H. Piette, J. Am. Chem Soc., 84, 916 (1962).
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These clear-cut results, which appear to constitute an
important advance in our understanding of the mecha-
nism, have beenwidely accepted and quoted.2 However,
examination of the spectra reported has suggested an
interpretation not considered originally,1 which, if
correct, invalidates the conclusions outlined above.

Accepting that photolysis results in the formation of
hydrogen and bromine atoms in close contact with
olefin molecules, there seems to be a variety of possible
products which might remain trapped. Hydrogen
atoms were detected in some instances, but in very low
relative concentration. Addition of hydrogen has been
eliminated, at least in two instances, but attack on
allylic hydrogen to give the corresponding allyl radicals
is a possibility which was not considered. Bromine
atoms, if trapped as such, would not contribute to the
observed spectrum. Unsymmetrical “sigma” addition
would give radicals whose spin resonance spectra are not
expected to resemble those detected. Symmetrical
addition will be discussed below. Certainly it would be
most surprising if hydrogen atoms were unable to react
with the olefins, but that relatively stable bromine
atoms reacted very rapidly. It should be stressed
that the fate of the photolytic hydrogen atom is a trivial
matter for the reaction in fluid solution, since a chain
mechanism is involved,3but that it is probably of equal
importance to that of the bromine atom in a solid at
77°K.

It is postulated that the radicals detected by Abell
and Piettelwere allylic. This would explain the results
of experiments with deuterium bromide, and since these
experiments were confined to 2-butene and cyclopen-
tene, the spectra of radicals obtained from these olefins
will be discussed in detail.

The spectrum reported for 2-butene radicals consists
of seven poorly resolved lines having roughly a binomial
distribution of intensities and a separation of between
10.8 and 12.6 gauss. This spectrum is in reasonable
accord with expectation for the radical CHX H=
CHCH3 Thus, to a first approximation, the unpaired
electron will be distributed equally on Ci and C3 so
that hyperfine coupling to three a-protons and riiree
/1-protons should be observed. Their isotropic coupling
constants will be approximately equal in magnitude
and about half those normally observed—that is, about
12 gauss.

The spectrum reported for the radical derived from
cyclopentene consists of eleven lines of alternating
intensities, separated by about 9.4 gauss, the more
prominent set of five lines having approximately a
binomial distribution of intensities. This result is in
good accord with expectation for the cyclopentenyl
radical, 1. Here there are two equivalent a-protons

and four equivalent /3-protons which should couple more
strongly than usual because of their favorable orienta-

(2) See, for example, M. Szwarc, Chem Soc. (London) Spec. Publ., 16,
103 (1962).
(3) D. H. Hey and W. A. Waters, Chrem Rev., 21, 169 (1937).
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tion relative to the plane of the radical. Coupling to
the “central” allylic proton should be small and hence
simply contributes to the line widths. The coupling
constant of 9.4 gauss is assigned to the a-protons, and
that of 18.8 gauss to the /3-protons. The latter con-
stant should be related to the maximum value of
about 50 gauss by the relationship afiu = QpHcos29, 9
behig the angle between the radical plane and the plane
H
/

through the relevant C-C unit. Hence a value of
about 17 gauss is predicted, if the small negative spin-
density on the “central” carbon is ignored. The
apparently low value of the a-proton coupling then
can be understood in terms of this large delocalization
onto the /3-protons. However, this theory leaves open
the problem of the marked line-width alternation. A
simple explanation would be that the a-proton coupling
constant is not 9.4 gauss, but slightly greater, say about
11 gauss. This would have the effect of replacing the
odd numbered lines by closely spaced doublets, without
affecting those with even numbers. As the line widths
are too great for resolution of these doublets, the
effect on the derivative spectrum would be to reduce
drastically the apparent intensities of the odd num-
bered lines, as is found experimentally. These deduc-
tions are reinforced by comparing the results with those
of Fessenden4 for the cyclopentyl radical. The a-
and /3-proton coupling constants of 21.6 and 35.3 gauss4
are very close to twice the values now assigned to the
cyclopentenyl radical.

Results for some of the other compounds studied can
also be understood adequately in terms of the present
theory, but these spectra were generally less well re-
solved and since no studies were made with deuterium
bromide addition of hydrogen cannot be ruled out.

