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The hydrogenation of cyclopropane has been investigated by a static method over a commercial nickel-silica-alumina
isomerization catalyst between 56 and 100°. At 75° the rate expression for the reaction is —dp/dt = hpc~~/ps,01 with
an activation energy of 15.2 kcal./mole. Adsorption isotherms were determined for hydrogen between 0 and 400°, and for

cyclopropane at 0 and 32.3°.

By assuming the rate-determining step in the catalytic hydrogenation to be the reaction be-

tween adsorbed cyclopropane and an adsorbed hydrogen atom, the observed kinetic law has been interpreted in a manner
consistent with the adsorption data. _The reaction of the catalyst with carbon monoxide was investigated, and the chemical

nature of the catalyst is discussed briefly.

Ciapetta and Hunter8found that silica-alumina
containing ca. 5% nickel effectively catalyzes the
isomerization of saturated hydrocarbons under high
pressures (25 atm.) in the presence of hydrogen. It
was suggested that the isomerization activity is due
to compound formation between the nickel and hy-
drous aluminum silicate. However, hydrocracking
is the primary reaction at atmospheric pressure, a
result that suggests that the isomerization activity
is due largely to the experimental circumstances.
The present research was undertaken to investigate
the nature of this commercial isomerization catalyst
under laboratory conditions in order to compare its
properties with those of other supported nickel cata-
lysts. In this paper we report the kinetics and
mechanism of the hydrogenation of cyclopropane
and also some adsorption characteristics of this
complex catalyst.

Experimental

Materials.—The catalyst used in this work was the one
designated by Ciapetta and Hunter3 as SA-5N-VII-D
and was supplied by The Atlantic Refining Company.
Cylinder cyclopropane and propane from The Matheson
Company were purified by pumping on the solid and sub-
sequent fractional distillation. In the hydrogenation
studies, cylinder hydrogen was purified by passage through
charcoal, calcium chloride, palladized asbestos at 300°,

(1) Department of Chemistry, The Pennsylvania State University,
University Park, Penna.

(2) Research Institute for Catalysis, Hokkaido University, Sap-
poro, Japan.

(3) (a) F. G. Ciapetta and J. B. Hunter, Ind. Eng. Chem., 45, 147
(1953); (b) 45, 155 (1953); (e) F. G. Ciapetta, ibid., 45, 159 (1953);
(d) 45, 162 (1953).

ascarite, magnesium perchlorate and a liquid nitrogen trap.
For the adsorption measurement, the hydrogen was further
purified by diffusion through a palladium thimble. Oxygen
and iron carbonyl were removed from cylinder carbon
monoxide by passage over activated copper turnings at
400°; water and carbon dioxide were removed by magnesium
perchlorate and ascarite, and a final drying was effected by
a Dry Ice-acetone trap. The silica-alumina was from the
Davison Chemical Co.

Apparatus and Procedure.—A U-type Vycor-glass tube
connected with a buret, a mercury manometer and a high
vacuum line was used for the adsorption measurements.
A sample of the nickel-sJica-alumina catalyst was placed
in the middle of the U-tufce and reduced by the standard
activation technique used by Ciapetta and Hunter,3
i.e., at 530° for 16 hours with a hydrogen flow rate of 6
liters/hour. After degassing the catalyst at 530° for 3 hours,
a known volume of adsorbate was introduced into the
catalyst vessel, which was kept at a desired temperature by
means of an electric furnace or by a suitable constant tem-
perature bath. The pressure of the gas in the adsorption
vessel was read manometrically after a certain time of con-
tact. The adsorbed amounts were determined from a
knowledge of the dead space volume (approximately 60
cc.) for helium. A 10-g. sample of catalyst was used for
hydrogen adsorption; in the cyclopropane adsorption work
3 g. of the catalyst that had been used for hydrogen adsorp-
tion were employed.

A cylindrical Pyrex reaction vessel of 211 cc. was used for
the hydrogenation of cyclopropane. This reactor was
connected with a capillary manometer and a high vacuum
line and was equipped with a thermocouple well. The entire
reaction volume could be enclosed by a removable jacket in
which organic liquids were boiled to control the temperature.
Mixtures of hydrogen and cyclopropane, prepared and
mixed with a Topler pump, were introduced into the reactor,
and pressure readings were taken. The volume change due
to hydrogenation was negligible compared with the total
volume of the vessel. A 0.2-g. catalyst sample, reduced
in situ by the standard technique, was found suitable for
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the measurement of the reaction rates under the experi-
mental conditions.

For the reaction of the catalyst with carbon monoxide a
1.90-g. catalyst sample, contained in a Pyrex tube equipped
with a pre-heating coil, was reduced in situ by the standard
technique and then treated with purified carbon monoxide
at 50° for 84 hours. A flow rate of carbon monoxide of
approximately 200 cc./min. was used. The resulting
nickel carbonyl was decomposed at 300° in a weighed Pyrex
tube equipped with a pre-heating coil and with standard
taper joints to facilitate its removal.

The unreduced catalyst was analyzed for nickel by dis-
solving 0.5-g. samples in hydrofluoric acid and a few drops of
sulfuric acid, evaporating to remove silica, complexing the
aluminum as the tartrate, and precipitating nickel dimethyl-
glyoxime.

Experimental Results

Adsorption of Hydrogen.—In order to see the
extent of reduction, the catalyst, prepared by the
standard activation technique, was allowed to
contact with hydrogen for two weeks at 530° in a
closed system. It was found that the pressure of
hydrogen decreased slowly over this period. It was
presumed that complete reduction was unattainable
under the standard technique used, although the
magnitude of the final static reduction indicated the
catalyst was already more than 99% reduced. Re-
gardless of the possibly incomplete reduction, the
rate of hydrogen adsorption was immeasurably fast
and reversible between 0 and 300°.

Adsorption isotherms were determined on this
catalyst at 0, 100, 200 and 300° and at equilibrium
pressures from a few mm. up to 800 mm. The re-
sults are shown in Fig. 1 by the solid lines.

After the above measurements the catalyst was
reduced in hydrogen at 600° for 16 hours. No fur-
ther static reduction could be detected in this case.
Adsorption isotherms were also determined on this
highly reduced catalyst at 0, 100, 200, 300 and 400°
and at equilibrium pressures from a few mm. up to
900 mm. The results are shown in Fig. 1 by the
dotted lines.

Fig. 1.—Adsorption isotherms of hydrogen on nickel-
silica-alumina: full lines, catalyst reduced at 530°; O, 0°;
0, 100°; A, 200°; ©, 300°; dotted lines: catalyst reduced
at 600°.

The adsorption of hydrogen increased very
slightly with increasing pressure except at 0°,
where the isotherm was more or less concave up-
wards. The exponents of the pressure from the
Freundlich equation, which approximately ex-
pressed all the isotherms, are given in Table | for
the catalyst reduced at 530°, together with the cor-
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responding exponents for reduced nickel4 and for
nickel-silica.5

The difference in adsorption activity for hydro-
gen between nickel-silica and nickel-silica-alumina
would indicate a marked difference in these cata-
lysts. Schuit and deBoer report that, at 100 mm.
and —78°, nickel-silica adsorbs 27.5 cc. of hydro-
gen per gram of nickel, a value assumed to be near
saturation. This corresponds to a Ni:H ratio of
7:1. On nickel-silica-alumina, saturation by hy-
drogen was not attained under the experimental
conditions; however, for convenience the adsorbed
amount at 760 mm. and 0° will be taken as the
adsorption activity. This was only 7.5 cc. of hy-
drogen per gram of nickel, or a Ni:H ratio of 25:1.
The large difference in adsorption activity indicates
a poor dispersion of nickel in the nickel-silica-alu-
mina catalyst.

It was difficult to obtain isosteric heat data over
the entire range of coverage because of the flatness
of the adsorption isotherms. However, a few
numerical data are given in Table Il. While the
heat values do not differ from the current heat data
for hydrogen adsorption on nickel, the decline of
the heat of adsorption with adsorbed amounts seems
more pronounced.

Table |

Exponents from the Freundlich Equation (for Hydro-

gen Adsorption)

Nickel-silicab
Nickel-silica- (29.4% Ni-CLA
Cgtal)llst alumina Nickel4 8281)
pressuqrg;,'mm. 2-800 ~1 10-1-100
Temp., °C.
0 0.22 0.02
100 .15 0.07
200 .16 12 .13
300 .18 .24
400 .24
Tabite Il
Isosteric Heat D ata
Adsorbed amounts, Heat of
cc. S.T.P./g. adsorption,
catalyst kcai./mole
530° Reduction 0.056 16
.089 11
.15 6
600° Reduction .022 27
.056 16
.071 7

Adsorption of hydrogen presumably occurs on the
silica-alumina support also, since Guenther6 found
that activated adsorption of hydrogen occurs on
silica-alumina between 300 and 500° and since the
carbonyl formation experiment indicates the nickel
is not in chemical combination with the support
(see later section).

Adsorption of Cyclopropane.—A 3-g. sample of
the catalyst used for the hydrogen adsorption was
oxidized in air and re-reduced under the standard
activation technique. No static reduction was
performed. Cyclopropane adsorption was meas-
ured at 0 and 32.3°. At these temperatures the

(4) T. Kwan, J. Research Inst. Catalysis, Hokkaido Univ., 1, 81
(1949).

(5) G. C.A. Schuitand N. H. deBoer, Rec. trav. chim. 72, 909 (1953).
(6) H. W. Guenther, Ph.D. Thesis, Princeton University, 1946.
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adsorption was quick and practically complete in
10 minutes, after which an extremely slow process
occurred that was barely detectable after 30
minutes. At 100° this slow process occurred at an
appreciable rate with the formation of no un-
condensable gas at liquid nitrogen temperature.
Mass spectrometric analysis of the gaseous prod-
ucts resulting from the adsorption of cyclopropane
at 74° on a 2.3-g. sample of the silica-alumina sup-
port showed the presence of ethylene, propylene
and benzene. Between 150 and 200° decomposi-
tion of cyclopropane set in.

Consequently, adsorption isotherms were deter-
mined at 0 and 32.3°. The pressure in the adsorp-
tion vessel after 10 minutes was taken as the equilib-
rium pressure. The data are given in Table III.
Log-log plots of these data gave fairly good straight
lines with the slopes given in Table IV. The slope
at 75°, which will be used in the discussion, was ob-
tained by assuming a linear relationship between
the slope and I/T, a procedure generally accepted
as valid.7 The isosteric heat of adsorption ranged
from 8.8 to 7.0 kcal./mole under the conditions in-
vestigated.

Table |11

Cyclopropane A dsorption D ata

Adsorbed
amounts,

Adsorbed
amounts,

Pressure, ec. S.T.P./g. Pressure, cc. S.T.P./g.
mm. catalyst mm. catalyst
Temp., 0° Temp., 32.3°
5 1.24 13.8 0.8
22 3.06 73.0 2.47
58 5.82 145 4.12
230 13.0 263 5.23

413 7.8
Table IV

Exponents from the Freundlich Equation (for Cyclo-

propane Adsorption)

Temp., °C. 0 32.3
Slope 0.64 0.67

(75)
(0.70)

Hydrogenation of Cyclopropane.—Preliminary
experiments indicated a slow poisoning of the
catalyst during the hydrogenation experiments, and
a reactivation technique, which consisted of clean-
ing the catalyst surface with hydrogen at 350° for
one hour followed by pumping for one-half hour
at the reaction temperature, was worked out.
This schedule of pre-treatment was used between
each run.

Propane was shown to be the only product of the
reaction by a mass spectrometric analysis of the
products from a run made at 74° in which the re-
action was allowed to go to completion. A 2.3-g.
sample of the silica-alumina support showed negli-
gible hydrogenation activity at 74°.

The initially measured rates were complicated
by the superposition of the rate of hydrogenation
and of a secondary process. This is shown clearly
in Fig. 2, an example of the type of data obtained.
This secondary process was undoubtedly the same
as the slow process observed after the initially very
rapid adsorption of cyclopropane at 100° (see

@) See, for example, E, Cremer, Z, Elektrochem., 56, 439 (1952),

and T. Kwan, T hib Journal, 59, 285 (1955).
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Fig. 2.—Typical rate of hydrogenation of cyclopropane on
nickel-silica-alumina; temp., 75°.

above) and involved adsorption of cyclopropane on
the support. From plots similar to Fig. 2, how-
ever, it was shown that the effect of this process
extended over only the first three or four minutes of
a run, after which it could no longer be detected.
The activation energy and kinetics wEre thus de-
termined from slopes of pressure-time plots taken
at 10 and 25% apparent reaction, respectively.

For the determination of the activation energy of
the hydrogenation reaction equimolar mixtures of
the reactants at about 200 mm. total pressure were
used. The data, listed in Table V, gave an activa-
tion energy of 15.2 kcal./mole.

Table V

Variation of Reaction Velocity, V, with Temperature

Total pressure, mm. Temp., °C. Log V (10%)
197.5 73.3 -0.155
207.1 56.0 - .682
236.7 100.0 + .528
182.0 81.0 + .053
200.0 73.5 - 167
199.8 64.8 - .398
196.4 91.5 + .352
207.7 64.8 - 342

In Table VI are given the data for the determina-
tion of the Kinetics. The small variation in the
temperature was shown by calculation not to af-
fect the reaction rates to a measurable extent. The
rate equation

v = kp'cPh
where the subscripts C and H refer to cyclopropane
and hydrogen, respectively, was used to write a set
of simultaneous equations
0 =logk + / logpc + glog pa - logv
that were then solved by the method of least
squares8for the specific rate constant k and the ex-
ponents / and g. The resulting Kinetic expression
was
v = 0.327p°dW 1 1)

The sum of the residuals and the sum of the
squares of the residuals were 0.000 and 0.004, re-
spectively. Although the initial rates were dif-
ficult to analyze, a similar mathematical treatment

(8 S, for exanple, J. B Scarborough, “Nurrerical Vatherretical
A:g?yas,” The Johrs Hopkins Press, Baltinore, 1930, p. 363
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indicated that/ and g had values of 0.4 and —0.1,
respectively. This tends to confirm the idea of
initial cyclopropane adsorption expressed above.

Propane was found not to affect the rate of reac-
tion by three experiments performed after the
catalyst had been reactivated by the standard
technique. Table VII shows the experimental
conditions and the results of the experiments.
The reaction rates were determined at 25% con-
version.

Reaction of the Catalyst with Carbon Mon-
oxide—Two analyses of the catalyst gave results
of 3.67 and 3.72% of nickel in the unreduced
catalyst. The 1.90-g. sample of unreduced cat-
alyst that reacted with carbon monoxide thus
contained 0.070 g. of nickel. The nickel resulting
from the decomposition of the carbonyl weighed
0.070 g. An analysis of the support after the
carbon monoxide treatment showed no nickel
remaining.

Table VI
Data fob the Determination of the Kinetics

Rate
Initial pressure, mm. of (at 25% reaction),

Cyclopropane Hydrogen mm./min.
Temperature = 73.3-75.5°
106.6 106.7 0.711
157.4 157.7 748
45.2 45.2 .604
94.9 194.0 .626
57.0 116.4 .576
99.0 300.6 .622
51.1 155.2 .560
283.5 98.3 1.00
146.3 50.7 0.942
99.6 34.6 .900
199.8 199.8 .798
101.9 101.9 .666
134.9 134.9 .700
51.6 51.6 .597
299.1 147.0 .993
196.8 96.7 .929
100 8 49.5 .845
Table VII

Dependence of Reaction Rate on Propane Pressure
Rate

Initial pressure, mm., of (at 25% reaction),

Cyclopropane Hydrogen Propane mm./min.
Temperature = 74.5-75.0°

49.3 49.4 26.8 0.975

49.3 49.4 64.9 .988

49.1 49.1 116.0 .938

Because of the completeness of the removal of
the nickel in the catalyst, we conclude that the
nickel has a high accessibility to carbon monoxide,
a fact found by Schuit and deBoer9to be character-
istic of metallic impregnation catalysts. Further-
more, the complete removal of the nickel at the low
temperature of 50°, that is, under conditions com-
monly used for the production of carbonyls from
dispersed metals, suggests that the constitution of
the catalyst does not involve any extensive amount
of chemical bonding between the nickel and the
support, as was suggested by Ciapetta and
Hunter.3a This conclusion is supported by the

(9) G.C. A. Schuitand N. H. deBoer, J. chim. phys51, 482 (1954).
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isosteric heat data given above and by magnetic
susceptibility measurements made by Selwood, who
reports results characteristic of nickel metal.D

Discussion

We shall now investigate what mechanism of the
hydrogenation of cyclopropane, consistent with the
observed adsorption data, most suitably accounts
for the observed Kinetic law (eq. 1). We assume
that the hydrogenation proceeds by the following
consecutive elementary reactions

C3H6— > CHE{a) (i)
H2—  2H(a) (i)
CHeEa) + H(a) — > CHT7a) (i)
CH7a) + H(@) — > CHS8 (iv)

where the suffix (a) refers to the adsorbed state and
CH7a) to the half-hydrogenated state of cyclo-
propane or to the «-propyl radical.

In view of the very fast adsorption rates of the
reactants, steps (i) and (ii) may be excluded as the
slowest step. The surface reaction of the adsorbed
species thus seems to be rate-controlling. On the
basis of the Langmuir-Hinshelwood scheme, the
reaction rate is given by

» = kecOh = k -—-—-- bcPcVbnpnrn (2)

@ + bepe + vThPAR

if (iii) is assumed to be the slowest step in the over-
all reaction. From the adsorption data reported
in this paper the values for be and & may be esti-
mated from the Langmuir isotherm. At 75°, the
temperature at which the kinetics were determined,
be = 0.002 mm.-1 and 6nh = 0.01 mm.-1. From
these b values and the pressures given in Table VI

it may be shown that the cross term, &PcV&hPh,
introduced in writing the approximation

____________________ . -(3

1+ bepec+ VbnPH 1+ bepe 1+ V&hPh( )

averages 10% and is small enough not to introduce
any significant error.

Most adsorption isotherms are approximately

expressed by either the Langmuir or the Freund-

lich equation when the range of pressure is not

large. This situation holds sufficiently for the pres-
ent adsorption data that we may write
= 4m
1+ pope = PO @m
V&hPh
= (&HHn (4 n)
1+ Vbmnprn ¢

where0 < m< land 0 < n< 1 The values of m
and n have already been given in Tables I and IV.
At a temperature of 75°, where the kinetic law was
obtained, m is 0.70 and n would be between 0.22
(0°) and 0.15 (100°). Consequently, we obtain
the relations

I + h

m = (bcpc)m~1 = (6cPc)-0-3 ®)

1+ VbjiPR = (6hPh)"'~"6= 6)

From equations 2, 3, 5 and 6 it follows immediately
that

(10) P. W. Selwood, private communication to Hugh Taylor.
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V= (&cPo)046RPR) (0D (<D = o (7)

Eq. 7 is very close to the observed kinetic law.
A similar investigation of the kinetics with the as-
sumption that (iv) is the slowest step results in a
kinetic expression where the rate is proportional to
VclPiiOA, entirely different from eq. 1.

In studying the hydrocracking of ethane on fused
iron catalysts Cimino, Boudart and Taylor1l found
a variety of reaction orders, depending on the
amounts of potash added. It was shown, however,
that these reaction orders could satisfactorily be
summarized by the expression

6 — X\
>0 - ®
V = /cp'VjH.PH
Equation 8 was obtained by assuming the slowest
step to be the breaking of a C-C bond in an ad-
sorbed dehydrogenated radical through an attack
by molecular hydrogen, thus

CH*@) + H2e x CH, + CH,

It is evident that the hydrogen exponent of eq. 8
depends on the variable parameter x and also on the
form of the attacking hydrogen.

The application of eq. 8 to our system gives the
observed kinetic law if x is taken as 2 or 3 and if
atomic hydrogen is assumed to be the agent for
breaking the C-C bond. Thus we have

(0.5 - 03 (2~3)>

v = kpc°-pB
PH4 (9)

The present mechanism is consistent with that
proposed by Bond and Turkevich2 and by Bond
and Sheridan,13 who studied the same reaction
with deuterium over pumice-supported Ni, Pd and
Pt catalysts and suggested that a gaseous cyclo-
propane molecule in collision with an adsorbed
deuterium atom may react to form either an ad-
sorbed n-propyl radical or an adsorbed cyclopro-
pyl radical and a molecule of HD. It should be
noted, however, that the kinetic law on nickel-
silica-alumina is different from that on the pumice-
supported metals studied by Bond, et al., in that
the latter is first order with respect to cyclopropane
and zero order with respect to hydrogen. This dif-
ference again might suggest that, in contrast with
pumice-supported nickel, nickel-silica-alumina is a
poor catalyst for adsorbing hydrogen. High pres-
sures would be required to cover the entire active
surface of the nickel-silica-alumina with hydro-
gen, and it is under these conditions that Ciapetta
and Hunter3 find that hydrocarbons undergo
isomerization rather than cracking.

It is interesting to note that the non-catalyzed
isomerization of cyclopropane to form propylene,

(11) A. Cimino, M. Boudart and H. S. Taylor, T his Joubnal, 58,

796 (1954).
(12) G. C. Bond and J. Turkcviih, Trans. Faraday Soc., 50, 1335

(1954).
(13) G. C. Bond and J. Sheridan, ibid., 48, 713 (1952).
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according to Slater,4 is initiated when the vibra-
tions of the molecule carry any hydrogen atom too
near a carbon atom of another methylene group,
followed by C-C bond rupture. We found that on
the catalyzing surface the interaction of an ad-
sorbed hydrogen atom with an adsorbed cyclopro-
pane molecule is the most difficult step in the over-
all hydrogenation reaction. The readily occurring
hydrogenation of propylene compared with cyclo-
propane on a nickel catalyst, as reported by Will-
statter and Bruceland also by Corner and Pease,6
is thus readily understandable.

According to the absolute rate theory, the rate expression
for a surface bimolecular reaction such as eq. 2 is given byT

Nc
* ?
n ?C7H , No , iNb\

+ 0N +HW I

where G is the number of active sites per cm.2 qc and <h
the partition functions of the adsorbed species, g* the
partition function of the activated complex, Qc and On the
partition functions of the gaseous molecules in unit volume,
and Nc and A h the concentrations of the gaseous molecules.

The conventional transformation of eq. 10 into power
form, as has been performed by the Langmuir Kinetics,
yields

kT QeE/RT (Nc/Qoc)04

(AVOohA 1 (1)

where E is the activation energy for the reaction, 15.2 kcal./
mole, and QO and Ooh the parts of the partition functions
other than exponential terms, obtainable from the spectro-
scopic data.18

The observed rate is of the order of 1012 molecules/sec.
cm.2at 75° and at a total pressure of 200 mm. for an equi-
molar mixture. The surface area value of 280 m.2g., deter-
mined by the B.E.T. method for the similar catalyst SA-
5N-VI11,3& was used. The rate calculated from eq. 11
was found to be roughly 103times larger than the observed
one if we take G = 1016 In the calculation, the entropy
difference between the adsorbed state and the activated
state was, as is usual, neglected. Since an adsorbed n-
propyl radical is presumably adsorbed more tightly than
adsorbed cyclopropane, it is to be expected that the acti-
vated state would be strongly adsorbed on the surface to a
considerable extent. Thus a loss in entropy due to the
formation of the activated complex would be anticipated.
The discrepancy between the observed and calculated values
should be ascribed to both G and the entropy factor.

Acknowledgments.— This work was a part of a
program of research supported by the Office of
Naval Research N6onr-27018 on Solid State
Properties and Catalytic Activity. The advice and
assistance of Dean Hugh Taylor and the helpful
discussions with the other workers in the project
are also gratefully acknowledged. One of us (T.K.)
is grateful for the aid from the Fulbright/Smith-
Mundt Program.

(14) N. B. Slater, Proc. Roy. Soc. (London), A218, 224 (1953).

(15) R. Willstatter and J. Bruce, Ber., 40, 4456 (1907).

(16) E. S. Corner and R. N. Pease, Ind. Eng. Chem., Anal. Ed., 17,
564 (1945).

(17) See, for example,
Book Co., Tokyo, 1953.

(18) G. Herzberg, “Infrared and Raman Spectra,” D. Van Nostrand
Co., New York, N. Y., 1945, pp. 352, 437.

Horuti, “Catalytic Chemistry,” Asakura



1606

J. H. Singleton

Vol. 60

HYDROGEN SORPTION AND THE PARAHYDROGEN CONVERSION ON
EVAPORATED NICKEL FILMS1

By J. H. Singleton?2

Department of Chemistry, University of Washington, Seattle
Received May 8, 1956

The changes in electrical resistance of an evaporated nickel film, due to the ad- and absorption of hydrogen, have been

studied at —78°.
resistance.

Three processes have been distinguished.

Initially, hydrogen is irreversibly adsorbed causing a drop in
This is followed by reversible adsorption over a pressure range from 10_Eto at least 600 mm., causing an in-
crease in resistance; this adsorbed hydrogen is responsible for the parahydrogen conversion.

A third type of sorption occurs

rapidly at room temperature and to an appreciable extent at —78°, decreasing the resistance of the film and poisoning the

catalyst with respect to the parahydrogen conversion.
producible properties are discussed.

Introduction

Despite the increasing trend toward studies of
simpler heterogeneous catalytic processes no satis-
factory, complete theory of any reaction has been
achieved. The parahydrogen conversion is pos-
sibly the simplest reaction available for study and a
large number of papers have been published on this
subject.3 The adsorption of hydrogen has simi-
larly been widely investigated on wires and evapo-
rated films.34 Despite this concentration of effort
it is still impossible to progress very far in any theo-
retical interpretation of the results. A basic reason
for this difficulty is that one cannot apply results
from, say, hydrogen adsorption on a tungsten film
to the Kkinetics on a tungsten wire, without relative
surface area measurements and the knowledge that
both surfaces expose identical lattice spacings.

In this work it was originally hoped to carry out
parallel investigations of adsorption and reaction
kinetics on clean, evaporated metal films of known
relative area, prepared under identical conditions.
To this end nickel was selected as a catalyst since it
was readily obtainable in very pure form and had
previously been extensively studied.34 Evaporated
films were used because the temperature control is
easier than for a wire and the larger area is much
less sensitive to contamination.

Experimental

A conventional high vacuum system was employed. Pre-
cautions were taken to avoid contamination by air, mercury
and stopcock grease. Parahydrogen was prepared immedi-
ately before each series of experiments. Nickel wire, 0.2
mm. diameter, was obtained from Johnson, Matthey &
Company, England. It was stated to contain less than
0.01% impurity.

The Measurement of the Electrical Resistance of Nickel
Films.— Nickel films were prepared by evaporation, from
an electrically heated filament, on to the inside wall of a 20
mm. diameter Pyrex tube. This produced a uniform film
across two platinum foil electrodes, sealed in the glass wall.
The resistance of the film between these electrodes was
measured on a sensitive Wheatstone bridge using a galva-
nometer for highest accuracy, or a millivoltmeter for rapid
measurements. A d.c. potential of 1.5 volts was satisfac-
tory for most films; the current flow was reversed to check
for contact resistance and thermal e.m.f. errors, but no
difficulties of this nature were detected. The limit of meas-
urement of resistance was 0.001 ohms and the bridge was
self-consistent down to this limit.

(1) This research was supported by Contract No. AF 18 (600)-987
of the Air Research and Development Command, Baltimore.

(2) Westinghouse Research Laboratories, Beulah Road, Pittsburgh
35, Pennsylvania.

(3) D. D. Eley, Advances in Catalysis, 1, 157 (1948).

(4) O. Beeck, ibid., 2, 151 (1950).

The limitations involved in obtaining evaporated metal films of re-

The cell was connected to a sensitive Pirani gage, for low
pressure measurements, and also to the mercury manometer.
The lower limit of pressure sensitivity of the Pirani gage
was approximately 2 X 10-8 mm. for hydrogen. The nickel
film was protected from mercury vapor and grease by a U-
trap, packed with glass wool and cooled in liquid nitrogen.

Evaporation Procedure.—The system was carefully out-
gassed before preparation of a film. Evaporation was con-
trolled by the heating current and took from 0.5-6 minutes.
The walls of the cell were cooled to 0° during the evapora-
tion. Films from 5 to 1000 ohms resistance were readily
obtained. The resistance decreased rapidly after evapora-
tion as the film annealed. This process was accelerated by
warming to 80-90° for 10-20 minutes, followed by cycling
between 80 and —195°. Annealing was assumed to be
complete when the resistance remained constant, at 0°.

Pressure Dependence of Resistance.—The effect of hy-
drogen on film resistance was studied at —78°. Doses of
gas, at known volume, temperature and pressure, were ad-
mitted to the film and the resistance changes recorded up to
a pressure of approximately 1 0 mm. At higher pressures
the variation of film resistance was observed without meas-
urement of the volume of gas adsorbed.

The Kinetics of Parahydrogen Conversion.— Catalysts
were prepared by the method described above. The reac-
tion vessel was connected by 10 mm. bore tubing to an all-
glass circulating pump of the type previously described.6
The tubes immediately adjacent to the catalyst vessels
were cooled to —195° and plugs of glass wool ensured
thorough mixing of the gas stream and condensation of all
traces of mercury and stopcock grease vapors. The gas
stream was cooled to the reaction temperature by a long
glass spiral before passing over the catalyst. The rate of
circulation was shown to have no effect on the kinetics of
the conversion. Three or four small gas samples were re-
moved during each run and analyzed for p-hydrogen content
in a thermal conductivity gage. The data were plotted
using a first-order rate equation and gave good, straight lines.

Results

Adsorption of Hydrogen at Very Low Pres-
sures.—The initial rate of adsorption of hydrogen,
at —78°, was very rapid, with a residual pressure
below 2 X 10-6 mm. of mercury. Successive addi-
tions of hydrogen produced a well-defined satura-
tion point, at which a small pressure of hydrogen
was detected. The volume of hydrogen adsorbed
to this point, per milligram of catalyst, will be re-
ferred to as the “ saturation” volume of the catalyst.
When considerable care was exercised in reproduc-
ing the conditions of catalyst preparation, the
“saturation” volume was constant to *5%.
Changing these conditions gave a variation up to
+ 10%. For example, seven films, between 10 and
24 mg., gave an average “ saturation” volume, at
-78°, of (45 + 0.9) X 10“3ml. mg.“ 1at S.T.P.
The subsequent experiments, on the changes of

(5) J. H, Singleton, E. R. Roberts and E. R. S. Winter, Trans.

Faraday Soc., 47, 1318 (1951).
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electrical conductivity with annealing conditions,
show that the above films could not have been
completely annealed, possibly accounting for some
of the variation in adsorption.

The measurement of the change in electrical re-
sistance of evaporated films during the initial hy-
drogen adsorption gave the results shown in Fig. 1
Very thin films, weighing less than 1 mg. were used,
in order to obtain resistances greater than 5 ohms
for accurate measurement. Because of the low
“saturation” volume of hydrogen, the number of
gas inlets was small, producing uncertainty in the
actual volume completely adsorbed. It is clear,
however, that after the “ saturation” volume of the
adsorption was reached, a reversal occurred in the re-
sistance change of the films. The initial rise in resist-
ance, with the firstinlet of gas, appeared to be due to
a temperature increase caused by slow dissipation of
the heat of adsorption of 30 kcal. mole-1 on a clean
nickel surface.4 It was greatest for the thinnest films
(i.e., those of highest resistance; Fig. la). This
high resistance value decreased on standing for a
few minutes; the following gas inlets produced stable
resistance values. The resistance change during
initial adsorption was completely irreversible by
prolonged evacuation at —78°.

Hydrogen Uptake at Pressures Greater Than
10'5 mm.—As the hydrogen pressure was in-
creased, the resistance of the film continued to
rise. The primary change was very rapid and
was immediately reversed on reducing the pressure.
The hydrogen adsorbed in this way was therefore
readily removed. In addition to the rapid ad-
sorption a slow sorption of gas occurred, which de-
creased the film resistance. The curves in Fig. 2,
which were obtained on a freshly sintered film,
show the effects of the two processes. The arrows
give the order in which the points were taken, over
a total period of one hour. By taking measure-
ments over short time intervals it was possible to
observe the resistance variation caused by the
adsorption while negligible change occurred in the
slow sorption.

The extent and rate of the slow sorption varied
considerably with the conditions of film preparation,
but our results are not extensive enough for de-
tailed analysis. On all catalysts the rate of the
sorption became very low, at —78°, after one or
two hours.

The upper curve in Fig. 3 was measured on a
freshly evaporated film. After leaving in contact
with hydrogen, for one hour, the middle curve was
obtained. Finally, the film was warmed to room
temperature, producing rapid sorption of hydrogen,
and cooled againto —78°; the pressure dependence
followed the lower curve of Fig. 3. From this and
similar films, we conclude that the displacement of
the pressure dependence curves to lower resistance
is due to slow sorption of hydrogen.

The rapid adsorption process gives the same form
of curve independent of the volume of sorbed gas.
It was noted that the slope of the pressure depend-
ence, at high pressures, was greatest on a new film.
A similar difference may be present in other pres-
sure regions, but the change is only readily observed
for the almost linear portion of the curves. The
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Fig. 1.—Change of film resistance with initial adsorption
of hydrogen at —78°; the arrows indicate the point at which
an equilibrium pressure was first detected (2 X 10~6mm.).

Fig. 2.—Resistance changes caused by adsorption and sorp-
tion on a freshly evaporated film at —78°.

change indicates that sorption decreases the cov-
erage, or pressure dependence of coverage, by the
rapidly adsorbed layer.

The sorbed hydrogen was removed by evacuation
at room temperature and also, at a very low rate, at
—78°. Complete desorption was not attempted.
The upper limit of the sorption was not investi-
gated. A total resistance decrease of 16% was
observed on one film before the process was arbi-
trarily stopped.

Comparison of Resistance Changes by the Three
Types of Hydrogen Uptake.—The extent of these
resistance changes is of interest in showing the
magnitude of each phase. Results from some of
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Fig. 3.—The effect of reversible adsorption of hydrogen on
the film resistance, at —78°, for various degrees of hydrogen
sorption. The points are adsorption and desorption meas-
urements, taken at random.

the films are collected in Table I. The variation
is shown as a percentage of the film resistance at
—78° after sintering. The figures given are
A The change resulting during adsorption of the “satu-
ration” vol.

B The resistance increment accompanying a pressure
change from 100-200 ml., measured after appreci-
able sorption at 0°

C The resistance change due to sorption

The results in column A vary over a wide range,
and thus the change in resistance is not related
to the total resistance. In addition, neither the
resistance change of column A, nor the absolute
film resistance show any relation to the “ satura-
tion” volume of hydrogen adsorbed. The irregu-
larity of the figures in column A suggests that this
adsorption occurs on sites which are determined by
the specific conditions of deposition of the film. The
adsorption is not a simple function of the surface
area.

Table |

Initial “ Saturation”

resistance vol.

(ohms) (ml. S.T.P.) A B Cc
5.3 0.13 - 1.8
9.34 16.9 -0.1 .07 - 1.0
13.7 5.2 - .07 .09 7.0

21.8 16.9 - 6 12 - 1.0

26.7 21.4 .10 - 0.4

66.1 5.7 - 4 1 -16.0

93.8 11.3 - .25 .05 -12.0

967.2 9.0 .14 5.0

In contrast, the eight figures in column B have an
average value of 0.1 and the individual deviations
are relatively small, considering the 180-fold varia-
tion in absolute resistance. The reversible adsorp-
tion of hydrogen must therefore directly affect the
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electrical conductivity of the metal. Since the
adsorption was rapid, readily reversible and oc-
curred over a wide pressure range, it seems that for
this type of adsorption, a considerable area of the
metal was readily accessible to hydrogen.

It is obvious that no constant factor can be ob-
tained in column C since the process was never con-
tinued to equilibrium. The figures show only the
extent to which sorption was allowed to occur.

The Rate of Parahydrogen Conversion.—The
films for resistance measurements were prepared
using a wide range of evaporating conditions with
the object of determining the effect of this on the
various adsorption processes. By contrast, a
fixed rate of evaporation was employed in each
series of catalytic experiments, in order to give
reproducible results. The data are collected in
Table Il.  For runs 1 to 23 the “ saturation” vol-
ume was measured at 0°, followed by sintering in
the presence of hydrogen. These films contained
much sorbed hydrogen when Kkinetic measurements
were made. Catalysts 24 to 33 were sintered be-
fore measurement of the “ saturation” volume and
therefore were not in contact with high pressures
of hydrogen prior to the kinetic runs. A different
rate of film evaporation was used for the two groups
of experiments.

Table Il
Hydrogen adsorbed Rate
(ml. ST.P. X 103) constant Pressure
Run 0° -78° ke (min.-1) (mm.) R
1 2.1 2.4° 0.28 42.9 5.0
3 1.7 1.9” .24 42.5 5.4
10 2.4 2.7 .43 34.0 5.4
11 3.0 3.4¢ .61 34.1 6.1
12 1.4 1.6 .27 33.7 5.7
23 3.6 4.1" 2.05 33.0 15
24 5.4 3.76 33.3 21
25 4.1 2.72 33.0 20
26 1.8 1.04 30.0 17
27 2. 1.48 30.2 20
33 1.7 0.90 35.0 19

“ Calculated from measured value at 0°, using factor ob-
tained in separate experiments.

Column 6 of Table Il gives a factor R, equal to
kep/v, where teis the initial experimental first-order
rate constant, p the pressure of hydrogen and v the
“ saturation” volume, measured at —78°. Thus, R
is proportional to the rate of reaction of hydrogen at
the catalyst surface. Within the groups 1 to 12
and 24 to 33 the value of R is constant to 10%.
Therefore, this method of comparison of the activ-
ity of several catalysts is satisfactory, provided
standardized methods of catalyst evaporation are
used. But a comparison of run 23 with the series 1
to 12 shows the great change of R for a different
method of catalyst evaporation.

Runs 23 to 24 together give a comparison of the
effect of hydrogen sorption on catalytic activity.
Evaporated under identical condition, catalyst 24
contained little hydrogen, compared to 23, and had
a higher activity. It was found that several hours
exposure to hydrogen reduced the catalytic activ-
ity of all nickel catalysts by 50% or mere. If such
a deactivated film was outgassed at room tempera-
ture it regained a considerable portion of its cata-
lytic efficiency.
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To demonstrate that hydrogen sorption caused
the loss in activity, simultaneous measurements
were made of the electrical resistance change in
catalysts and their activity in the parahydrogen
conversion. During each kinetic measurement the
resistance was measured at half-minute intervals.
On a new film the initial high rate of sorption caused
drift in the resistance values throughout the short
period of a kinetic run. Therefore, these experi-
ments were far from an equilibrium state and no
reliance is placed on the results. After one or two
runs the resistance remained constant within a half
to one minute. Figure 4 shows the variation of
film resistance and activity at increasing time inter-
vals after film preparation. A standard pressure
was used in these runs. Neglecting the initial non-
equilibrium runs, the results show a loss of activity,
paralleled by a drop in resistance, between runs 3
and 10. From the previously described experi-
ments it is clear that slow hydrogen sorption oc-
curred in this period.

Following experiment 10 the film was warmed to
room temperature and further extensive sorption
observed to occur. After cooling to —78°, runs 12
to 17 showed that a very considerable loss in cata-
lytic activity accompanied the lower film resistance.

The pressure dependence of film resistance and
the rate of the parahydrogen conversion were si-
multaneously measured on the nickel film referred
to above and in Fig. 4. Runs 4 and 5 showed that
the catalyst had reached an approximately constant
activity and the pressure dependence of the reaction
rate was determined at pressures from 10 to 120
mm. The results are plotted in Fig. 5a. The
number of each run is given by the appropriate
point. It is clear that some loss of activity oc-
curred between runs 5 and 8, which were carried out
using the standard procedure, but the approximate
slope of the dependence is quite evident. The re-
sistance of the films, measured simultaneously with
the kinetic runs, is plotted in the upper curve of
Fig. 5b. The curve exhibits the same general vari-
ation with hydrogen pressure as that for the reaction
kinetics.