The major drawback of the bridging bromine atom
concept is that there is no indication, in the spectra dis-
cussed above, of any anisotropy in the //-values. Ap-
preciable anisotropy would be expected for the bromine
atom adducts, together with a shift in gav to values
somewhat greater than that of the free-spin. Unfor-
tunately, ~-values are not reported, but judging from
one spectrum which displays also the doublet due to
trapped hydrogen atoms, the O-values are very close
to 2.0023, as expected for simple alkyl or allyl radicals.
Furthermore, there is no indication of the expected
characteristic hyperfine coupling to bromine.

Thus, despite the fact that there is good evidence
from other sources that the chain addition of hydrogen
bromide to olefins proceeds via a bridged bromine-
olefin intermediate, it is concluded that the electron
spin resonance results for radicals trapped during the
first stages of the photolysis in the solid phase cannot
be taken as evidence in support of this mechanism.
Indeed, if the present postulate is correct, they are the
result of a minor side process.

(4 R. W. Fessenden, Mellon Institute Quarterly Report, No. 6041
(1961).
Department of Chemistry M. C. R. Symons
Leicester University

Leicester, England

Received February 20, 1963



1568

THE MAGNETIC SUSCEPTIBILITY OF
PROMETHIUM-147 OXIDE1
Sir:

At 25° promethium-147 oxide, whose color resembles
that of erbium oxide, was found by the Gouy technique
to have specific susceptibility of 15.5 x 10-6 c.g.s. unit.
After making an allowance for the diamagnetic con-
tribution in the compound Pm2 3 the molar suscepti-
bility was calculated to be 2660 X 10~6 c.g.s. unit.
Assuming that the ground state of Pm3+ is @4and that
the multiplet intervals are large compared to kT, a
molar susceptibility of 2960 x 10-6 c.g.s. unit was
calculated using the familiar equation.2 These values
are in reasonable agreement.

The promethium-147 used in these experiments was
obtained from a Hanford-type waste solution. It was
separated from the other fission products by a “dis-
placement-chromatographic” technique3 in which the
diamagnetic Y 3+ ion was used as a barrier ion. The
eluent used was 0.015 M ethylenediaminetetraacetic
acid solution, adjusted to a pH of 8.7 with ammonium
hydroxide.

The elution sequence4under these conditions is such
that large separation factors are obtained from the
strongly paramagnetic heavy rare earth elements and
possible sources of ferromagnetic impurities such as
Fe3+, Co2+, and Ni2+ The estimated separation
factors for the latter are of the order of 109 Since the
initial Fe3+ concentration of the feed solution was found
by spectrographic analysis to be less than 30 p.p.m.,
the final concentration must be much lower. Spectro-
graphic analysis of the eluate indicated the iron con-
centration to be considerably less than 10 p.p.m.,
the limit of this particular measurement. Another
indication of the purity of this material is that Am-241
and Eu-154,155 could not be detected, indicating sepa-
ration factors greater than 106

Promethium from a fraction in the middle of the
promethium band was then precipitated as the oxalate.
Under these conditions a further separation is obtained
from possible sources of ferromagnetic impurities such
as Fe3+ and Co2+. The oxalate then was ignited at
800° to form the oxide, Pm2D3 After the magnetic
experiment the sample was dissolved in perchloric acid
and ultraviolet, visible, and near-infrared spectra were
taken. Only those peaks5characteristic of Pm+3were
observed.

The Pyrex sample tube (3 mm. i.d. x 10 cm.) used
in the experiment was calibrated using reagent grade
ferrous ammonium sulfate (xg = 31.6 x 10~6c.g.s.
unit at 25°).6

As a check on the calibration, the susceptibilities of
HgCo(SCN)4 and CuS04-5H2D were determined, and
respective values of 16.4 x 10-6 and 6.08 x 10-6 c.g.s.
unit at 25° were obtained which are in agreement with
those found by Figgis and Nyholm.7 A further check

(1) Work performed under Contract No. AT(45-1)-1350 for the U. S
Atomic Energy Commission.

(2) J. H. Van Vleck, “The Theory of Electric and Magnetic Suscepti-

bilities,” Oxford University Press, Oxford, 1932, p. 233.