A further series of experiments was made on the
catalyst containing a large volume of sorbed hy-
drogen. These runs are shown in the lower curves
of Figs. 5a and 5b. It is clear that the absolute
rate of reaction was very much lower and the pres-
sure dependence was only one-tenth of that ob-
tained when little sorbed gas was present. The re-
sistance change also had a lower dependence on
pressure, though not so marked as the rate of re-
action plot. The spread of the points was much
lower for both curves, compared with the previous
experiments, because of the lower rate of sorption.

It is clearly not possible to draw any quantitative
deductions from the curves of Fig. 5, because the
experiments were not carried out under completely
equilibrium conditions with respect to sorption.
Also, no accurate zero can be defined for the resist-
ance changes associated with the surface hydrogen
adsorption, so the results do not permit of a quan-
titative comparison between the surface coverage
by hydrogen and the change of resistance. In Figs.
6 and 7, a direct plot has been made between film
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Fig. 4.—Change of catalytic activity and electrical resistance
of a film with time of contact with hydrogen at —78°.
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Fig. 5.—Variation of catalytic activity and electrical resist-
ance of a film with the pressure of hydrogen, at —78°

resistance and reaction rate. The general trend is
satisfactorily demonstrated in both cases.

Energy of Activation.—The energy of activation
was determined on films containing sorbed hydro-
gen. In most cases the drift of activity caused by
sorption, during the time taken to reach constant
temperature, was too large and energies of activa-
tion could not be obtained. Only four satisfactory
series of runs were achieved. Experiments in
which over-all loss in activity was less than the
experimental error of 5% are given in Table III.
The four determinations give an average value of
1400 + 50 cal. mole-1 for the energy of activation.

Tabte Il
Hydrogen pressure Energy of activation
Catalyst (mm.) (cal. mole-1)
1 44.0 1400
15 15.1 1380
15 34.6 1415
18 35.0 1310
Discussion

Characteristics of Evaporated Nickel Films.—
Studies of evaporated films have previously empha-
sized a general linear relation between the weight
of metal and properties such as surface area and
catalytic activity. For the present system we have
shown that this is true only when films are prepared
under strictly comparable evaporation conditions
(Table 11). When the surface area is determined
by the volume of hydrogen chemisorbed it will
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contain two terms: a volume which is irreversibly
adsorbed, dependent on the method of film prepara-
tion and a volume which is reversibly adsorbed and
which is active in catalysis. The two stages may
not be completely independent. The films must
also be annealed very thoroughly to produce an
equilibrium stare. The necessity for thorough an-
nealing also has been observed by Suhrmann and
Schultzé and Hoffmann, Anders and Crittenden.eb
The former workers evaporated nickel films on to
glass surface at —183° and annealed the films for
one hour at 110°, until the resistance decreased to
a stable value. Hoffmann, et al., measured the
strain present in nickel films which had been
evaporated on a mica backing at 70°. The films
were annealed for half-hour periods at tempera-
tures up to 300° and measurements were made of
the decrease of strain in the metal. Complete an-
nealing was not obtained until at least 200°. A
decrease in resistance was observed during the
process.

The actual changes occurring during annealing
are not completely known. Hoffmann, et al., sug-
gest that the freshly evaporated film contains aggre-
gates of lattice vacancies which collapse to form
dislocation rings.7 Because of the extreme condi-
tions necessary to anneal evaporated films, it seems
certain that many previous workers must have
studied non-equilibrium surfaces. No data are
available concerning the effect of this on adsorption
and catalytic properties. The point requires in-
vestigation as a possible variable in the comparison
of results of different workers.

Hydrogen Adsorption.—The adsorption at a
very low pressure, up to the “saturation” point,
is a distinct process from the subsequent, reversible
uptake of hydrogen. The reversal of the resistance
change at this point is well marked (Fig. 1). It
should be noted that although Suhrmann and
Schultz8 observed the initial decrease of film re-
sistance, on hydrogen adsorption, they did not re-
cord any subsequent increase. It is not clear if
their films were subjected to gas pressures much in
excess of 10~3mm., although the sorption of hydro-
gen at 0° is reported. One point of difference is
that their work was carried out on transparent
films of approximately 75 atoms thickness, com-
pared with at least 1000 atoms in the present work.

The extent of the initial uptake of hydrogen on
nickel appears to depend critically on the conditions
of evaporation and therefore, probably on the de-
fects in the metal (Table 1). Such points in the
lattice give rise to electron traps and, if filled by
electron transfer from chemisorbed hydrogen, an
increase in electrical conduction would occur.

The mechanism, by which the subsequent in-
crease occurs, is not readily defined. There is evi-
dence that, in the adsorption of hydrogen on a
transition metal, the electron occupies a level in the
d-band of the metal.8 The relative atomic percent-
age of hydrogen, adsorbed by the metal, is small
and would not be expected to produce any appreci-

(6) (a) R. Suhrmann and .K, Schultz, Z. physik. Chem., 1, 69 (1954);
(b) R. W. Hoffmann, F. J. Anders and E. C. Crittenden, Jr., J. Appl.
Phys., 24, 231 (1953).

(7) F. Seitz, Advances in Physics, 1, 43 (1952).

(8) A. Couper and D. D. Eley, Disc. Faraday Soc., 8, 172 (1950).
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able change in the number of available d-band lev-
els. In the addition of a univalent metal to a
transition metal, the electrical resistance increases
with the addition of the solute, the change being
associated with the increasing disorder of the alloy.
While the adsorption of hydrogen by nickel also
caused an increase in resistance, it is unlikely that
any solid solution is involved, because of the rapid
nature of ad- and desorption of the gas. It ap-
pears that the resistance changes we have measured
are associated with the surface, rather than the
bulk, of the metal.

A possible explanation of the resistance increase is
that the contact resistance, between the metal
crystallites, is varied by gas adsorption at such con-
tacts. The results of Table Tshow thae a given gas
pressure produces the same percentage change of
resistance for a wide range of film thickness. There-
fore, if crystallite-crystallite contacts are the factor
involved in resistance variation, we must make the
unreasonable assumption that the formation of
these contacts is independent of the conditions of
evaporation and sintering of the film.

In measurements of the contact potential of a
nickel film, Mignolet9 observed the formation of
two adsorbed hydrogen layers. These caused con-
tact potential change of opposite sign and were as-
cribed to chemisorbed and van der Waals adsorbed
layers. They have similar characteristics to the
adsorbed layers we have described and are presum-
ably identical with these. It is evident that the
previous assumption of a single mechanism for hy-
drogen adsorption, from 0 to 0.1 mm. pressure,
must be re-examined. Further, the distinct re-
sistance changes indicate that the two types of
chemisorption occur on different kinds of sites
rather than one species having varying adsorption
potential.

Because of the relatively slow change of hydro-
gen adsorption at pressures above 100 mm. it is
extremely difficult to determine the area of nickel
which is covered by chemisorption. The change of
resistance is a method which possesses sufficient
sensitivity to measure uptake of gas :n the high
pressure region.

The Sorption of Hydrogen.—Beeckl has de-
scribed results which he interprets as showing the
solution of hydrogen in nickel. These results have
been discussed by Porter and Tompkins,10 who
conclude that they are explained on the basis of a
single process for hydrogen uptake, occurring only
on the surface. The resistance changes we have
described confirm the existence of a slow sorption
or solution, distinct from the reversible surface ad-
sorption. The mechanism for the decrease in re-
sistance caused by sorption cannot be determined
from the present results. It is probable that sorp-
tion of hydrogen reduces the energy available for
surface adsorption, since we have shown that the
dependence of the electrical resistance of the film, on
hydrogen pressure, is smaller after appreciable sorp-
tion of hydrogen by the film. The sorption of hy-
drogen on nickel apparently occurs by a process dif-

(9) J. C. P. Mignolet, ibid,, 8, 105 (1950).

(10) A. S. Porter and F. C. Tompkins, Proc. Roy. Soc. {London),
A217, 529, 544 (1953).
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21.92 21.94
Resistance (ohms).

Fig. 6,-y-Relation between electrical resistance and catalytic
activity of a film containing little sorbed hydrogen.

21.96

ferent from the solution of hydrogen in palladium.
For the latter system, the resistance is increased by
solution of hydrogen.8

The Parahydrogen Conversion.—The parallel of
changes of resistance and of the kinetics of con-
version, with hydrogen pressure (Figs. 6, 7) is
strong evidence that the same adsorbed hydrogen is
responsible for both effects. Thus, the conversion
proceeds through a readily desorbed layer, which is
still incomplete at quite high pressures. The ef-
fect of gas pressure on the rate of conversion is to
increase the concentration of hydrogen at the sur-
face.

The results clearly show that the conversion oc-
curs in a hydrogen layer which has a low heat of
desorption. Hydrogen wdiich is chemisorbed on the
bare nickel surface with a high heat of adsorption4

A Minimum-Principle for Non-equilibrium Steady States
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21.72 21.74

Resistance (ohms).

Fig. 7.—Relation between electrical resistance and cata-
lytic activity of a film after sorbing Ip~drogen at room tem-
perature.

21.70

apparently does not have any direct part in the con-
version. These facts are compatible with the Bon-
hoeffer-Farkas mechanism of parahydrogen con-
version,1loccurring on a considerable fraction of the
surface and not confined to a restricted number of
active sites.

The strong poisoning of the conversion by the
sorption of hydrogen is similar to that previously
described for palladium.8 It appears that the
poisoning mechanism is a simple reduction in the
extent of surface adsorption, therefore reducing
the concentration of reacting hydrogen.
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A MINIMUM-PRINCIPLE FOR NON-EQUILIBRIUM STEADY STATES. Il
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The minimum-principle previously suggested is applied to reactions of arbitrary order and to diffusion in an external field.
The connection between the function used in this principle and the dissipation function is discussed.

In a previous publicationlthe author introduced
a minimum-principle for chemical reactions which
can be considered a generalized formulation of Le
Chatelier’'s principle. In this paper we shall ex-
amine this principle more closely and use it on more
complicated physical situations.

It was shown previously that for one-dimensional
diffusion the entropy production in the diffusion
column between cross-sections at X\ and Xis2

* Universitetets Fysisk—Kemiske Institut, Copenhagen, Denmark.

(1) Thor A. Bak, This Journat, 59, 665 (1955).

(2) In the first paper two of these expressions were given incor-
rectly.

in which the meaning of the symbols is

R is the gas constant

T is the temperature

J is the flow per unit cross-section of the diffusing species
y is the chemical potential

D is the diffusion constant

c is the concentration

The entropy is measured in units of R, and the
conversion from the first to the second integral

K. F. Bonhoeffer and A. Farkas, Trans. Faraday S o c 28, 242
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can be performed, because
n = RTInc + const.

We seek a variational principle which will char-
acterize the time-independent state of this diffu-
sion. Let us first consider the principle originally
suggested by Prigogine: 0. The Euler
equation is

sc =

3 (S)-1 [*2(£)]-+

or

In order that this be the equation for time-inde-
pendent diffusion, vi:.

we must haves » /hx = 0, that is, the diffusion proc-
ess must have reached equilibrium.

For systems in which the time-independent state
is not an equilibrium state (or very close to equi-
librium) this variational principle cannot be used.
However, Prigogine3 showed that when the diffu-
sion constant depends only on concentration, the
variational principle

sf J2dx=0
J
will characterize the steady states.

It is easily verified that a similar principle also
holds when the diffusion constant depends on geo-
metrical coordinates only.1 Here we shall investi-
gate the case where it depends both onx and on c.
When we are interested in diffusion e r se, thisis the
most realistic point of view to take.

We have to construct a variational
whose Euler equation is

problem

The left-hand side of this equation is not a linear
differential operator operating on ¢, so that in gen-
eral we cannot do much about it.  If, however, we
canwriteo (c. x) @S o i(x) pJyc) We can introduce
a new variable by

U = fD 2c)dc

We now have to find a variational principle whose
Euler equation is

Accordingly, our variational principle reads

Since
I = - pi(x) bJc) §? = pic) N

this can also be written as

5f DrKx)J2dx = 0

To say that o (c.x) can be split into a product
pi(x) b 2(c) implies that the dependence of the
diffusion constant on concentration should be a

(©)]

I. Prigogine, Bull, classe des Sci. Acad.roy. Belg., 40, 471 (1954).
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common law for all substances in the diffusion col-
umn with only an adjustable factor Di(x).

This is certainly not generally true, but the re-
sult is nevertheless interesting because it indicates
that in the case of chemical reactions—which we
have previously compared to diffusion—we need
not limit ourselves to considering monomolecular
reactions.

It is interesting to note that the expression under
the integral sign above has the form of “resistance”
times flux squared, since Di~I(X)\ the reciprocal of
the geometrical factor in the diffusion constant, can
be considered as a resistance against diffusion.

This resistance is a function of x, only if 1) de-
pends on x. When D is constant or depends on ¢
only, the resistance is a constant, and therefore it
can be taken out of the integral in the variational
principle.

Now we want to find a discrete analog to the con-
tinuous resistance H-1(@) as we did in the previous
communication. We consider a system of chemical
reactions between n species for which species i
can only be converted directly into species i + 1
(System 11 in the previous communication). We
find the resistancesr i as the coefficients in the form

2Ridi1
which makes it a minimum for stationary flux, that
is, for
3 (@l
In a simple system of first-order reactions the
expressions for the fluxes are
31— wi,i+1 C, — tCi+li g4+

Ji =

Using this in the above written sum of squares and
equating the derivatives with respect to ¢, to zero
we get
R _ VMW Witti 1
\RAZ3-—-

except for an arbitrary positive factor. The &
obtained in this way is to be compared to Z)-1 in
the variational principle. Also we can see directly
that it has the nature of a resistance. If we namely
consider a system of discontinuous heat conduction
using Newton’s law of cooling we see the striking
analogy to the above mentioned system of chemical
reactions. And in the latter system the quantity
that corresponds to & i is the inverse of the i'th heat
conductivity.4

We shall now consider a system of chemical reac-
tions with arbitrary reaction orders. For the flux
we may write

Ji = U)iiH CidH — M1 ci+iQi+1.

in which ;i is the flux from species i to species i +
1, the Wij's are transition probabilities (or rate
constants), d concentration and 4-; the power to
which the concentration is raised in the Kkinetic
equation. We now investigate whether all values
of gu are permissible by forming a function

i
and requiring that this function be a minimum for
the steady state, i.e., for;i = Ji+l (all i). The

(4) B. O. Koopman, J. Operations Res. Soc. Amer., 1, 3 (1952).
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derivatives of the function are

£ ul/i2= 2wi,i+lgi,i+iCi5i..+i-1}'i/i -
1

2ixi, j_igj,i_ -1ri_iJV1
When we equate this to zero for ./; = J;_! we get
the following recursion formula for n
. wi.i_1gi,i_i -
ri = -——=-——=au+Vi-i
Wii+ 1#i.i+1

which for qgij~i = g;i+i determines % to be equal
to the above-mentioned R, except for a constant
factor. This shows that the power of ¢ need only
be the same for the forward and reverse reaction
for each species separately.

From the point of view of chemical kinetics it is,
however, not too important to consider the cases for
which g ~ 1. Systems which reach steady or sta-
tionary states are mostly systems in which for each
separate reaction all but two compounds are pres-
ent in large, virtually constant, concentrations. A
typical example of this is the mechanism proposed
for nucleation

Mi + Mi M2
M2A Mi ~ N Mz
Mz A Mi ~ ~ Maetc.

(Mi is a cluster of i molecules.) Here Mi is neces-
sarily constant, if we want a stationary state, and
thus all the bimolecular steps appear as first-order
reactions.

We could now generalize these results even fur-
ther, for instance, to a set of reactions where transi-
tions between any pair of the N species is possible.
Since we have

1 v
A RR_A* MHi
1—1<j

we have near equilibrium, as shown in reference 1

£ i
>=k >
By the same reasoning as before we decide that in
the form X) we shall take Ri, = Ck+/cj+ivn, in

I<
which G« ijs some equilibrium concentration which
we choose as reference state. It is, of course, a
weakness that we have to choose one, but since the
reactions in this case do not order the set of states,
this is the only possible procedure if we do not

want to take Xm + as olu’ reference. We shall not

1
pursue generalizations of this kind further, since
the results seem to be of little use.

Diffusion in an External Field—Another pos-
sible generalization of the minimum-principle is to
cases of diffusion in an external field. For this
we have the equation6

in which F(x) is the potential energy divided by RT
of one mole of the diffusing species at the point x.
We seek a variational principle of the form Sj'RJ2
dx = 0 for the time-independent state of this proc-

(5) See, for instance, M, Mason and W. Weaver, Phys. Rev., 23, 412
(1924).
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ess. It is easily seen that the differential operator
on the right-hand side of this diffusion equation is
not self-adjoint. We can, however, make it self-
adjoint by multiplying it by eF.

It is probably more interesting, though, to resort
to a physical argument. We consider diffusion as a
random walk between potential minima spaced A
apart in a diffusion column of unit cross section. We
have

li,i+i = u>ii+i Xci — Wi+Ui Xci+l

and assuming that for vanishing field

Wi, iKL = Wi+ii = Wi
we have for small A with the field F(x)
Wi+l
Wi+1

Consequently

or in the continuous case

J(x,t) = -Dix) -y - Dix) ~ c(x,t)

The resistance in the field free, discrete case is
7. X ovhi-i 1 1
1 X \wi~i \Wi,iH — XAdi+i
Since what we want in the continuous case is the

resistance per unit length, we take as the resistance
in the continuous caseb

Rix) = lim -r-4— =
X-»0 X210;,i+i

D{x)~I

When we repeat this procedure in the case of a field
F(x) we no longer have cancellations of all transi-
tion probabilities except one. We now have

RiX) =i PP
)kJ-_}‘Bc)C" T+ A51Wj.j+i

The logarithm of R(x) can be evaluated as an
integral and we get simply R{x) = D~1x)eHX), so
that the minimum-principle reads

S f XeFD~12dx = 0
3 Xl

It can also be written

In this way we can stress the similarity between
this generalized principle and SfD (dc/dcr)2dx =
0 valid for diffusion without external field. The
only change is that we now measure concentra-
tion in units equal to the equilibrium concentration
at that point, i.e., our unit of concentration is a
function of x. Since we want J to be independent
of this change in order to describe steady states in a
simple way, Fick’s first law requires that the pro-
portionality factor between J and dc/dx be De~F
rather than D.

Comparison with the Dissipation Function.—
The function which occurs in the minimum-

(6) See, for instance, S. Gladstone, K. J. Laidler and H. Eyring, “ The
Theory of Rate Processes,” McGraw-Hill Book Co., New York, N. Y.,
1491, p. 519.
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principle has the same form as the so-called dissipa-
tion function pwhich was introduced in irreversible
thermodynamics by Onsager.7

It is important to realize that this resemblance is
purely formal and that the function we use should
rather be considered a generalization of the entropy
production. This is seen when we consider the na-
ture of the dissipation function. The rational way
of defining the dissipation function is as a function
which, when differentiated with respect to the i'th
flux gives the i'th force, viz.

wi - %
From this we get near equilibrium where linear
laws prevail

£~ N RIidiJk

where Rk is the resistance matrix as used by
Onsager.7 Far from equilibrium in the absence
of linear laws there will in general not exist such
a function, and when it exists it will not have
the simple form shown above. To show this we re-
call that the dissipation function for chemical reac-
tions is introduced as
d&= E Vid-A=£ dJi
1 1

We want to show that in general 4~does not exist,
i.e.,, that d$>is not integrable. We must therefore
study a system with three or more independent
variables. We will choose the triangular reaction
originally considered by Onsager. The fluxes are

JI —Wi2C; — wz2IC2
and analogously for J2and J>.
The driving forces are X\ = in/RT, for example

Vi ==

wWa
= RrT 7 9 \wpe

taking the standard states to be those of equilib-
rium. We can now express 2X; d./i in terms of
G, c2 ¢3 and the rate constants. We get
Y, XidJi = ~Cidci
i i
in which
5 w1 Wa1G
G Vu IOQM_Q"___Wn ldg Wed

Analogous expressions hold for C2 and C3 To
show that this is not integrable we form

(7) L. Onsager, Phys. Rev., 37, 405 (1931); 38, 2265 (1931).
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dCi+A
OOH)
since B = 0 is the necessary and sufficient condi-

tion for integrability.
Performing the differentiation one gets

2L WiHLIH2\
G+ ci+2 1

B =

B =

We see that, except when we have detailed bal-
ance, B ¢ 0. When we have detailed balancing,
the parenthesis vanishes, but since detailed balanc-
ing only occurs at equilibrium,8we have shown that
in general £does not exist outside equilibrium.

Although we have shown that #£does not exist in
general, there may still be a number of reactions
for which it does exist. The problem of classifica-
tion of these reactions has recently been discussed
by Prigogine and Balescu.9

Conclusion

The minimum-principle discussed in this and the
previous paper does not give information which we
do not have in advance. Its value is that it fur-
nishes a general formulation of Le Chatelier's prin-
ciple, i.e., it gives a stability criterion for time-inde-
pendent states. This is due to the fact that it is
not a true variational principle in the same sense as
Onsager’'s variational principle or Hamilton's
principle, for which the varied states have no physi-
cal reality. The principle we have been discussing
is, on the contrary, concerned with how deviations
from the minimum value of 2 RJ2which occur in
actual systems get smaller during the natural mo-
tion of the system and vanish for t “m <» It is
therefore a statement about the stability of the
system in a certain state rather than about its dy-
namics. For the same reason it is relatively insensi-
tive to the transition from equilibrium to any time-
independent state, whereas Onsager’s variational
principle ceases to be applicable for non-equilib-
rium states, because the dissipation function does
not exist outside near-equilibrium states.
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INFRARED SPECTRAL PROPERTIES OF

HYDROGEN BONDING SYSTEMS: FREQUENCY SHIFT, HALF WIDTH AND
INTENSITY1

By Charles M. Huggins and George C. Pimentel

Department of Chemistry and Chemical Engineering, University of California, Berkeley, California
Received June 20, 1956

Three spectral properties, frequency shift Av, band width vy, and integrated intensity B, have been measured for a variety

of hydrogen bonding systems X-H emeY in solution.
wide variety of systems: »y, = 0.72 Av + 2.5 cm.-1.

A linear relation is found between Av and v'/, which is applicable to a
A simple monotonic relation is also found between Av and B.

The

intensity is discussed with reference to the intensities of X-H bending modes; polarization in the base molecule is suggested.

The infrared spectral region near 3/z reveals
three types of perturbation when a compound
R-X-H forms a hydrogen bond R-X-H eenY.
The absorption band attributed to the X-H stretch-
ing mode usually displays a frequency shift Av, the
band has an enhanced band width j>y, (width at
half intensity), and the integrated absorption B
of the band increases. Although these perturba-
tions have been known for almost two decades,
relatively little is known about the systematics
among these spectral changes. Some of the corre-
lations which have been established relate Av
with H-bond energy,2 Av with X -Y distance in
solids,3 Av with chemical reactivities,4and B with
AH of solution of CDC13 in a variety of bases.®
A few quantitative intensity measurements have
been made.6-7 Barrow7studied the OH stretching
modes of a series of alcohols and phenol in the
solvents diethyl ether and triethylamine and he
concluded “the intensity is greater, the more acidic
is the alcohol and the more basic is the bonding
agent.” Tsubomura8 studied this vibration for
phenol in a variety of solvents and found a correla-
tion between Av and B.

In these laboratories we have independently
examined the systematics of the spectral changes
accompanying hydrogen bonding. Although some
of the systems we have selected duplicate some of
those of Barrow7and of Tsubomura,8the variety of
systems studied is broader and a more general
picture of the hydrogen bond perturbation is
obtained than is provided by the data of either
Barrow or Tsubomura.

Experimental

All spectra were obtained using a Perkin-Elmer Model 21
Spectrophotometer with CaF2and/or NaCl optics. Unless
specifically indicated, a CaF2prism was used, with a spectral
slit width of 9 cm.-1 at 3200 cm.-1. The cell temperature

(1) Submitted in partial fulfillment of the requirements for the de-
gree of Ph.D., by Charles M. Huggins, University of California, Sep-
tember, 1955.

(2) R. M. Badger and S. H. Bauer, J. Chem. Phys., 5, 839 (1937);
R. M. Badger, ibid., 8, 288 (1940).

(3) R. E. Rundle and M. Parasol, ibid., 20, 1487 (1952); R. C.
Lord and R. E. Merrifield, ibid., 21, 166 (1953); G. C. Pimentel and
C. li. Sederholm, ibid., 24, 639 (1956); K. Nakamoto, M. Margoshes
and R. E. Rundle, 3. Am. Chem. Soc., 77, 6480 (1955).

(4) L. L. Ingraham, J. Corse, G. F. Bailey and F. Stitt, ibid., 74,
2297 (1952).

(5) C. M. Huggins and G. C. Pimentel, J. Chem. Phys., 23, 896
(1955).

(6) (a) S. A. Francis, ibid., 19, 505 (1951); (b) R. C. Lord, B. Nolin
and H. D. Stidham, J. Am. Chem. Soc., 77, 1364 (1955).

(7) G. M. Barrow, This Journal, 59, 1129 (1955).

(8) H. Tsubomura, J. Chem. Phys., 23, 2130 (1955); 24, 927 (1956).

was found to be 32 + 2°, The frequency calibration was
checked against the known spectra of CO, HBr, CO02
NH3 and/or HD. The zero and total transmissions were
checked frequently to preclude instrument drift. Ascarite
and silica gel placed in the spectrophotometer housing
reduced atmospheric background absorptions. Sealed
liquid cells of 0.019 and 0.095 cm. thickness were calibrated
from their optical interference patterns. No evaporation
of volatile solvents from these cells was noticed in periods
as long as four hours.

All solutions of liquid solutes were prepared by delivering
a volume of solute from a Misco micropipet into a suitable
volumetric flask containing solvent. Concentration ranges
were selected for optimum measurements of intensity in one
of the two liquid cells.

The band intensities were determined by integration on a
logarithmic scale over a frequency range of about three times
the half-width. No correction for “wing” absorption was
made and no attempt was made to extrapolate the apparent
extinction coefficients to infinite dilution.

Standard “ Reagent” or “C.p.” grade chemicals were
used. The infrared spectrum of each solvent was examined
for spurious absorptions with particular attention to the
spectral regions characteristic of O-H and C =0 functional
groups. For a few substances, special purification tech-
niques were used.

Benzene.—Merck C.p. benzene was redistilled from
anhydrous CaCl2in a thirty-plate, bubblecap column and a
center fraction boiling at 81.1 +0.1° was chosen.

Carbon Tetrachloride.—J. T. Raker Analyzed carbon
tetrachloride was redistilled from P2 5in a single-stage still.

Phenol.—B and A Reagent-Grade phenol was heated at
100° overnight and stored over P20s.

Triethylamine.— Eastman Kodak White Label triethyl-
amine was redistilled from KOH in the same multiplate
column and a center fraction boiling at 89.5 + 0.1° was
chosen.

Chloroform.—Merck Reagent-Grade chloroform was
purified by the procedure given by Fieser9and in the final
distillation a center fraction boiling at 61.4 + 0.1° was
taken.

Results

In discussing H-bonded systems X-H emeY, two
classes are considered. In the first, the H-bonded
complexes, Y is a base molecule which is different
from the proton donor, X-H. In the second class,
the H-bonded polymers, the base molecule Y is
identical to the proton donor X-H. The systems
of the second class provide data which are more dif-
ficult to interpret. Some of these form only di-
mers (e.g., carboxylic acids and lactams) for which
there may be angular constraints on the H-bond.
Some of them form higher polymers, making it dif-
ficult to ascertain the species being studied and its
concentration. Since the H-bonded complexes are
more easily understood, they are considered first.

H-Bonded Complexes.—The X-H stretching
frequencies and intensities of the compounds

(9) L. F. Fieser, “ Experiments in Organic Chemistry,” D. C. Heath
and Co., Boston, Mass., 1941, pp. 265-266.
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phenol, methanol and pyrrole were determined in
some or all of the solvents carbon tetrachloride,
benzene, diethyl ether and triethylamine. In
every case, the concentration of the proton donor
was sufficiently low that no significant amount
of dimerization would occur. (This was indicated
by the absence of absorption at the lower frequen-
cies characteristic of the absorption of polymers.)
The results are shown in Table I. The intensities
are reported in terms of the “ apparent absorption
coefficients,” E, since no attempt was made to cor-
rect for finite resolving power, to extrapolate to in-
finite dilution, or to estimate the fraction of solute
not in H-bonded form.

B=A flgpTyTd

C — total concn., moles/l., of proton donor
L = cell length, cm.

T/T° = fraction of light transmitted

Y = frequency, cm.-1

Frequencies are accurate to about +7 cm.-1 and
frequency differences to about 10 cm.“1 Fre-
guency shifts are listed as Av = o — v') Where vo
and V' are the frequencies of maximum absorption
in a dilute solution in carbon tetrachloride and in
the solvent listed, respectively. Of course av is of
particular interest in view of the known correlations
with important properties of H-bonded systems.2-4

Tabte |

Spectral Properties of the H-Bonded Complexes

Acid B
concn. X 10-3
Solvent mole/ \% Av *y* (1 mole-1
Acid base 1) (cm.-1) (cm.-1) (cm.-1) cm.~2
Pyrrole ccu 0.04 3495 22 =b 5 6.6
Pyrrole Benzene 1 3463 32 37 £+ 5 11
Pyrrole Ether0 1 3354 141 81 + 8 37
Pyrrole t-e-amine& 11 3200 295 225 + 20 67
Methanol ecu .04 3640 33+ 6 4.8
Methanol Benzene .04 3583 57 46 + 15 15
Methanol Ether0 .2 3507 133 88 + 7 39
Methanol t-e-amine& 2 3246 394 275 £ 20 74
Phenol ecu .04 3614 25 + 4 7.6
Phenol Benzene .02 3558 56. 40 + 5 16
Phenol Ether* .02 3344 210 143 =b 6 60

aEther = diethyl ether. bt-e-amine = triethylamine.

Table Il shows the qualitative correlation of each
of the properties Av, vi/, and B with base strength
(assumed to increase in the order carbon tetrachlo-
ride, benzene, diethyl ether, triethylamine) and acid
strength (assumed to increase in the order pyrrole,
methanol, phenol). The earlier measurements for
deuterochloroform5@ are included although all of
the spectral properties are influenced by the iso-
topic change.

(10) At infinite dilution the ratio of X-H present in H-bonded form
to free X —H approaches the association equilibrium constant (in mole
fraction units).11 For large K, then, only a small error in B results
from use of the total concentration. For some of the systems studied
here, the constants may not be large compared to unity. To indi-
cate the approximate magnitudes, we observe the following association
constants (converted to mole fraction units): chloroform-triethyl-
amine,11-2 K — 3.0, X = 3.7; ethanol-triethylamine,2 K = 30;
phenol dimerization,13 X = 14.5. For the present purposes we note
that the true B will be higher than the calculated B by a factor (K -
:IIK) and the error is likely to be significant compared to experimental
uncertainties only for the systems involving the weaker H-bonds.

(11) C. M. Huggins, G. C. Pimentel and J. N. Shoolery, J. Chem.
Phys., 23, 1244 (1955).

(12) G. M. Barrow and E. A. Yerger, J. Am. Chem. Soc., 76, 5247
(1954).

(13) N. L. Coggeshall and E. L. Saier, ibid., 73, 5414 (1951).

Charles M. Huggins and George C. Pimentel

Vol. 60

Tabire Il
Correlations of Av, vi/, and B with Base and Acid

Strength
Av = i'(CCLi) — »/(base); B in liters moles 1cm.-2

Di- Tri-
Ben- ethyl ethyl-
Base CCl, zene ether amine
Acid
CDClIs Av (OF 54 106 843
Pyrrole (o) 32 141 295
Methanol (o) 57 133 394
Phenol (0) 56 21C
CDClI: v'h 12 11 16 42
Pyrrole 22 37 81 225
Methanol 33 46 88 275
Phenol 25 40 143
CDCh B X 0.12 0.71 0.58 4.1
10“3
Pyrrole 2.9 11 37 67
Methanol 1.9 15 39 74
Phenol 3.2 16 60

For each of the proton donors studied there is a
systematic increase in Av, Vvi/, and AB as base
strength increases. On the other hand there are
deviations from a simple progression for Av, W/,
and AB as acid strength increases. This is in con-
trast to the conclusion of Barrow,7 who compared
only methanol and phenol in diethyl ether. Fur-
thermore, Tsubomura’s observation8 cf increasing
intensity with increasing acidity for proton donors
in an inert solvent is contradicted by the pyrrole-
methanol comparison (although it is not clear that
N-H and O-H intensities should be comparable).

In view of the absence of systematic dependence
of any of these spectral changes with acid strength,
we have sought correlations among the changes
themselves. Figure 1 shows a plot of Av vs. W,
and Fig. 2 shows a plot of Avvs. AB. The quan-
tity AB, the intensity in the solvent base minus
the intensity in CC14 seems to be a useful quan-
tity to compare to Av (rather than B itself). The
plot of Fig. 2 is in qualitative agreement with
the correlation found by Tsubomura between v and
B for the single acid phenol. The results presented
here, however, are striking in that the correlation
exists among a wide variety of systems. All of the
spectral properties are consistent despite the failure
of the spectral properties to reflect the same rela-
tive acid strengths in different solvent bases. Thus
methanol and phenol show about the same values of
Av, of viZ, and of AB in benzene and quite different
values in diethyl ether. Pyrrole and methanol
show similar spectral changes in ether and very
different changes in either benzene or triethylamine.
It would seem a reasonable conclusion that the
spectral changes give a more direct and more reli-
able indication of the acid-base interaction than can
be predicted from presumed acid strengths.

The data of Barrow and of Tsubomura are com-
pared to the behaviors observed here in Figs. 3 and
4, Exact agreement is not expected for several
reasons: H-bonding systems are notoriously sensi-
tive to temperature change, the integrations of
Barrow may extend over a different range of fre-
qguency; the assumption of Lorentzian band shape
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Tabte 111

Spectral Properties of the H-Bonded Polymers

Concn.
Compound .Polymer (moles/1.)

Acetic acid” Monomer 0.005
Acetic acid” Dimer .028
y-Butyrolactam Monomer .004
my-Butjn'olaetam Dimer .40
Phenol Dimer .08
Methanol Dimer6 .10
Methanol Polymer .16
N-Ethylacetamide” Monomer .02
N-Ethylacetamide” Dimer .04
N-Ethylacetamide* Polymer .16

“ Studied using NaCl optics. 6CHCIs solvent.

by Tsubomura is of doubtful validity; Tsubomura's
use of base concentrations which require correction
for free phenol introduces uncertainties in some of
his points; internal consistency is more likely to
exist within each of the three sets of data because
of possible systematic errors (as introduced by cell
length measurement, temperature differences, sol-
vent impurities, etc.).

H-Bonded Polymers.—The data for the H-
bonded polymers are listed in Table 111 and shown
in Figs. 1 and 2. Frequencies in this table are
accurate to about *11 cm.'l and Av to x15
cm.-1 except for acetic acid dimer for which v and
Av are uncertain by 25 and 30 cm.-1, respectively.
Acetic acid and y-butyrolactam are known to form
only dimeric units.45 Consequently, relatively
reliable values for the spectral parameters of these
compounds can be obtained. The data for these
two substances are in reasonable concurrence with
the correlations of the complexes as seen in Figs. 1
and 2. (Notice that all intensities are given per
X-H group in this paper.)

Three substances were examined which form H-
bonded polymers, phenol (in CC14, methanol (in
chloroform) and N-ethylacetamide (in CCh).
Each compound was studied at a concentration suf-
ficiently low that no frequency change of the poly-
meric absorption occurred on further dilution. This
absorption was considered to be associated with
dimeric species. For phenol the equilibrium con-
stants derived by Coggeshall and Saieri3were used
to calculate the fraction of the total phenol concen-
tration present as dimer. For methanol and N-
ethylacetamide the dimer concentration was calcu-
lated by subtraction of the monomer concentration
appropriate to the integrated absorption area at
the monomer frequency. This involves the as-
sumption that the dimer does not also absorb at
the monomeric frequency (i.e., it is not an open
dimer with one unbonded N-H group absorbing at
the monomeric frequency). This assumption is in-
herent in the dimerization constants of Coggeshall
and Saier also. If some or all of the dimers are
open dimers, the actual concentration of dimers is
in error but the number of H-bonded X-H groups
is still approximately correct (exactly correct if the
absorption coefficients of monomer and open dimer
are equal).

(14) R. E. Lundin, F. E. Harris and L. K. Nash, ibid., 74, 4654
(1952).

(15) W. Klemperer, M. W. Cronyn, A. Il. Maki and G. C. Pimen-
tel. ibid., 76, 5846 (1954).

v Av R X 10"5
(cm.-1) (cm.-1) (cm.-1) (L mole-1cm.~2
3529 2
3020 509 380 + 40 74
3453 2.9
3221 232 150 £+ 20 41
3484 130 170 £ 30 30-40
3470 170 130 £+ 10 30-60
3355 285 210 + 10 24
3471 2.3
3372 100 92 + 15 28
3322 149 120 + 15 44
viZi (cm. J).
Fig. 1.—Frequency shift vs. half width for hydrogen bonded
systems.

Fig. 2.—Frequency shift vs. intensity change for H-bonded
systems; coded as on Fig. 1.
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0 200 400
vm (cm.-1).
Fig. 3.—Frequency shift vs. half width; previously published
data.

Fig. 4. —Frequency shift vs. intensity change;
published data;

previously
coded as on Fig. 3 except as indicated.

Estimates were made of Av, in/, and B for poly-
meric species of methanol (in CC14 and N-ethyl-
acetamide (in CC14. For methanol, the half-width
was taken as twice the half-width on the low fre-
guency side since overlap of dimer obscured the
band shape on the high frequency side. Although
it is not clear what species are represented, these
data suggest that as the polymeric units increase in
size, the increase in Ay is accompanied by an in-
crease in vi/,.

Discussion

The correlation between Ay and W/, is surpris-
ingly close to a linear relation. Using the data in
Tables | and 11, one obtains a least squares relation

y'/i = 0.72Ay + 25 cm.-1

Charles M. Huggins and George C. Pimentel
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with a mean square deviation of 12 cm.-1. (The
datum for phenol dimer was omitted in the least
squares calculation because it shows a deviation of
six times the mean square deviation of all other
data.) This simple relationship provides a critical
test on any theory of the width of the H-bonded
X-H stretching motion of species in solution. Per-
haps the most interesting aspect of this correlation
is its applicability to a wide variety of H-bonded
species and its inapplicability to the intramolecular
Il-bonded compounds studied by Tsubomura, sali-
cylaldehyde and methyl salicylate. It is suggested
that a variety of molecular orientations (associated
with bent H-bond configurations) is responsible for
the band width. The intramolecular H-bond is re-
stricted more and displays much narrower bands
than an H-bond in an intermolecular complex. The
existing theories of band width of H-bonded com-
pounds will be discussed in a later paper describing
other relevant data.

The intensities of the H-bonded complexes indi-
cate again a relatively simple relationship between
the enhancement of intensity and the frequency
shift for a wide variety of systems. The H-bonded
polymers seem in reasonable agreement in view of
the greater uncertainty associated with chose data.
Nevertheless there seems to be no question that
methanol polymer deviates very much from the be-
havior of the other systems. This is similar to
Tsubomaru’s observation that intramolecular H-
bonded molecules deviate from the behavior of in-
termolecular H-bonded phenols. It is possible
that non-linear H-bonds are indicated in those spe-
cies which display abnormally low intensity in-
crease on H-bonding.