(3) F. Pl. Spedding and J. E. Powell, chem. Eng. Prog., Symp. Series, 50,
7 (1954).

(4) D. B. James, J. E. Powell, and F. H. Spedding, J. inorg. Nucl. Chem.,
19, 133 (1961).

(5) J. B. Gruber and J. G. Conway, ibid.., 14, 303 (1960).

(6) L. C. Jackson, Phil. Trans. Roy. Soc. (London), A224, 1 (1923).

(7) B. N. Figgis and R. S. Nyholm, J. chem. Soc., 331 ( 1959).
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Fig. 1.—The gram-magnetic susceptibilities of the rare earth
oxides at 25°. The triangle is the susceptibility of promethium-
147 oxide. The solid circles are values taken form Selwood.8
The solid and open squares are, respectively, values in agree-
ment with and low compared to those reported by Selwood.8

involved the determination of the susceptibilities of
several other rare earth oxides. These results are
shown with that of promethium oxide and those re-
ported by Selwood8in Fig. 1.

The sample tube was loaded with the promethium
oxide using remote manipulators which were necessi-
tated by the high radiation levels. The sample then was
suspended between the poles (1-in. gap) of a Varian 4-in.
electromagnet from a semimicro balance by means
of a fine copper wire. From the force exerted on a
0.1591-g. sample of promethium oxide at 1.0, 1.2, and
1.4 amp. of magnet current, and after a small correction
(~0.7 mg.) for the paramagnetism associated with the
sample tube, respective values of 16.9, 15.5, and 15.5 X
10~6c¢.g.s. unit were obtained at 25°.

The fact that the low field value is high compared to
the other two measurements suggests the possibility
that the sample contains a trace of ferromagnetic im-
purity, but this seems very unlikely in view of the sepa-
ration scheme used. Since the two high field measure-
ments are the same within the experimental error of this
method, which is estimated to be about 2%, it is sug-
gested that the low field value may be inerror. Assum-
ing that the low field susceptibility is in error, a best
value of 15,5 X 1(U6c.g.s. unit is obtained using the
two high field values. A mean value of 16.0 X 10-6
c.g.s. unit is the result if all values determined are used.
If the possibility of ferromagnetic contamination is ac-
cepted, an extrapolation to infinite field strength yields
avalue of about 13 X 10-6 c.g.s. unit.

Self-heating of the sample and development of a

(8) P. W. Selwood, “Magnetoehemistry,” Interscience Publishers, Inc.,
New York, N. Y., 1956, p. 149.
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static charge on the sample tube due to the very intense
radiation field (~ 3 X 10M4disintegrations/min.), non-
uniform packing, and, of course, possible ferromagnetic
contamination of the sample are possible experimental
errors. Since promethium oxide may not be magnetically
dilute, there may be an appreciable Weiss constant which
makes the observed value lower than that calculated.

\]. C. Sheppard

E. \]. W heelwright
F. P. Roberts

Hanford Laboratories
General Electric Company
Richland, Washington

Received March 4, 1963

ISOSBESTIC POINTS IN ABSORBANCE
SPECTRA
Sir:

With reference to my recent article on the occurrence
of isosbestic pointsl it has been kindly drawn to my
attention by Dr. K. Buijs that isosbestic points can
conceivably occur in closed systems consisting of three
variable absorbing species. It was argued in the paper
that the occurrence of more than two absorbing species
was highly unlikely since the equation

B B dC- —
iEj [ii(Xc) - IJ(Xe)]d\ng ®

must hold at each isosbestic point, requiring in general
that all molar absorptivities be equal. Systems which
provide constant values of dCj/dCj, or derivatives all of
which show the same dependence on the variable j,
were overlooked. Under these conditions closed sys-
tems containing not only three but several absorbing
species may give rise to isosbestic points, providing
the species can be grouped into not more than two
groups wherein the ratios of concentrations of the
species within the group are constant. Such systems
fall into the category described by Cohen and Fischer2
wherein the deDonder-Van Rysselberghe parameter
can be successfully defined as a system parameter
(linearly related systems).