The high intensities of H-bonded stretching
modes have long been discussed in terms of “in-
creased ionic character” of the X-H bond. This
proposal is placed in explicit form by Barrow7 and
he attempts to evaluate the ratio of the coefficients
of ionic and covalent components of the X-H bond.
Tsubomaru8 proposes that the intensity is associ-
ated with contribution of charge-transfer forms (of
the form X - eeeH-Y+). In the discussions of
these models, apparently little notice has been given
to the intensities of the O-H bending modes. In
the simplest interpretation, the intensity of a
bending mode is proportional to the bond dipole of
the moving group. This dictates an intensification
of bending modes roughly proportionate to the in-
tensification of the stretching mode if the X-H
bond has enhanced ionic character. On the other
hand, the charge-transfer model seems to predict
that such intensification will not be observed since
it attributes no unusual charge properties to the
proton itself. Thus it seems that these bending
modes offer a significant test of these models. No
doubt they have been largely ignored because of the
absence of definitive identification. Thus Stuart
and Sutherland conclude after a thorough study
of the spectra of a large number of alcohols that
“ . .. the effects of hydrogen bonding on the de-
formation motions of the O-H group are quite com-
plex and . . . steric effects, rotational isomerization,

5%18566)\/. Start and G B. B M Sutherlad, 5. chem. phys., 24
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and interaction with C-H deformation frequencies
may all be involved . . .”

Nevertheless we feel that it is possible to conclude
that the infrared spectra of H-bonded substances
do not display spectacular changes in the spectral
region 700-1500 cm .'1 comparable to the changes
found for the stretching modes. Quantitative in-
tensity measurements of the bending mode of CDCI3
in CCl4and in H-bonding solvents5have shown the
absence of an intensity change. Measurements on
the spectrum of H-bonded water show that the
bending mode probably decreases in intensity upon
hydrogen bonding.7 These data permit a tenta-
tive generalization that the bending modes are not
intensified on H-bond formation. Consequently,
we suggest that polarization of the electrons in the
base accounts for a significant part of the en-
hanced dg/dr of the H-bonded stretching mode.
Such polarization tends to decrease the intensity of
this bending mode. As far as the “ ionic character”
and “ charge-transfer” models are concerned, the
latter is favored.

Conclusion
The empirical correlations among the spectral
properties Av, n/2and AB are remarkable in their
apparent applicability to a variety of acid-base
systems which have in common only the H-bond
interaction. Consequently, it is reasonable to use
these correlations as a basis for construction of

(17) M. Van Thiel and G. C. Pimentel, to be published.
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theoretical models for the H-bond. In particular,
the linear relation between Av and n/2 provides a
critical cornerstone for understanding the unusual
band width behavior.

In an empirical way, the correlations described
here potentially offer a norm of behavior for H-
bonded systems. For example, the correlation be-
tween Av and AB substantiates the interpretation of
the spectral behavior of chloroform in basic sol-
vents in terms of H-bonaing. When large discrep-
ancy from this norm is observed (as for salicylalde-
hyde and methyl salicylate) it will be profitable to
examine the possibility of an unusual bond, as ex-
emplified by a non-linear H-bond. Conversely, the
intensity behaviors described here are of crucial im-
portance in the interpretation of infrared dichroic
studies of H-bonded substances (even though the
applicability to solid state systems has not yet
been tested). Ol the one hand, the interpretation
of the dichroism of stretching modes in terms of
bond orientations is simplified for linear H-bonds
because the enhanced intensity is caused by a dipole
change along the bond. For a bent H-bond, how-
ever, the enhanced dipole change may well be par-
arallel to the H =me<Y bond and not directly indica-
tive of the X-H orientation. Since the dichroic
data are of greatest interest when the linearity of
the H-bond has not been established, the problem
is a real one, indeed. Correlations of the type pre-
sented here may aid by giving a criterion of H-
bond linearity.

THE INFLUENCE OF AN EXTERNAL ELECTRIC FIELD ON THE OPTICAL
ACTIVITY OF FLUIDS].

By Ignacio Tixoco, Jr.,2and William G. Hammerle

Sterling Chemistry Laboratory, Yale University, New Haven, Connecticut
Received June 25, 1956

In the presence of an external electric field, the optical activity of a fluid differs from its value when the field is absent.

The change in activity is due to the partial orientation of the constituent molecules by the field.
The activity of the fluid is obtained by averaging this tensor

molecule can be represented by a pseudo second-rank tensor.

The optical activity of a

over all molecular orientations, which are weighted according to the angular orientation function produced by the electric

field.
provide new structural information.

The optical activity of a fluid is determined by
the optical activity of the constituent molecules,
and by their orientations relative to the incident
light. If no external field is acting on the fluid, all
possible molecular orientations are equally prob-
able, and the material is optically isotropic. The
optical activity of an isotropic fluid has been inves-
tigated by Rosenfeld,3a Kirkwood3 and Condon.&
The activity is related to the transition probabilities
of the electric and magnetic moments of the mole-
cules.

(1) Contribution No. 1378 from the Sterling Chemistry Laboratory,
Yale University. This paper was presented at the 129th National ACS
Meeting (April, 1956).

(2) Public Health Service Post-Doctoral Fellow of the National
Cancer Institute. Present address: Chemistry Department Uni-
versity of California, Berkeley, California.

(3) (a) L. Rosenfeld, Z. Physik, 52, 161 (1928); (b) J. G. Kirkwood,
J. Chem. Phys., 5, 479 (1937); (c) E. U. Condon, Rev. Mod. Phys., 9,
432 (1937).

This effect, which should be particularly apparent for macromolecules such as viruses, nucleic acids and proteins, can

If a static electric field is applied to the fluid, the
molecular orientations are no longer random; cer-
tain configurations become more probable than
others. As a result, the fluid acquires the optical
properties of a uniaxial crystal with the optic axis
parallel to the field.4 One would expect the optical
activity under these conditions to depend upon the
direction of propagation of the incident light and
upon its plane of polarization. This effect can be
used to determine the optical activity along various
directions in the molecule, and thus can provide
new structural information.

In .this paper, the change in the optical activity
caused by an external field will be related to the
properties of the constituent molecules. We shall
consider the activity when the electric field is inde-

(4) F. A. Jenkins and H. E. White, “ Fundamentals of Physical
Optics,” McGraw-Hill Book Co., Inc., New York, N. Y., 1960, p. 605.
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pendent of the time, and also when the field is ap-
plied as a rectangular pulse. The time dependence
of the optical activity upon application or removal
of the field depends upon the rotary diffusion
tensor of the molecules as well as their optical and
electrical characteristics. This effect is important
for solutions of macromolecules, because the dif-
fusion tensor can provide information as to the size
and shape of the molecules.

The notation of Kirkwood'’s treatment of optical
activity will be used.

Part |

A plain-polarized electromagnetic wave induces
a dipole moment in the ground state of a molecule
given by2

NG = 7 — (2iriIx)g]»F Q)
F is the internal electric vector of the electromag-
netic field; it has the form FOexp[2id(yt —R-a/
X)]. FOis a constant vector and i is the V —1
The other parameters in F are v, the frequency of
the wave; t, the time; R, the position vector rela-
tive to some fixed coordinate system; a, the unit
vector in the direction of the wave normal; and X
the wave length. The tensors a, r and g are given

[a +

by
2 POVONLNO
. (2)
a N, vno2 — 2
2 ANOMOIi3.#( r P)n0 s
n \mhv »,0% — p2 )
e Mo»a«(rp)n0
. o (4)
irirnh Zi' vnor — v2

The constants h, e and m are Planck’s constant and
the electronic charge and mass, respectively. The
quantity non is the matrix element of the electric
moment of the molecule, i.e., the transition dipole
moment where Yo and V¥hare the elec-
tronic wave functions of the molecule in states 0
and n. The vector u is equal to ]g]ers, where the

sum is over all the electrons in the molecule. The
tensor (rp),l0is equal to E (rsPs)no; rsis the position
3

of electron s relative to the molecular center of
gravity and ps is its momentum operator. The
parameter vrois the spectroscopic frequency associ-
ated with the transition from state 0 to state n.

The tensor a is the usual polarizability tensor;
Y is a tensor characterizing the dipole moment in-
duced by the magnetic vector of the electromag-
netic wave and need not be considered further. Theg
tensor contains the terms characterizing the optical
activity of the molecule.

Not all of g is necessary to describe the optical ac-
tivity. The activity does not have an ohmic or dis-
sipative character,6i.e., it does not contribute to the
electric energy density (V3D'E, where D is the
electric displacement vector and E is the electric
intensity vector. This implies that only the part of
g for which Feg-F = 0 describes the optical activity
of the molecule. If the g tensor is expanded in
terms of components along an arbitrary, orthogonal
set of unit vectors iff, iff, is' fixed in the molecule, we
find that

(5) A. Sommerfeld, "Optics.” Academic Press, Inc., New York,

N. Y., 1954, [0 158.
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®  irttn WV Gio2 —>) ag7|:1 PR
where
- (M) (VRO ®)
doc = fl*la, pec “ p*loC etc.

Only the part of ga,7 which is antisymmetric in the
outer (first and third) indices contributes to the
optical activity. The terms symmetric in the
outer indices need not be considered further. It
might be pointed out that Condon3 discards the
terms symmetric in the second and third indices.
Although this procedure gives the correct answer
for isotropic materials, it is not in general correct.

If Y'F and the symmetric part of g are omitted
from eq. 1 it can now be written in a slightly dif-
ferent form

o= arF —@7rilX)@*G) X F ®)

where
= ixi i?

G 2 irimh E E_ Qapylfixiat X 1?7)
a;py-—I

We might note that G depends only upon the prop-
erties of the molecule and does not depend upon
the vectors specifying the electromagnetic field.
This equation is analogous to the equation derived
by Born8in his treatment based on the classical
theory of coupled oscillators.

The optical activity of a material may be ex-
pressed as the angle 8 through which the plane of
polarization of the electromagnetic wave is rotated
for each centimeter traversed by the. wave. If the
material is isotropic and optically active, on a mac-
roscopic scale we have

P = XeE -

X2)

(p/c)oB/oi ©)

The electric polarization vector P is the dipole mo-
ment induced in a unit volume of the material by
the electric vector E and the magnetic induction
B. The parameters ¢, p and xe are the velocity of
fight in vacuo, the optical rotation coefficient and
the electric susceptibility, respectively. Then 9
is given by
e = 16x W 8)

In other words, the optical activity in an isotropic
material is a measure of the dipole moment induced
in the direction of bB/dt.

For a fluid under the influence of a static electric
field, or for a crystal, eq. 7 is no longer valid. In
its place is a macroscopic analog to eq. 6, which
may be written as

P = XeE - (2xi'/X)(a-r) X E 9)

with the tensors % and r characterizing the electric
susceptibility and the optical activity. For an aniso-
tropic medium, Xe’'E may contribute to the compo-
nent of P in the direction of dB/dX A description
of the optical activity under these conditions is
complicated because the plain-polarized wave not
only rotates but also becomes elliptically polar-
ized. Rather than consider all of the possible ef-
fects resulting from the introduction of eq. 9, we
shall restrict ourselves to those cases where the
electric susceptibility does not contribute to P «(dB/

(6) M. Born, "Optik,” Julius Springer, Berlin, 1933, p. 403.
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dt). This will be true if a is along an optic axis
of the medium, or if both aand E are along principal
axes of the dielectric susceptibility tensor.7 A
complete phenomenological treatment of the optical

activity of crystals is given by Born.6
Along the directions in the anisotropic medium
specified above, the optical activity characterizes
the component of P in the direction of dB/cM,
just as for an isotropic material. We can therefore
write eg. 9 in the form
P = XeE -

[a-r-a/c] (10

Eqg. 10 is obtained from one of Maxwell's equations
—(l/c)dB/5i = v X E = -2rt/X)a X E

It is also necessary to use the fact that a-E = 0,
which is correct only if a is along an optic axis, or
if both a and E are parallel to the axes of xe8 The
rotation of the polarized light in radians per centi-
meter is given by

e = (167rvVXadda-r-a (11
From the definition of P, it is possible to relate the
observed, macroscopic optical activity to the ac-
tivity of the individual molecules

ar-a = (N/v)l < a-G-a> 12)

The number of molecules per unit volume is desig-
nated by (N/v). The parameter lis defined by the
equation F = IE; a good approximation to | is the
Lorentz factor2 (n2 + 2)/3. The averaging proc-
ess indicated by <> is the average over the appro-
priate distribution of molecule orientations. A
more precise description of this average will be
given in Section I1.
From eqg. 11 and 12 we can write

e = [16,-An2+ 2)/3XE|(ATAVE (13)

where
g = <aCr-a>

The derivation of the general relationship between
8 and the properties of the molecules is now com-
plete. Our main conclusions are: (1) the optical
activity of a molecule (or a unit cell in a crystal) is
characterized by the second-rank tensor G.9 (2)
If the direction of the wave normal and the electric
vector are such that a-E = 0, the optical activity
depends only upon the direction of propagation of
the fight, and does not depend explicitly upon the
direction of the electric or magnetic vectors.

Part 11

The calculation of the optical activity of a fluid
is now reduced to evaluation of <a-G-a>. For an
isotropic fluid, the average is over all equally prob-
able molecular orientations. For a fluid under the
influence of a static electric field, the average must
be weighted by the distribution function/ produced
by the field. If the molecules are rigid bodies

g= J** fj (a-G-asin 0dodxd<E (14)

The angles 8, x and <$are the Eulerian angles of a
molecule-fixed coordinate system with respect to a

(7) A. Sommerfeld, ref. 5, p. 145.

(8) A. Sommerfeld, ref. 5, p. 134.

(9) To be precise, G is a pseudo second-rank tensor; itis athird-rank
tensor which is antisymmetric in two indices.
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space-fixed system. For eq. 14 to be correct, the
distribution function f{8. x, 4) must be normalized
1 Faw X
8TRJo Jo JO sin0dadxd0 = 1 (15)

In this section we shall obtain the distribution
function for two cases: when a fluid is subjected to
a static electric field, and when it is subjected to a
rectangular electrical pulse, i.e., the field is suddenly
applied and suddenly removed.

Let us consider first a fluid composed of polar
molecules each with permanent dipole moment y
and polarizability tensor a, under the influence of a
static effective electric field S. The angular dis-
tribution function is proportional to exp(—V/kT),
where k and T are Boltzmann's constant and the
absolute temperature, respectively. The potential
energy V of a molecule in the field is given by

—V = pS + (1/2) EaS (16)
This distribution function is used in the theory of
Kerr effect.D

If the electric field is not too large, V is small
compared with kKT. We can then expand/ in pow-
ers of S, keeping only the terms up to 8X. When/
is normalized, this procedure gives
K¢,x) = 1+ (1/6)S(pi2+ g,)[3(ei'-k)2- 1]

+ (Pi2+ ?20) [3(e2'-ky2 — 1] + (p32 + 333)[3(e3'-k)2 — I]j
S = 6k, gn = otn/KT, pi = m/KT (17)

We have introduced two new sets of orthogonal unit
vectors; e/, e2, e3 are Theprincipal axes of the sym-
metric part of the mole iular optical rotation tensor
G, while 1, j, k are a space-fixed coordinate system.
The m are the components of the permanent dipole
along the principal axes of G, and an |re the corre-
sponding components of the polarizability. The
terms of / proportional to the first power of Sdo not
contribute to the average of a-G-a, and have been
left out of eq. 17.

For the second case, we are interested in the
change in optical activity when the electric field is
suddenly applied or suddenly removed. The re-
quired angular distribuTion function/has been used
previously in the study of the dynamic electrical
birefringence (Kerr effect).1l Since the field de-
pends upon the time, / is the solution of the diffu-
sion equation2

df _ fvv
v 0-vf = ve o (18)
where V is the same potential as in eq. 16. 9 is the

rotary diffusion tensor of the molecule.

We shall restrict the following calculations to a
molecule having cylindrical symmetry. For a cylin-
drically symmetric rigid body with uniform electron
density, a and 9 have cofinear axes, with equal
components along two of the axes. If e'3is the axis
of symmetry, then

a = an(ei'ei’ T A

0 = On(ei'ei' + eTez') + 03e3e3 (19)
While such a molecular model is not in general ap-
plicable to small molecules, it probably describes

(10) G. G. LeFevre and R. C. W. LeFevre, Revs. Pure Appl. Chem,
5, 261 (1955).

(11) 1. Tinoco, Jr., J. Am. Chem. Soc., 77, 4486 (1955).

(12) J, G. Kirkwood and R. M. Fuoss, J. Chem. Phys., 9, 329
(1941).
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adequately macromolecules such as proteins or nu-
cleic acids. In water, the macromolecules have an
additional contribution to the polarizabilityl3due to
their mobile ions, i.e., protons, or counter-ions from
their ion atmosphere. The contribution of these
ions to the polarizability does not change the co-
linearity of the tensors.

The details of the solution of eq. 18 have been
given previously. 114 If the electric field is sud-

denly applied
I =1+ (I16)[3(e3-f)2- 1]sA
where
A = p32+ <3 — (pd + gu) — (3/2)pse~2&,i
+ [6enpi2/(50n — ©33)]e—On + (20)
— [60npi2/(5en — 033) — (p32+ 2pi2)/2 +
(i33 — <2n)le~69u<

If the field has been applied for some time and is
then removed

(Sk t< 0
8~ |0 t>0
/ = 1+ (1/6)[3(e3-k)2 1]S2B (21)
where
B = (P2+ qm - (p2+ <2n)e'Geili

As in the static case, it has been assumed that V is
small compared with kT; only terms up to £2have
been retained. Also, the terms in/ which do not
contribute to <a-G-a> have been discarded. We
might note that the angular distribution function
when £ is a constant may be found by taking the
limit of eq. 20 as the time approaches infinity, or by
the value of eq. 21 at zero time. This result agrees
with eq. 17 for p2= piand g2 = ¢u-
Part 111

Using the distribution functions derived in the
preceding section, we can now calculate the optical
activity in the presence of the electric field. As
only the symmetric part of the optical rotation
tensor contributes to g, we can write G as Gnel'e/ +
G2e2/e2 (-

For the cyllndrlcally symmetric macromole-
cules, G2is equal to Gn as well.

For both the equilibrium and non-equilibrium
electric field, there are two cases of interest. In
section I, eq. 13 was shown to be correct where a-E
= 0. This requirement is satisfied if the incident
light is parallel to the electric field (a |l £), or if
the light is perpendicualr to the field (a 1 £). In
the latter case, the electric vector E must be per-
pendicular or parallel to 8 (either position of the
plane of polarization gives the same activity).

The following equations are obtained for a static
field

allS g = ga+ (S245)C

atS g = g0- (S290)(7 (22)

where
= (pi2+ qu —P2 —qn)(Gn —C22)+

(P22 + <2 — P32 — 333XG22 ~ Gaz3)

qii)(cx® - Gn)
(13) J. G. Kirkwood and J. B. Shumaker, Proc. Natl. Acad. Sci.,

38, 855 (1952).
(14) J. G. Kirkwood. J. Polymer Sci., 12, 1 (1954).

+ (Ps2+ 2B - Pi2 -
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and g0is <a-G-a> in the absence of the electric field.
It is the value of a-G-a averaged over a random dis-
tribution of molecules, and is one third the trace of
G

® — (I13)(Gn + Gn + G (23)

= 6kmh N (3,2 >1 [92~ &3 + 813 “
R+ @3 —Sl
By substituting mrO for (e/2me) A8 (rs X ps)no, we

can write g0in the form given previously2

6 1QNir0

D~ AN (NR2ATD (24)

Lévy®bhas derived an equation similar to eq. 22
for the case when a |] 8 and the permanent di-
pole moment is zero. However, his result is appar-
entgly incorrect due to improper antisymmetrization
of

For cylindrically symmetric macromolecules,
when the dielectric field is suddenly applied we find
that

alk g —o + (25245)(GB3—Gn)J

alS g= gp—(S245)(G3—Gn)A (25)
When the field is removed
alls g = g+ (25245)(G3- Gn)B (26)

alS g= g —(S245)(G3—Gu)B
The optical rotation d corresponding to each of the
above results can be obtained by substituting g into
eq. 13.