My original conclusions that occurrence of isosbestic
points in closed, temperature dependent systems indi-
cates only one absorbing species are still valid, even for
linearly related systems. This is directly shown by
development of Cohen’s and Fischer’'s equation in ex-
tended version with consideration of time, concentra-
tion of a jth species, and temperature as independent
variables. The equation is given as follows. The
reader is referred to the papers cited for definition of
symbols.

y ti(AT[ttic + vCe{T,t,nj)]

A{\1,T,nj) hi Ve@iy) [l + a(nj)AT]

In a closed system with equilibrium at each tempera-
ture, thisequation is reduced to

y GI(AT) W+ VIE(T)]

AA,T
AT 7°[1 + aAT]

For a system of n absorbing species to produce spec-
tra with S wave lengths (Ack) of temperature invariant
absorbance, two conditions must be obeyed, namely

() J.R. Morrey, J. Phys. Ckem, 66, 2169 (1962).
(23 M. D. Cohen and E. Fischer, J. Chem Soc., 3044 (1962).
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A EIAKT
E , “) = constant
L+
y Fiei(Adkr) ~
hi 1+ aAT

The first equation specifies that the molar absorptivi-
ties of all absorbing species in the solution must have
the same temperature dependence as the volume of the
solution at all S isosbestic points. The probability of
such anoccurrence forn > land S > 1lisnil.

Hanford Laboratories

J. R. Morrey
General Electric Company
Richland, Washington

Received May 2, 1963

THE CRYSTAL STRUCTURE OF THE
MOLECULAR ADDITION COMPOUND
XENON DIFLUORIDE-XENON
TETRAFLUORIDE

Sir:

The existence of the crystalline phase whose structure
is reported here was noted in the earliest examinations12
of the xenon fluorides. Because it could be crystallized
from vapor having primarily the infrared spectrum of
XeF4 the substance was reported3to be a polymorph of
XeF4 From this assumed composition and the
crystallographic data,3a = 6.64 A., b = 733 A, c =
6.40 A., P = 92°40', Z = 4, it was deduced that the den-
sity was 10% higher than that of the other form; hence
it has been referred to in the literature as “the high-
density form of XeF4” We have shown, by crystal
structure analysis, that it is in reality a distinct com-
pound with the composition XeF2-XeF4 The true
X-ray density is4.02 g. cm.-3.

The preparation of this compound from the elements
was described previously,3but it should be added that
the results of the crystal structure analysis indicate that
some XeF2must have been present in the predominantly
XeF4preparation, either by incomplete reaction4or by
decomposition of XeF4 Further work is being carried
out to prepare larger quantities of XeF2-XeF4by com-
bining the components.

The diffraction intensities from a single crystal of
XeF2-XeF4were measured by use of Mo Ka X-rays, a
goniostat, and a scintillation counter detector. A total
of 574 independent reflections was recorded, which in-
cluded virtually all having detectable intensity. The
specimen grew in size during the data collection, and a
normalization factor, derived from repeated measure-
ments of a reference reflection, was applied. The
approximate shape of the crystal was determined, mak-
ing it possible to calculate an absorption correction for
each reflection.5 The mean diameter of the crystal was
about 0.015 cm.; the value of the absorption coefficient
used was 119.5cm.-1.

(1) C. L. Chernick, et al., Science, 138, 136 (1962).

(2) S. Siegel and E. Gebert, J. Chem Soc., 85, 240 (1963).

(3) J. H. Burns, J. Phys. Chem, 0/, 536 (1963).

(4) D. F. Smith, J. Chem Phys,, 38, 270 (1963).

(5) D. J. Wehe, W. R. Busing, and H. A. Levy, “ORABS, A Fortran Pro-

gram for Calculating Single Crystal Absorption Corrections,” ORNL
TM-229, 1962.
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A trial structure (and the formula) was determined by
the Fourier synthesis method. Previous work3 gave
the space group, P2VC, and showed that the Xe atoms
are in a face-centered arrangement. Xenon atoms in
these sites dominate the scattering and determine the
signs of all structure factors, FQikl), for which h, k, | are
unmixed (all odd or all even). Electron density maps
computed with unmixed-index reflections only should
show the structure, but with false symmetry. Such
maps were made, but no reasonable assignment of
fluorine positions was deduced from them. However,
the inclusion in the Fourier series of five of the strongest
mixed-index reflections, with signs determined by
Sayre’s squaring method.6yielded an interpretable map.
A pair o: centrosymmetrically equivalent fluorine atoms
was found to be bonded to each Xe atom in positions
2(a): 0,0,0; 0,y 2 V2 and two pairs of fluorine atoms
were found to be bonded to each Xe atom in positions
2(d): Wi, 0, V2, V« I/i, 0. Attempts to interpret a
Fourier map with Xe atoms in positions 4(e) with x =
z — Vi, y = 0,which also gives a face-centered arrange-
ment, did not prove fruitful.