When the electric field is suddenly applied, the
optical activity depends exponentially upon the
time, with three time constants 29n, On + 03
and 6 Ou. If the field is removed the activity con-
tains only the one time constant 60n. The latter
case can be written more conveniently as

Ag/Ag,. = e~6Cut 27)

where Ag = g —g0and Age is the value of g — g0at
zero time. Such an equation is correct for either
direction of incident light. The time constants are
exactly the same as for the Kerr effect; the rela-
tive magnitudes of 0Uand 03 for various molecu-
lar shapes have been discussed previously.

All of the equations for g in this section are cor-
rect only if the molecules are rigid. Relative mo-
tion of parts of the molecules may result in an opti-
cal activity somewhat different from that calcu-
lated here.

Part IV

By putting reasonable values of the various
parameters into the equations derived in the previ-
ous section, we can estimate the magnitude of the
change to be expected in the optical activity. For
small molecules, let us assume the most favorable
possible conditions for a large change in activity,
i.e., the optical activity tensor G is large along the
axis of the permanent dipole and negligible in other

directions (pi = p2= Gn = G2= 0). Ifa ||8
it follows that
eB=g/p=1+ (2/15)sV (28)

For simplicity, the relatively small induced dipole

Com rend., 226, 662 A Ths article wes
lqr(ljélsy)/ brwglﬁt,}tlo our pt atterttion by Professos’ W LeFewre.
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orientation has been ignored (ga = 0). For a small
molecule, a dipole moment of three debye is com-
mon; using eq. 28 we find that about one million
practical volts/cm. is necessary to change the opti-
cal activity by 1%. Even if the dipole moment
were 10 debye, the experimentally attainable field
of 100,000 volts/cm. would produce only a 1%
change. Experimental observation of the effect
for small molecules would therefore be quite dif-
ficult.

Kunz and BabcocklBT attempted to measure
the effect of an electric field on small molecules.
Their results are inconclusive.

Macromolecules such as proteins, nucleic acids or
viruses have apparentB8dipole moments of the or-
der of 10,000 debye in water solutions.11® For
desoxyribonucleic acid, which has an apparent di-
pole moment of about 20,000 debye, one can expect
a 10% change in the optical rotation using only 500
volts/cm. For large molecules, it therefore ap-
pears feasible to measure the effect. One of the
more interesting applications would be to macro-
molecules with an optical activity produced by an

(16) J. Kunz and S. H. Babcock, Phil. Mag., 22, 616 (1936).

(17) 3. Kunz and S. H. Babcock, Nature, 140, 194 (1937).

(18) The word apparent is used because the mechanism of the
orientational torque for these molecules is still in doubt. The orienting
force may be due primarily to the polarizability of the molecule.
Whatever the orienting mechanism, however, it can be characterized

by an apparent dipole of the magnitude given.
(19) A. Jungner and I. Junger, Acta Chem. Scand., 6, 1391 (1952).
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over-all helical structure as well as by the monomer
units.0D2l Experimental measurements of the ef-
fect on macromolecules would be possible with
equipment designed for study of the Kerr ef-
fect.22 2

If the electric field is applied as a rectangular
pulse, the equations giving the change in optical ac-
tivity are completely analogous to the Kerr effect
equations. The time dependence of the change
thus gives the same information about size and
shape of the molecules as has been discussed in pre-
vious articles.1122-24

The influence of other types of orienting forces
(hydrodynamic, magnetic, etc.) upon the optical
activity can be derived in a fashion similar to that
used for an electric field. The appropriate angular
orientation functions have been derived previ-
ously. 3%
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THE STABILITY OF THALLIUM(l) CITRATE COMPLEX

By Joseph A. Schufle and Carl D'Agostino, Jr.

Department of Chemistry, New Mexico Institute of Mining & Technology, Socorro, N. Mex.
Received July 2, 1956

The thallium(l) citrate complex ion has been studied at ionic strengths of 0.1, 0.2, 0.3 and 0.5 by the equilibrium between

solution and an ion-exchange resin.
obtained by extrapolation.

The stability of the complex ions formed by thal-
lium(l) ion with various anions has been reported
by Bell and George.l1 In general these authors
worked at ionic strengths of 0.005-0.1 (concentra-
tion units in moles per liter). They reported form-
ation constants (Ki) for the reaction (1)

Ti+ + A~* = TIAu-*> 1)

to be in the range of 1to 6 liters per mole for several
monovalent anions (x = 1); 23 1./mole for adivalent
anion (sulfate, x = 2); and 1700 l./mole for a
quadrivalent anion (ferrocyanide, x = 4), at 25°.
The stability of the thallium(l) citrate complex
has not been reported. It was of interest to study
the complex with this trivalent anion because of the
use of citrate solutions as eluting agents in ion-ex-
change methods of separation. It was proposed to
determine the formation constant for the thallium-
(1) citrate complex at several ionic strengths and ex-
trapolate the data to determine the value of the
constant at zero ionic strength. The method of

1) R. P. Bell and J. H. B. George, Trans. Faraday Soc., 49, 619

(1953).

A value for the formation constant of 30 + 3 1./mole at 25° and zero ionic strength was

study was to use exchange equilibria on a cation-
change resin, Amberlite IR-120 A.G., Rohm and
Haas Co., Philadelphia, Pa. The data were ana-
lyzed by the method used by Schubert.2 Conform-
ity of the data with the theory shows that formation
of polydentate complexes was negligible, and that
no significant absorption of complexes on the resin
occurred.
Experimental

The resin was prepared by equilibrating with a solution of
sodium perchlorate of the particular ionic strength to be
used, until the pH of fresh solution remained constant at 7.0
on prolonged standing in contact with the resin. The resin
then was rinsed with distilled water and air-dried. The
particle size of the resin was found to be between 28 and 65
mesh. All distribution coefficients

_ % T1in resin

d % T1in soln.

were calculated on the basis of oven-dry resin. The resin had
an exchange capacity of 3.9 meq. per gram of oven-dry resin.

Thallium-204 in the form of thallium)l) nitrate at a con-
centration of 10“6 mole per liter was used to determine the

vol. of soln.
mass of resin

(2) J. Schubert, E. R. Russell and L. S. Myers, Jr., J. Biol. Chem.,
185, 387 (1950).
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Fig. 1

distribution coefficients. One-half gram of resin was
equilibrated at 25° with 50 ml. of the thallium solution con-
taining varying amounts of trisodium citrate and sufficient
sodium perchlorate to bring the ionic strength to a constant
value selected for a particular run. Samples of the solutions
then were taken and analyzed by radiochemical method for
thallium. The pH of the solutions was held at 7.0-7.5.
The data are shown in Table I. The values of b, the inter-
cept, and m, the slope, listed in Table | were obtained by
the method of least squares. The data are plotted in Fig. 1.

Results
The data were treated according to the equation

1/Ki = 1/Kd® + (K t/Ki0XA) (3)

where (A) is the concentration of citrate, Kd is the
distribution coefficient (2), Kd° the extrapolated
value at zero concentration of citrate, and Ki the
formation constant for the complex ion from eq. 1
Using the methods of least squares, the value of Kt
was determined at four different ionic strengths, 0.1,
0.2, 0.3 and 0.5. The value of Kt° at zero ionic
strength was obtained using an equation3 derived
from the Debye-Hiickel equation extended to
higher concentrations by the use of a “ salting out”
coefficient, C

log Kt + 3.054Vm = log K - Cf. (4)

3) S. Glasstone, “Thermodynamics for Chemists,” D. Van Nos-

trand Co., Inc., New York, N. Y., 1947, p. 424.
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The coefficient 3.054 = (22- 12- 32 (0.509). The
data are summarized in Table II.
Table |
No. Citrate (I7/Ed Kt,
lonic ~ of concn. X 10% (L/
ih samples (mole/1.) (g./ml. bX 138 n X 10! mole)
0.5 4 0 7.40 7.57 3.40 4.5
4 0.01 8.02
4 .02 8.36
4 .04 8.86
4 .06 9.49
4 .08 10.5
0.3 6 0 5.81 5.40 5.07 9.4
6 0.01 5.53
6 .02 6.26
6 .03 6.68
6 .04 7.46
6 .05 8.22
0.2 2 0 4.05 3.90 4.15 10.7
2 0.005 3.91
2 .0167 4.61
2 .025 4.96
0.1 2 0 1.82 1.73 1.90 11.0
2 0.003 1.78
2 .006 1.85
2 .009 1.091
2 .012 1.95
2 .015 2.02
Tabte |l
* Ki (I./mole) (log Ki + 3.054 vV)
0.1 11.0 £+ 0.4 2.006
2 10.7 £+ 1 2.394
3 94 + 1 2.646
.5 45 + 0.8 2.814

A straight line was not obtained, and the data
were found to fit the expression log Kt + 3.054 \Zn
= 1.482 + 5.92n —6.80 p2 from which Kt = 30 %
3 liters per mole. Comparison with the results of
Bell and Georgelfor other thallium(l) complexes at
low ionic strength shows the value to be in reason-
able agreement.

We wish to thank the Research Corporation for a
grant in support of this work.
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THE SURFACE PRESSURE OF SOLUBLE BENzZOIC ACID FILMS AT
WATER-HALOBENZENE INTERFACES

By Joseph J. Jasper and T. Donald W ood

Department of Chemistry, Wayne University, Detroit, Michigan
Received July 16, 1956

The differential method, furnished by a vertical-pull film balance, was used to measure the interfacial surface pressures

of soluble benzoic acid films which formed spontaneously

between water and three halobenzenes. The pressures were

varied by changing the concentrations and the termperatures of the two-phase liquid systerms until a maximum and constant

value was

A table is presented which gives the interfacial surface pressures

and the interfacial tensions of the film-

covered interfaces as a function of the concentration and temperature, and also the interfacial tension of the pure water-

halobenzene systems as a function of the temperature.

A considerable body of data has been accumu-
lated respecting surface films at water-air interfaces
as a result of the extensive pioneering efforts of
Harkins, Adam, Langmuir and others. The inter-
pretation of the relations obtained when these data
are expressed as functions of certain intensive and
extensive properties, have furnished valuable
knowledge concerning the nature and properties of
surface films which has proved to be so useful in
numerous aspects of theoretical and applied chem-
istry. Although a detailed knowledge of water-
air interfacial films is now available, a careful re-
view of the literature proved that very few studies
of liquid-liquid interfacial films have ever been re-
ported. The experimental difficulties attending
accurate surface pressure measurements at liquid-
liquid interfaces are considerable when the hori-
zontal float-barrier film balance is used. Further-
more, this apparatus has limited application in
liquid-liquid film studies by virtue of the require-
ment that the film-forming compound not only must
be insoluble in both liquid phases, but must have a
certain optimum work of adhesion with one of the
liqguids and a relatively small work of cohesion.1
As a consequence of the experimental difficulties and
the natural restriction on choice of film-forming
compounds, little work has been carried out on
films at liquid-liquid interfaces. Although the
present knowledge of such films is extremely mea-
ger, such knowledge is potentially of great impor-
tance in a better understanding of certain biochemi-
cal processes, detergency, emulsification and other
phenomena.

The purpose of the present investigation was to
explore the applicability of the differential film
balance in the study of the properties of films at
liquid-liquid interfaces. This initial effort was
directed to a study of the influence of groups of
variable electronegativity on the film characteris-
tics of benzoic acid at the interfaces between water
and three halogenated benzenes. Since the verti-
cal-pull film balance is applicable to both insoluble
and soluble films, and measures the surface pres-
sure directly,2 this type of apparatus was adopted
for use in the present investigation. No mecha-
nism, equivalent to the barrier-float system, is re-
quired for varying the surface pressure. This
variation is accomplished by additions of the sur-

(1) N. K. Adam, “The Physics and Chemistry of Surfaces,” Oxford
Univ. Press, London, 3rd Edit., 1941, p. 99.

(2) W. D. Harkins and T. F. Anderson, J, Am. Chem. Soc., 59, 2189
(1937).

face active solute to either of the two mutually im-
miscible liquids, and by varying the temperature.
The measurements were, accordingly, made at six
temperatures over a range of 19 to 70°. The con-
centration of benzoic acid was varied at each tem-
perature, and the surface pressure measured at
each concentration.

Experimental

Purification of the Compounds.—The compounds used
in this investigation were monochlorobenzene, monobromo-
benzene, monoiodobenzene and benzoic acid as the film-
forming compound. The purest grades of the Eastman
Kodak Company monohalogenated benzenes were obtained
and further purified by vacuum fractionation. This was
accomplished with the use of a 15-inch column packed with
single-turn glass helices and equipped with a total reflux
variable take-off head. The fractionations were carried
out twice, each at a different pressure. In each case the
middle third was collected for the next stage of the proce-
dure. The refractive indexes of the purified compounds
agreed with the values in the “International Critical Tables”
to the fifth decimal. The benzoic acid was of reagent grade,
and to ensure a high degree of purity, this compound was
fractionally crystallized several times. Conductivity water
was used for the water phase of the immiscible system. This
was prepared in a Barnstead conductivity still by the pro-
cedure recommended by the manufacturer. The conduc-
tivity of the purified water was found to be of the order of
10~6 mho.

Description of the Apparatus.—The apparatus used in
this investigation was a modification of the Wilhelmy bal-
ance adapted to the measurement of soluble films at liquid-
liquid interfaces. A platinum slide plate, constructed in
the shape of an inverted “T,” carried a cross plate which
served to stabilize the motion by damping lateral swinging
as equilibrium conditions were approached. The dimen-
sions of the vertical portion were 1 cm. wide, 2 cm. long and
0.25 mm. thick, and those of the horizontal cross plate ap-
proximately the same. The slide plate was attached to a
gold chain which was suspended from the left arm of a Chaino-
matic balance. The chain passed through an opening in
the base of the balance case at a point directly beneath the
normal position of the center of the left pan. A fine plati-
num wire connected the plate to the chain. The cell de-
signed for the measurements was constructed of Pyrex and
had the shape of an oblate spheroid with a diameter of 8.5
cm. and a depth of about 5 cm. A 45/50 female standard
joint was sealed in the upper flattened surface of the cell,
and in the lower surface a hemi-spherical bubble was
blown which was sufficient in diameter to freely accommo-
date the pendant slide with its horizontal cross plate. The
effect was to deepen the cell without greatly increasing the
total volume. The male portion of the standard joint was
sealed shut about two inches above the ground surface and
to this closed end was sealed two parallel glass tubes each
8 mm. in diameter. One of these tubes extended upward
along the axis of the joint nearly to the bottom of the bal-
ance and served to guide the gold chain into the cell. The
other tube was used to introduce solutions of the film-form-
ing compound into the cell. When the ground glass joints
were connected the cell was effectively closed to the sur-
rounding water-bath and the chain to stray air currents
which might disturb the freely hanging slide plate. A
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reference line, etched in the glass along the horizontal cir-
cumference of the cell, enabled the operator to maintain the
interface at a constant level. Great care was taken to pre-
vent the gold chain and platinum wire, which suspended the
slide plate, from making contact with the walls of the tube.
This was accomplished by careful levelling.

The thermostat bath consisted of a Pyrex cylinder of
about 7.5-gallons capacity enclosed in a large plywood box.
Viewing windows were built in the box on opposite sides of
the cylinder and these were covered with sheets of Plexi-
glass to reduce thermal radiation through the windows.
The top was covered with a sheet of 0.75 inch plywood.
The space between the glass cylinder and the enclosing box
was filled 'with expanded mica, and with this insulation it
was possible to maintain the temperature constant to
+0.02° up to 70c. As an aid in maintaining the tempera-
tures below ambient, a Frigidaire refrigeration unit was
used to cool a buffer bath to about 10°. The cooling liquid
was circulated through a coil in the main bath at such a rate
that moderate additions of heat only were required to main-
tain the desired temperature. The temperatures were
measured by means of a NBS certified Leeds and Northrop
resistance thermometer used in conjunction with a NBS
certified G-2 Mueller bridge made by the same company.
The galvanometer used in the bridge circuit was an HS
ballistic type with shielded leads. This instrument per-
mitted readings accurate to 0.0001 ohm, but the temper-
atures were calculated only to 0.001°.

In the manipulation of a film balance such as described
above, the force of the surface tension acting downward
along the peripheral length of the slide, 2 (width + thick-
ness), is measured directly by an analytical balance. The
maintenance of zero contact angle in the organic phase is the
most difficult, but extremely important, single requisite of
the method. A model LCB Ainsworth Chainomatic bal-
ance was used for measuring the interfacial film pressures.
The water-bath was mounted on a steel base and the balance
on a steel shelf supported by steel framework welded to the
base. To ensure minimum vibration, the entire apparatus
was placed on steel-to-rubber vibration-damping mountings.
The sensitivity of the balance was 0.05 mg. per scale divi-
sion which is equivalent to 0.025 dyne per cm., for the sur-
face pressure. In all cases it was experimentally possible to
reproduce values to +0.05 dyne per cm.

Experimental Procedure—Since a zero contact angle
between the slide plate and the organic phase only was de-
sired, the surface of the platinum was first rendered clean
and hydrophobic by heating it until nearly white hot and
then cooling, while slowly rotating, in a smoky flame of
benzene. In this way a uniform deposit of carbon black
was obtained. The platinum wire, which connected the
plate to the gold chain, was also made hydrophobic over the
length which was immersed in the water phase. This ob-
viated the necessity of corrections for surface tension effects
of the wire. A few centimeters above the water surface the
platinum wire was attached to the gold chain which was sus-
pended from the beam of the balance.

The slide was next suspended inside of the measuring cell
and the latter, in turn, clamped in position within the ther-
mostat bath. Exactly 82 ml. each of the mutually satu-
rated liquids were now introduced into the cell, first the
halobenzene phase, to wet the slide, and then the water
phase. When the slide was suspended in proper position
it extended through the liquid-liquid interface and was,
therefore, in contact with both liquid phases only one of
which wet it. Any change in the interfacial surface energy
was immediately reflected by a change in the position of the
slide. Thus, if the interfacial tension is decreased by the
formation of a film at the liquid-liquid interface, the down-
ward pull on the slide will be decreased and it will rise ac-
cordingly. The weight on the balance beam is decreased,
and this decrease wall be proportional to the concentration
of the molecular species which has accumulated at the inter-
face.

The bath was brought to the desired temperature and
weight added to the balance to raise the slide and to bring
the balance pointer to zero position on the scale. At this
point the system was tested by allowing it to stand immo-
bile from one to two hours. During this time the position
of the balance pointer was observed carefully to detect any
changes. Any change in the equilibrium position or weight
of the pendant slide was interpreted as being due to incom-
plete wetting of the plate by the organic liquid, or of the
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presence of surface active impurities. If such a change was
observed the apparatus was disassembled and recleaned.

When the initial testing period was completed the weight
was recorded and then small increments of a known aqueous
solution of the film-forming benzoic acid were added at
definite time intervals. After each addition the weight of
the slide was carefully followed as a function of time until
equilibrium was reached. The general slope of the curves
thus obtained approximated exponential decay functions
due possibly to the Doss effect,3 and the time required to
reach equilibrium was linearly dependent on the tempera-
ture. Since the addition of the aqueous benzoic acid solu-
tion to the system raised the liquid level of the water phase,
the buoyancy of the platinum wire changed accordingly.
This effect was counteracted to some extent by evaporation,
which, in turn, was influenced by the temperature. A
travelling microscope, mounted vertically, made it possible
to measure concurrently changes in the levels of the two
liquids. It was observed that the volume of the organic
phase remained invariant while the upper phase increased
in volume by 1 ml. for each 1.06 X 10~5 mole of benzoic
added. Corrections in the calculations were made for these
changes by subtracting, from the apparent film pressure,
an amount equivalent to the weight of water displaced.
To determine whether equilibrium data were being obtained,
the benzoic acid was also added from a halobenzene solution.
The results obtained were exactly the same as those from the
aqueous solutions.

Results

Preliminary experiments proved That benzoic
acid is capillary active in both the aqueous and the
organic liquid phases. As a consequence there is
established at the interface between these liquids, a
positively adsorbed layer which behaves like, and
has properties similar to, an insoluble monomolec-
ular film. The theory that the monomolecular
layer consists of oriented benzoic acid molecules4
is justified on the basis of the decrease in the inter-
facial free surface energy accompanying the forma-
tion of the film. If the surface pressure equation5
is applied to liquid-liquid interfacial films it is
written as

Pa = yi— yt
where Ps is the interfacial surface pressure, y, the
liquid-liquid interfacial tension, and 7f the liquid-
liquid interfacial tension with the film present. In a
previous paper6 empirical equations relating the
interfacial tensions to the temperature for the three
halobenzenes against water were reported for the
temperature range 20 to 80°. With the aid of these
equations and the measured interfacial film pres-
sures, it was possible to calculate the effect of the
surface layer of benzoic acid molecules on the in-
terfacial free surface energy. The results of these
calculations are shown in Table I. Each film pres-
sure tabulated represents the equilibrium value,
and time versus temperature curves (not shown)
proved that the velocity of attainment of equilib-
rium was, in every case, a linear function of the
temperature. A comparison of the interfacial
tensions of the halobenzene-water systems, at the
different temperatures, shows increasing values in
the order chlorobenzene, bromobenzene and iodo-
benzene. The surface pressure also increases in
this direction, and, in general, the decrease in the
interfacial free surface energy attending the posi-
tive adsorption of benzoic acid in the interface is

(3) K. S. G. Doss, Kolloid z., 84, 138 (1938); 86, 203 (1939).

(4) W. D. Harkins, “The Physical Chemistry of Surface Films,”
Reinhold Publ. Corp., New York, N. Y., 1952, p. 35.

(5) Ref. 4, p. 121.
(6) J. 3. Jasper and T. D. Wood, This Journat, 59, 541 (1955).
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Table |

The Film Pressures and Interfacial Tensions at the Liquid-L iquid Interfaces (Ergs./Cm.2)

Moles of
benzojc acid Chlorobenzene
Temp., "C. (X i0-p Fa 7i Ti
19.457 1.63 0.70 38.12 37.42
4.89 1.20 36.92
8.15 1.60 36.52
13.59 2.10 36.02
19.02 2.15 35.97
29.82
29.558 1.63 0.60 37.74 37.14
4.89 1.00 36.74
8.15 1.50 36.24
13.59 1.90 35.84
19.02 2.05 35.69
29.82
39.582 1.63 0.40 37.25 36.85
4.89 0.95 36.30
8.15 1.30 35.95
13.59 1.75 35.50
19.02 1.95 35.30
49.607 1.63 0.45 36.60 36.15
4.89 0.90 35.70
8.15 1.25 35.35
13.59 1.70 34 90
19.02 1.90 34.70
59.691 1.63 0.40 35.82 35.42
4.89 0.80 35.02
8.15 1.20 34.62
13.59 1.55 34.27
19.02 1.80 34.02
29.82 1.85 33.97
69.568 1.63 0.35 33.22 32.87
4.89 0.75 32.47
8.15 1.10 32.12
13.59 1.50 31.72
19.02 1.75 31.47
29.82 1.80 31.42

greatest for the iodobenzene-water system. Three
exceptions, however, are noted. For the systems
involving the least benzoic acid at 49.607 and
59.691 °, the value of yi for bromobenzene is slightly
less than that for iodobenzene, while at 69.568°
iodobenzene has the largest value. The reason for
this deviation from general behavior is not clear
since preliminary surface tension studies of solu-
tions of benzoic acid in the three halobenzenes
showed that positive adsorption of the acid was the
greatest in iodobenzene over a concentration range
whose smallest value was somewhat greater than the
smallest one given in the table. Repeated trials
gave the same results. The surface pressure in-
creased with successive additions of benzoic acid to
each of the halobenzene-water systems at all tem-
peratures. This effect, however, decreased as the
temperature was raised, due probably to the in-
creased kinetic activity of the molecules in the in-
terfacial region.

The highest value of the interfacial surface pres-
sure recorded for each temperature represents the
maximum attainable for the benzoic acid films
which formed spontaneously at the interface be-

3.15
5.20
6.35
7.40
7.75
7.80
3.00
5.10
6.20
7.20
7.30
7.35
2.80
4.90
6.05
6.80
6.90
2.70
4.55
5.60
6.40
6.50
2.55
4.20
5.10
6 00
6.15

2.45
4.00
4.80
5.65
5.90

Bromobenzene lodobenzene
F, Ti W F, Ti T

39.33 36.18 6.50 41.54 35.04
34.13 11.60 29.94
32.98 14.10 27.44
31.93 16.00 25.54
31.58 16.15 25.39
31.53

38.70 35.70 6.00 40.88 34.88
33.60 10 50 30.38
32.50 12.45 28.43
31.50 14.65 26.23
31.40 14.85 26.03
31.35

37.99 35.19 5.50 40.15 34.65
33.09 9.50 30.65
31.94 11.80 28.35
31.19 13.45 26.70
31.09 13.60 26.55

37.20 34.50 4.00 39.34 35.34
32.65 8.05 31.29
31.60 10.30 29.04
30.80 12.65 26.69
30.70 12.90 26.44

36.34 33.79 3.75 38.45 34.70
32.14 7.40 31.05
31.24 9.60 28.85
30.34 12.05 20.40
29.19 12.55 25.90

35.40 32.95 3.20 37.51 34.31
31.40 6.65 30.86
30.60 9.05 28.46
29.75 11.45 26.06
29.50 12.25 25.26

tween the given liquid solutions. Any further
additions of benzoic acid merely extended the hori-
zontal portion of the surface pressure isotherm, and
this appears to justify the assumption that a degree
of saturation was reached commensurate with the
state of the film. Since both liquid solutions of the
three systems described must contribute benzoic
acid to the interfacial films, the concentration fac-
tor of the Gibbs equation is at present unknown. If
the equilibrium concentrations of each liquid solu-
tion could be measured the surface concentration
might be found from differences. The concentra-
tions used in this investigation were, of a necessity,
very small, and the experimental determinations of
the equilibrium concentrations cannot be made by
ordinary methods. It was not possible, therefore,
to calculate the effective area of the benzoic acid
molecule oriented in the interface, nor to describe
the state of the interfacial films. Application of the
Traube equation7 may be justified for the smaller
surface pressures and calculations for these pres-
sures indicated that the films wEre gaseous.

(7) 1. Langmuir, Gen. Elect. Rev., 38, 402 (1935).
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The kinetics of nitridation of magnesium and aluminum has been studied as a function of time, temperature, pressure
and surface preparation. A manometric apparatus was employed for all of the measurements. Nitridation of magnesium
is quite appreciable at 415° and higher where the rate is found to follow a linear rate law closely. The relatively high vapor
pressure of magnesium in the temperature range studied interferes with the measurements, and sets a high temperature
limit at about 500°. The rate equation for the Mg-N system is Rmg./cm.2hr.) = 2.2 X 104e~2m,RT as compared to
A;(mg./cm.2hr.) = 6.2 X 10R2e~3mIRT for the M g-0 system. Studies of the initial nitridation period for magnesium from
300 to 400° show that the rate of nitridation is faster than that of oxidation in the low temperature range. The lower limit
of temperature where the nitridation of magnesium begins is about 300°. The temperature where the rate constant for oxida-
tion is equal to that for nitridation is about 460°; at higher temperatures, the rate of oxidation is faster than that of nitrida-
tion. Nitridation of aluminum has been studied over the temperature range 530 to 625°. The linear rate law is obeyed for
low temperatures, up to 580°, while a parabolic rate law is more suitable for the interpretation at higher temperatures.
The linear rate equation for the AI-N system is k = 58e-17'900ffir mg./cm.2hr. as compared to k = 2.34 X 10Lle~il'mIRT
mg./cm.2hr. for the Al1-0 system. The parabolic rate equation for the Al-0 system has been reported as k = 1.35 X 103
e-i2tmirT Mmg.2cm.4hr., while in this work for the AI-N system, k = 4.2 X 10I° e~e3mirT mg.2cm.4hr. Studies of the
initial nitridation period of aluminum at 400° and higher show that the rate of nitridation is much slower than the rate of

oxidation at a given temperature.

Most of the work in the field of gas-solid kinetics
at high temperatures has been concerned with the
kinetics of oxidation of various metals and alloys.
Since the air consists largely of nitrogen and since
many stable nitrides are known, it is of considerable
interest to study the kinetics of nitridation of met-
als, particularly of the active metals like magnesium
and aluminum. There is probably no great dif-
ference in the chemical processes occurring and the
theories which are applicable to oxidation reactions
should hold for nitridation reactions as well. Similar
experimental methods may also be used for studies
of each.

Observations of the oxidation rates of metals and
alloys now in the literature have been systematized
on the basis of various “laws” : the linear rate
law, for which the weight gain or increase in film
thickness depends directly on the time; the para-
bolic rate law, for which the square of the weight
gain or film thickness depends directly on time; and
the logarithmic rate law, for which there is an ex-
ponential relationship between weight gain or film
thickness and time. These laws have been dis-
cussed in detail by Kubaschewski and Hopkins3
and many earlier workers.

The temperature dependence of reaction rates
can be considered on the basis of an Arrhenius-type
equation

W = Ae-Q'RT
where Q = energy of activation, W = reaction rate
constant, A = constant, and R and T have their
usual meanings. Gulbransen4has applied the ab-
solute reaction rate theory and shown it to be ap-
plicable for several metal oxidations.

Previous Work on Mg-Gas, Al-Gas Systems

Reviews on the rates of oxidation and nitrida-
tion of metals may be found in the recent work of
Kubaschewski and Hopkins.3

(1) Abstracted in part from the thesis presented by Prasom Sthapi-
tanonda in partial fulfillment of the requirements for the degree of
Doctor of Philosophy at the University of Wisconsin in March, 1955.

(2) Presented at the 129th Meeting of the American Chemical So-
ciety in Dallas, Texas, April 12, 1956.

(3) O. Kubaschewski and B. E. Hopkins, “Oxidation of Metals and
Alloys,” Academic Press, Inc., New York, N. Y., 1953.

(4) E. A. Gulbransen, Trans. Electrochem. Soc., 83, 301 (1943).

Magnesium.— Magnesium is known for its re-
activity with oxygen at high temperature and has
long been used as a getter in high vacuum sys-
tems. Very thin layers of MgO are protective
as seen by the nearly parabolic rate of oxidation
observed by Gulbransen6in the very early stages at
temperatures lower than 475°. Thickening of the
oxide film results in the loss of protective properties
since the molar volume ratio of MgO is 0.81,3and a
linear rate of oxidation is observed at higher tem-
peratures.5-8

Values for the kinetic constants of this process
were reported by Leontis and Rhines.6 Further
study of this reaction at temperatures higher than
575° is interrupted by the high rate of evaporation
of magnesium. At still higher temperatures Mg ig-
nites, as observed by Fassell, et al.,9at about 623°
with 1atm. pressure of oxygen.

TeremI0has studied the rate of nitridation of Mg
by a gravimetric method and reported very low
rates at temperatures lower than 460°. The ni-
tridation rate becomes appreciable at 480° and
higher. A protective film was found at the end of
20 min. at 540° and after 5 min. at 560°. This is
interesting since the molar volume ratio of MgaN2
is 0.89,2 and one would expect film cracking at
higher temperatures as in the case of MgO. The
reactivity of Mg3N2 to humidity and oxygen in
air may have been responsible for this deviation.
MgO or Mg(OH)2formed by the reaction of MgaN2
and 0 2or HD may become protective. The results
of Terem need to be checked in a dry atmosphere
mwith continuous readings to avoid the possibility of
contamination from the atmosphere.

Aluminum.—Up to 350°, Al and 02 undergo
interfacial reaction with initial film formation as
reported by Gulbransen and Wysong.11 The film

(5) E. A. Gulbransen, ibid., 87, 589 (1945).

(6) T. E. Leontis and F. N. Rhines, Trans. Am. Inst. Mining Met.
Engrs., 166, 265 (1946).

(7) 1. A. Makolkin, Zh. prik. Khim., 24, 460 (1951).

(8) H. N. Terem, Rec. Fac. Sci. Univ. Istanbul, 13A, 147 (1948).

(9) W. M. Fassell, L. B. Gulbransen, J. R. Lewis and J. H. Hamilton,
J. Metals, 3, 522 (1951).

(10) H. N. Terem, Rev. Fac. Sci. Univ. Istanbul, 16A, 81 (1951).

(11) E. A. Gulbransen and W. S. Wysong, T his Journal, 51, 1087
(1947).
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thickness then offers some resistance and results in a
parabolic rate of oxidation for temperature from
350-475°. At higher temperatures than 475°,
where film cracking takes place, the oxidation
follows closely the linear rate as expected from the
theory of Cabrera and Mott.12 At room tempera-
ture, Cabrera and Hamo§d3 ave shown that there
is a protective film about thick, but the rate of
reaction failed to fit either the parabolic or the lin-
ear rates.

The rate of nitridation of Al has also been stud-
ied by Teremfor the temperature range 760-1050°
in dry N2 It was reported that the metal reacts
easily with increasing activity at higher tempera-
tures. The nitridation product, AIN, seemed to
maintain its weight in a desiccator for 5 hr,,
whereas MgaN2and Be3dN2gained weight, possibly
due to reaction with traces of moisture or 02

Since there are not sufficient data on the nitrida-
tion of Mg and Al, and the available data are only
gualitatively reported,Dthis work was undertaken
to obtain quantitative data on the Kinetics of ni-
tridation of these metals for comparison with the
data on rates of oxidation which are available.

From the molar volume ratios for MgaN2 and
AIN (0.89 and 1.28), the rate of nitridation of Mg
should be linear while that of Al should be para-
bolic, according to Pilling and Bedworth.1& An ap-
preciable amount of Mg3N2is formed on heating the
metal in a limited amount of air, indicating that
the rate of nitridation of Mg may be fairly close to
the rate of oxidation.

Experimental Apparatus and Procedure

Manometric Apparatus.—It was decided that the rates
of nitridation of Mg and Al should be measured by the
manometric method which is simple, and yet provides results
of reasonable accuracy. For instance, see the works of
Cubicciotti and co-workers.1618

The apparatus was similar to that used by Campbell and
Thomas® but modified for use at the higher temperatures
of this work. Two Vycor glass bulbs of about 85-cc. ca-
pacity with two air-cooled standard taper 29/42 joints were
connected to a Pyrex manometer and a high vacuum system.
The Vycor bulbs were placed in an electric resistance heat-
ing furnace whose temperature was maintained constant to
+5°. The manometer fluid was Octoil, a low vapor pres-
sure liquid used in oil diffusion pumps.

The volumes of the Vycor tubes were determined by fill-
ing with water of known density. The total volume of the
manometric apparatus was also determined by this method.
The capillary tube employed as the manometer was as-
sumed to be uniform and the average diameter of the bore
was measured by a microscope equipped with a calibrated-
scale eyepiece. The two Vycor tubes were specially made
to have volumes as close as possible (within 1%) so that the
calculations of the weight-gain of the sample, which will be
described later, may be done with ease. Apiezon-T high
vacuum grease was used for all the joints in this system.

The reaction bulbs and the differential manometer were
connected to the high vacuum system by a three-way stop-

(12) N.
(1949).

(13) N. Cabrera and J. Hamon, Compi, rend., 224, 1713 (1947).

(14) N. B. Pilling and R. F. Bedworth, J. Inst. Metals, 29, 529
(1923).

(15) R. B. Bernstein and D. Cubicciotti, J. Am. Chem. Soc., 73, 4112
(1951).

(16) M.

Cabrera and N. F. Mott, Reports Prog. Phys., 12, 163

B. Brodsky and D. Cubicciotti, ibid., 73, 3497 (1951).

(17) D. Cubicciotti, ibid., 72, 2084 (1950); 72, 4138 (1950); 74,
557 (1952); 74, 1079 (1952); 74, 1200 (1952).

(18) P. Levesque and D. Cubicciotti, ibid., 73, 2028 (1951).

(19) W. E. Campbell and U. B. Thomas, Trans. Electrochem. Soc.,
91, 623 (1947).
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cock which also led to a 5000-cc. gas reservoir. The pres-
sure of the gas was measured by a mercury manometer.
The gas reservoir was connected to a purification train con-
sisting of a column of MgfCIChk and a column of hot re-
duced Cu. _The high vacuum may be applied directly to the
gas reservoir part, or to the manometric part, or both at the
same time.

Furnace.—An electric resistance heating furnace was used
for temperatures up to 1000°. It had a 3 in. diameter, a
central cavity 9 in. deep, and was large enough to permit
the insertion of the twin tubes of the manometric apparatus.
Fiberfrax packing was used to fill up the space in the furnace
core and two thermocouples were placed at the middle of the
furnace. The furnace was insulated by asbestos packing
and operated on the 115 volt a.c. lines.

The temperature was controlled by a Gardsman Model
JP Indicating Pyrometric Proportioning Controller with a
Pt/Pt-10% Rh thermocouple. Another thermocouple
was used to read the temperature of the furnace directly
with a potentiometer. The uncertainty in temperature
control and measurement was about +5°.

Sample Preparation.—Spectroscopically pure Mg and
Al rods were obtained from Johnson, Matthey and Co.,
England. The Mg rods were 6.35 mm. in diameter and
10.15 cm. long, and spectrographic examination by the
manufacturer showed the following impurities in the sample:
0.01% Fe, 0.005% Mn, 0.005% Al, 0.001% Si, 0.0001%
Cu and less than 0.005% Pb. The Al rods were 6.25 mm.
in diameter and 15.25 cm. long, and spectrographic exam-
ination by the manufacturer shewed the following estimated
amounts of impurities in the sample: 0.001% Mg, 0.001%
Si, 0.0005% Cu and less than 0.005% Fe.

In addition, commercial Mg and Al of approximately
99% purity have been used with good results. Spectro-
graphic analyses of these metals showed no pertinent lines
except a few impurity lines at very low intensities.

The specimens were abraded and finished with No. 320
paper under purified kerosene to minimize formation of
oxide films, cleaned and kept in a vacuum desiccator until
used. The surface area of the specimen was determined
by a combination of dimension and weight measurements
mwith a known value of density of metal.

In cases where coating of the metal by a thin film of oxide
was desired to reduce the rate of evaporation, it was accom-
plished by heating momentarily over a hot plate at about
300°. By heating in a furnace under an atmosphere of N2
at about 400° for half an hour, Mg was given a nitride
film.

Gas Purification.—The pre-purified nitrogen was passed
over hot reduced Cu at 400° and a column of Mg(C104)2 to
remove 02and HD. The effects of the purification were
evaluated by mass spectrographic analyses of the gases.

Experimental Procedure.—A sample of metal of known
area was placed in one bulb of the manometric apparatus
while the other was left empty, and the whole system evacu-
ated to about 10-4 to 10-6 mm. pressure. The out-gassing
of the metal was then done at the same or a slightly lower
temperature than that of the kinetics run. When the pres-
sure in the system, cut off from the vacuum system, changed
by less than 1 mm. per hour, the system was considered to
be satisfactory.

Nitrogen was admitted into both bulbs and readings were
taken on the manometer as the nitridation progressed.
When the pressure difference between the bulbs reached
about 5 mm., additional N2was bled into the bulb contain-
ing the sample so that the pressure of N2over the sample was
constant (to £+5 mm.) during the reaction. The manome-
ter readings could then be converted into the amount of
N2consumed by a formula given by Campbell and Thomas.19

Calculations of weight gain could be made for two condi-
tions, depending on which reaction tube was used for the
sample. However, in most cases, the sample was placed
in the left-hand tube. An additional correction factor is
needed for gases other thar. oxygen.

The validity of the formulas has been checked by observ-
ing the amount of oxygen absorbed by a tantalum sheet
(24 in.2 area) at various time intervals over a temperature
range 400-500° where the oxidation is quite appreciable.
The pressure change in the system caused by the oxidation
was converted into weight gain by the formulas; then the
system was evacuated and cooled, and the weight gain di-
rectly measured on an analytical balance. The results
agreed to better than 10%, in most cases.
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Discussion of Results

Nitridation of Magnesium.—Studies of this
metal have been beset by one major difficulty:
the relatively high vapor pressure of magnesium.
Brewerd has given the vapor pressure of Mg at
382° as HP 6atm., and at 516° as 10~4atm. Since
the vacuum employed in this work was generally
better than 10~4 mm., the outgassing of Mg sam-
ples was done at much lower temperatures than the
temperatures of kinetic studies, which were 300°
and higher.