Structure-factor calculations indicated the correctness
of the model. It was refined by iterative least-squares
procedures using a full-matrix program for the IBM
7090.7 As the refinement proceeded, it became appar-
ent that the 35 strongest reflections were affected by
extinction; consequently they were omitted from the
refinement. The agreement factor

R = S |Fasd - F2alod | /2F 203

reached 0.050. The Xe positions are given above, and
the F atoms are in three sets of equivalent positions,
4(e): = (X,Y, Z; X, 1A—Yy, + z), with the following

parameters. Least-squares standard errors of the above
F(l 0.168 0.187 0153
F 505 079 212
F(3 240 109 516

parameters are all 0.001. Anisotropic temperature fac-
tors were determined and will be given in a more de-
tailed discussion later.
The structures of the XeF2and XeF4 molecules in
(6) D. Sayre, Acta Cryst, 5, 60 (1952).

(7) W. R. Busing, K. O. Martin, and H. A. Levy, “ORFLS, A Fortran
Crystallographic Least-Squares Program, ORNL TM-305, 1962.
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their respective pure phases were determined previously
by neutron diffraction8 and by X-ray diffraction
studies.29 In XeF2the Xe-F bond lengths, correctedD
for thermal motion on the assumption that the fluorine
atoms “ride” on xenon, are 2.00 A.; in XeF4the square
planar molecule has Xe-F bond lengths, corrected for
thermal motion, of 1.95 A. and the F-Xe-F angle is
90.0°. The corresponding molecular parameters found
in this study of the XeF2-XcF4crystal are 201 (< =
0.01) A. for the XeF2moiety and two values, 1.94 A. and
1.965 A. (each with a = 0.01), for the XeF4moiety with
an F(2)-Xe-F(3) angle of 89.0° (a = 0.4°). (The dis-
tances before thermal correction are 2.00, 1.91, and
I. 935) The errors quoted are least squares measures of
precision. We estimate the corresponding measures of
accuracy to be about twice as large. The hypothesis
that the XeF4 molecule is square-planar is thus easily
consistent with this study, and the individual molecular
geometries are retained in this compound with very little
change.

In crystalline XeF2 the closest intermolecular fluo-
rine-to-xenon approach is 3.41 A., and in XeF4there are
two such contacts at 3.22 and 3.25 A. The XeF2=XeF4
crystal has close intermolecular fluorine-to-xenon dis-
tances of 3.28, 3.35,3.35, 3.37, and 3.42 A ; i.e., at about
the same average separations as in the two components.
The minimum intermolecular fluorine-to-fluorine con-
tact is a little shorter (2.87 A.) in XeF2-XeF4but this
distance is not unusual for non-bonded fluorine atoms.
Hence there is no structural evidence for the formation
of any strong bonds between molecules, and this phase
appears to be appropriately described as a molecular
addition compound.

(8) H. A. Levy and P. A. Agron, J. Am. Chem Soc., 85, 241 (1963);
J. H. Burns, P. A. Agron, and H. A. Levy, Sgience, 139, 1208 (1963).

(9) J. A. Ibers and W. C. Hamilton, ibid., 199, 106 (1963); D. H. Temple-
ton, et al., J. Am. Chem Soc,, 85, 242 (1963).

(10) W. R. Busing and H. A. Levy, paper submitted to Acta Cryst,;
W. R. Busing and H. A. Levy, “A Crystallographic Function and Error
Program for the IBM 704,” Rept. No. 59-12-3, Oak Ridge National Labo-
ratory (1959); see also D. W. J. Cruickshank, Acta Cryst., J, 757 (1956).

(11) Operated for the Atomic Energy Commission by Union Carbide
Corporation.
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