Some vaporization of Mg during the kinetics runs
has been observed, and could not be absolutely
avoided. This hasset a higher limit on the tempera-
ture for this work. Experimental data at the
higher temperatures are definitely less accurate.
It was found that at higher temperatures than
500° Mg vaporizes to a black solid, and that reac-
tion between the metal and nitrogen mostly oc-
curs in the gas phase.

(@) Time Effect.—Figure 1 shows the time

course of a typical kinetic run: the nitridation of
Mg by dry, pre-purified N2 at 465°. The course
of reaction may generally be divided into 3 parts:
initial nitridation, nitridation and evaporation, as
indicated on the curve. The initial nitridation
period is always observed, even at relatively low
temperatures where the nitridation rate is slow.
Evaporation of the sample has also been observed
for all prolonged runs, and is the important factor
which limits the temperature range of study. Most
kinetic runs at temperatures higher than 500° show
this deviation due to evaporation. The rate of
nitridation of magnesium is determined from the
center part of the curve where the rate follows
closely a linear rate law.

N Ny TR f E— i 11 !
0 10 20 30 40 50 00 70 80
Time, minutes.
Fig. 1.—Nitridation of magnesium at 465° (P n, = 100 mm.).

The evaporation of Mg which affects the kinetic
study has also been observed in the M g-0 system
by Gulbransen6 and Leontis and Rhines.6 One
must either study Mg at low temperatures or have
a “protective film,” but even a film is not fully pro-
tective, and as temperature is continually increased
a film-cracking process has been observed as the
result of evaporation.

Frasom Sthapitanonda and John L. Margrave

Voi. 60

temperature range 415 to 485° is shown in Fig. 2.
The weight gain in micrograms per cm.2is plotted
against the time in minutes. Assuming the ratio of
the real to the measured area to be unity and the
nitride to be MgaN?2 the thickness of the film in A.
is 1.331 times the weight gain in microgram per
cm.2 A scale of 1 A. is marked on the curves.

Linear rate constants for the nitridation of Mg at
various temperatures are listed in Table | together
with one from the work of Leontis and Rhines.6
The reproducibility of the measurements was such
that three runs at the same experimental conditions
gave k's that may agree within £25%. The dis-
crepancy may be due to errors in measurement of
the dimensions of the samples, if the surface rough-
ness from one sample to another is different. How-
ever, the uncertainty in log k is less than +5% in
most cases. The temperature uncertainty is about
+5° as previously mentioned.

Tabre |

Linear Rate Constants for the Nitridation of M ag-

nesium (Pn2 = 100 mm)

ko
(mg./cm.Mir.)

t°c. T, K. oyt —log k
415 688 14.535 1.84 X 10“3 2.735
440 713 14.025 3.20 X 10~3 2.468
450 723 13.831 4.00 X 10“3 2.398
465 738 13.550 5.40 X 10~-3 2.268
473 746 13.405 6.20 X 10~3 2.208
485 758 13.193 8.80 X 10-3 2.055
550° 823 12.151 2.60 X 10~2 1.585

“ From Leontis and Rhines,6using 99% N2

Figure 3 shows a comparison of log lcvs. 1/T plots
for the M g-0 system previously reported and the
Mg -N system as observed in this work. The un-
certainty in the rate constants and the tempera-
tures is indicated by the lines drawn through the
points located on the curve. A straight line may
be drawn through the 6 experimental points by the
method of least squares, and the rate equation may
be calculated. For N2 &(mg./cm.2hr.) = 2.2 X
104e-237/BT as compared with fc(mg./cm.2hr.) =
6.2 X 10Re-508D RT previously reported for 02

A rate constant observed by Leontis and R,hines6
falls on the extrapolated curve from the data even
though they used 99% pure N2 as a gas supply
while in this work the N2 was found to be about
99.99% pure. This indicates that the absolute
rate of oxidation at that temperature, i.e., 550°,
may not be too greatly different from that of nitro-
gen.

Since the activation energy of the M g-0 system
is 50,500 cal./mole as compared to 22,300 cal./mole
for the Mg-N system, the two curves cross at a cer-
tain temperature where the rate of nitridation is
equal to that of oxidation; at lower temperatures
the rate of nitridation is greater than the rate of
oxidation. Studies at very low temperatures of
reactions of N2and 0 2with Mg have confirmed this

(b) Temperature Effect—The effect of tem-Prediction, and will be discussed in a later section

perature on the rate of nitridation of Mg over the

(20) L. Brewer, “The Thermodynamic and Physical Properties of

the Elements,” in L. L. Quill, “The Chemistry and Metallurgy of
Miscellaneous Materials: Thermodynamics,” McGraw-Hill Book
Co., New York, N. Y.f 1950.

dealing with initial nitridation period.

(c) Pressure Effect.—The effect of pressure
on the reaction at 465° is shown in Fig. 4. The
pressure was varied from the standard 100 mm. to
200 and 20 mm. The effect is, however, not
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great enough to indicate that the rate depends
largely on the pressure. At low pressures, the
study was made with difficulty. Fluctuation of the
rate data is generally found in this type of measure-
ment with nianometric apparatus for extremely low
or high pressures. The pressure 100 mm. was se-
lected because it generally produced satisfactory
rate data.

No simple relationship with the pressure has been
determined, and the effect of pressure on the reac-
tion rate is small. The rate constant changes
about 10% for pressure change from 100 to 200
mm. and about 20% for pressure change from 100
to 20 mm. The standard runs at the pressure 100
mm. with an uncertainty of +5 mm. were inde-
pendent of pressure fluctuation during the runs.

(d) Effect of Abrasion—There was no sig-
nificant effect on the rate constant when either
abraded or unabraded samples were used, but the
abraded sample reacted much faster at the be-
ginning of the run than the unabraded one. After
nitridation Mg samples show thin films, white or
light yellow in color, depending on the length of
nitridation and the temperature of the system.

(e) Initial Nitridation Period.—As previously
mentioned, the rate of nitridation of Mg may be
faster than that of the oxidation at relatively low
temperatures. Some studies have been carried
out at lowr temperatures for the reactions of Mg
with N2 02and air. The gas pressures were set at
100 mm. for all runs.

Table 11 shows the results of such studies. As-
suming the ratio of the real to the measured area to
be unity and the reaction products to be MgaN2
MgO, or a mixture of these two compounds directly
proportional to the N2:0 2ratio in the air, the thick-
ness may be calculated bv employing the conver-
sion factors: 1.331, 0.703 and 1.205 A./Vg./cm.2for
N2 02and air, respectively. The system was evac-
uated while the temperature was raised, and then
new7gas was bled in to start a new run at the new
temperature.

Table Il

Initial Film T hicknesses

T%rép" Nitrogen Film tg?ykégﬁ‘s A Air
325 3.15
330 No reaction
345 5.37 No reaction
365 6.26 0.40
385 .79
405 6.94 2.70
415 10.63
425 3.50
430 4.88
445 15.22
455 6.44
465 8.97

The results obtained here are significant in two
ways: (1) they show that the rate of nitridation is
really faster than that of oxidation in the low7tem-
perature range. At 345° where oxidation is not
yet detectable, nitridation is already well under-
way. (2) The lower limit of temperature where the
nitridation begins is about 300° and this tends to

Kinetics of Nitridation of M agnesium and Aluminum
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Time, minutes

Fig. 2.—Nitridation of magnesium: effect of temperature
(Pn, = 100 mm.).

Fig. 3.—Nitridation of magnesium: a comparison of log K
vs. I/T plots for the M g-0 and Mg-N systems.

invalidate the conclusion of Terem who used a
less accurate gravimetric method to study this
same problem.

Even though magnesium starts to react with ni-
trogen at low temperatures, the reaction is only of
the film-forming type and is almost completely
stopped after a certain film thickness has been
formed. Therefore, at any temperature lower than
415° where the nitridation period itself becomes
appreciable, one may neglect the reaction as a
source of corrosion as compared to other reactions.
For example, rapid oxidation in a humid atmosphere
is noted by other workers.610 However, Mg(OH)2
formed under such conditions will also act as a pro-
tective coating as it has a high molar volume ratio,
ie, 1.74.3
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Fig. 4.—Pressure effect on nitridation of magnesium at 465°.

Time, minutes

Fig. 5.—Nitridation of aluminum: effect of temperature
(Pr: = 100 mm.).

Time, minutes.
Fig. 6.—Nitridation of aluminum: effect of temperature
(Prs = 100 mm.).

Nitridation of Aluminum.— Nitridation studies on
aluminum have not been complicated by any diffi-
culty due to its vapor pressure since the pressure is
relatively low in the temperature range of interest.
Brewerd has given the vapor pressure of Al at
about 1000° as 10~6atm. However, these studies
were limited by the melting point of Al to tempera-
tures below 932°K.

(@ Time and Temperature Effects.—Nitrida-
tion of Al in the temperature range studied, 530 to
625°, does not follow exclusively either the linear
law or the parabolic law; it starts off with a linear
rate which turns into a parabolic rate at still higher
temperatures. The temperature where the change
from the linear to parabolic rate takes place is
around 580 to 590° and the rate measurements

Pkasom Sthapitanonda and John L. Margrave

Vol. 60

in that region may be interpreted in either way.
The run at 590° tends to follow close to a parabolic
law while the run at 580° tends to follow close to a
linear rate law. Figure 5 shows the rates of nitri-
dation of Al in the temperature range 530 to 580°
and Fig. 6 shows the rates from 590 to 625°.

The linear rate constants for the nitridation of Al
at various temperatures are tabulated in Table 111
and the parabolic rate constants are tabulated in
Table IV. The reproducibility of these measure-
ments was slightly better than in the case of mag-
nesium. Runs under the same experimental condi-
tions varied about +15% for values of the rate
constants. The method of least squares was used
to obtain the rate equations. In the linear region,
the results for N2give k = 58e~a'm 'RT mg./cm.2
hr. as compared to k = 2.34 X 1QUe~n4w/RTmg./
cm.2hr. previously reported for 0221 From 590 to
625°, where the parabolic rate has been observed,
k = 42 X 10De~™m/RT mg.2cm .4hr. for nitri-
dation as compared to k = 1.35 X 103e~2ZnVv/RT
mg.2cm .4hr. for parabolic oxidation as reported
by Gulbransen and Wysong.1l Both rates of oxida-
tion are much more rapid than the rates of nitrida-
tion, and corrosion of Al due to nitridation is nearly
negligible.

Tabte Il

Linear Rate Constants for the Nitridation of Alumi-

num (Pn2 = 100 MM)

ko
(mg./cm.Mir.)

1, °Cc. T, "K. Jo42: -log k

530 803 12.453 8.0 X 10-i 3.097

570 843 11.862 1.35 X 10“3  2.870

580 853 11.723 155 X 103  2.810
Table IV

Parabolic Rate Constants for the Nitridation
Aluminum (Pn2 = 100 mm.)

(, °C. T, °I(. 10XT (mg.Vcm.Lhr.) —log k
590 863 11.587 3.15 X 10-~e 5.502
605 878 11.389 5.58 X 10“« 5.253
625 898 11.136 1.33 X 106 4.870

(b) Pressure Effect and Effect of Abrasion.—
The effect of pressure on the nitridation of Al is
very small and within the limit of other sources of
experimental errors. The same difficulty of fluctu-
ation of rate data at extremely low and high pres-
sures has been observed in this case, as for mag-
nesium. Thus the 100 mm. gas pressure was
adopted for the standard gas pressure to be used
throughout the experiments since it gave the least
fluctuation. The rate constants change less than
10% for pressure change of 2- to 5-fold. The rate
measurements at constant pressure with +5 mm.
uncertainty should be independent of pressure.

Abrasion is the cause of a great difference in the
initial nitridation period, probably because of the
removal of the thin oxide film usually covering the
metal. The rate constant, as a whole, fails to show
any significant change beyond the experimental er-
rors. The rate measurements, however, in this
work were done on abraded samples with shiny sur-
faces. The nitrided Al sample showed interference

(21) W. J. Moore, J. Electrochem. Soc., 100, 302 (1953).
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colors ranging from gold to blue or purple, depend-
ing on the thickness of the nitride film formed.

© Initial
carried out to find the lowest temperature where
nitridation may be observed with the sensitivity of
this apparatus. At 450° there was no reaction at
all for nitridation, whereas oxidation, as observed

Tabte V

Initial Nitridation Period of Aluminum; Comparison

of Nitridation with Oxidation of Aluminum in the

Same Temperature Region

Wt. gain at the
end of 30 min.,

( °c. Gas gg./cm.2
400 02 2.90
450 02 3.50
450 n2 No reaction
475 02 6.80
475 n2 0.10
500 02 8.80
515 n2 0.25
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in this work and as previously reported, has al-
ready taken place in a significant amount, i.e., at

Nitridation Period.—Studies were the end of 30 minutes the gain in weight is 3.5 fig./

cm.2 The results of these studies are shown in
Table Y and are compared with those reported by
Gulbransen and Wysong on the oxidation.1l

Al does not show any significant reaction with N2
until the temperature is raised to 530° where an ap-
preciable amount of nitridation has been observed.
This is to be contrasted with the report by Terem®D
that the nitridation begins at 760°. As in the case
of Mg, Terem’s technique was probably not sensi-
tive enough to observe the reaction taking place at
lower temperatures.
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Hydrodynamic measurements (sedimentation' and viscosity) have been carried out on bovine serum albumin at pH 4.0
and 5.13 in 0.5 M KC1 in order to assess the influence of the molecular configuration on the apparently anomalous ionization
behavior of the carboxyl groups. From the sedimentation-diffusion molecular weight and the computed hydrodynamic
parameter /3 it is concluded that the hydrodynamic properties of bovine serum albumin can be interpreted in terms of an
equivalent sphere at both pH 4.0 and 5.13, the volume at pH 4.0 being only about 11% greater than that at pH 5.13. This
increase in volume at the lower pH can account for only a small part of the anomalous reactivity insofar as it influences the
electrostatic contribution to the free energy of ionization. To circumvent this difficulty Tanford and co-workers have intro-
duced a discontinuity into the description of the molecular model by allowing for penetration of ions at low pH but not above
pH 4.3. Even with this discontinuity, the analysis of Tanford and co-workers accounts only for the slopes but not the ab-
solute values of the pH dependence of the thermodynamic parameters. On the other hand, with the use of a reasonable
empirical electrostatic contribution (i.e., wZ vs. pH curve), both the slopes and absolute values can be accounted for by ex-
panding on a previous suggestion of reversible formation and breakage of internal hydrogen bonds. Calculations on this
basis are reported here to show that the anomalous behavior can be understood if it is assumed that some of the carboxyl
groups are involved in carboxyl-carboxyl acetic acid dimer type hydrogen bonds. Upon ionization, carboxylate ion groups
form hydrogen bonds with hydroxyl donors. The reversible formation and breakage of these internal hydrogen bonds is
presumably accompanied by some penetration of solvent into the molecular domain to give rise to the 11% difference in
volume at the two pH’s. The calculations of the effects of hydrogen bonding thus account for both the hydrodynamic and
thermodynamic properties of bovine serum albumin at low pH. At the same time they provide some details of the changes
taking place on specific groups within the albumin molecule, and provide a basis for the so-called configurational adaptability

of the albumin molecule.

Introduction

The free energy change for such reactions as the
binding of small ions by proteins contains an elec-
trostatic contribution which depends upon several
factors including the net charge Z of the protein and
an electrostatic interaction factor w, the latter de-
pending on the size and shape of the protein mole-
cule.2~4 For example, the standard free energy of
ionization AF° and the pK, respectively, of a par-
ticular group on a protein are

(1) This work was supported by the Office of Naval Research
(Contract N6-onr 26414), by the National Science Foundation (Grant
G-507), and by Eli Lilly and Co. Reproduction in whole or in part is
permitted for any purpose of the United States Government.

(2) K. LinderstrOm-Lang, Compt. rend. trav. lab. Carlsberg, 15,
No. 7 (1924).

(3) G. Scatchard, .Arm. N. Y. Acad. Sci., 51, 660 (1949).

(4) T. L. Hill, Arch. Biochem. Biophys., 57, 229 (1955).

AF° = (A?°)° - 2RTwZ (1)
and
N 2wz
VK = vK 2)303 )]

if the ionizing group is influenced only by electro-
static effects (e.g., if the group is not involved in a
hydrogen bond). In these equations, R is the gas
constant, T is the absolute temperature, (AF°)° is
the value of AF° when Z = 0, and K and K*° are the
ionization constants corresponding to AF° and
(AF°)°, respectively. The quantity w is given by
the following formula for an impenetrable sphere
with uniform surface charge
_ Ne2 (1 _ k \
W 2DRT\b 1 + sa)

where N is Avogadro’'s number, e is the electronic
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charge, D is the dielectric constant, kis the inverse
of the radius of the ionic atmosphere, and b and a
are the hypothetical radii of the molecule and of ex-
clusion, respectively. Whereas Z varies with pH,
w (and, therefore, the size and shape of the mole-
cule) is usually found to be constant over a con-
siderable part of the pH range.5 However, recent
studies of the binding of protons56 aud other low
molecular weight ions and molecules7 by bovine
serum albumin (BSA) show that the thermody-
namics of such reactions cannot be accounted for
adequately if only Z, but not w, is assumed to vary
with pH. In other words, egs. 1 and 2, with w as-
sumed constant with changing pH, fail to apply in
these cases. In the case of BSA this anomalous
behavior manifests itself at low pH by an abnormal
steepening of the titration curve in the region where
carboxyl groups are ionizing, i.e., whereas eq. 2
would predict a given increase in the observed pK as
the pH rises (or as Z decreases), the experimental
titration curve is excessively steep because the pK
of the carboxyl groups increases less rapidly than
the simple electrostatic theory requires if both w
and pK®° remain constant. Also, the experimental
pKe® is found6 to be lower than expected. These
effects, which make the carboxyl groups appear
more acidic than normal, are illustrated in Fig. 1L

Fig. 1—Variation of pKab»d with pH for the carboxyl
groups of BSA: curve A, expected behavior (eq. 2) assum-
ing w constant (0.023) and pK® = 4.6; curve B, same as
curve A except that w was assumed to vary slightly with
pH according to the hydrodynamic behavior; curve C,
experimental curve8at ionic strength 0.15.

Curve A represents the expected variation in pAobsd
assuming the carboxyl groups of BSA to be normal
(pA° = 4.6) and w to have the value 0.023, inde-
pendent of pH. In order to obtain this curve, the
Z vs. pH data were taken from Tanford, et al.,sand
w was assumed equal to the value found in the neu-
tral pH region6 (evaluated from titration data6
using eq. 2 in the neighborhood of the isoionic
point). Curve B was computed on the same basis
as curve A except that the slight variation of w with
pH (due to a small pH dependence of b to be dis-
cussed below) was taken into account (eq. 3).
Curve C is the experimental curve at ionic strength
0.15 (see Fig. 4 of reference 6). It should be noted

(5) C. Tanford, Proc. lowa Acad. Sci., 59, 206 (1952).

(6) C. Tanford, S. A. Swanson and W. S. Shore, 3. Am. Chem. Soc.,
77, 6414 (1955). We are indebted to Dr. Tanford for sending us the
manuscripts for references 6 and 8 in advance of publicaton.

(7) 1. M. Klotz and J. Ayers, Disc. Faraday Soc., 13, 189 (1953).

(8) C. Tanford, J. G. Buzzell, D. G. Rands and S. A. Swanson, J.
Am. chem. Soc., 77, 6421 (1955).
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that the slope of curve C is smaller than that of
curve A or B, and also that curve C lies lower than
curves A and B.

Two explanations have been proposed to account
for the abnormal ionization behavior of the car-
boxyl groups in BSA. The first of these568can ac-
count for the slope of the pK vs. pH curve in
terms of electrostatic effects by suggesting that
the molecular weight remains unchanged but that
the molecular configuration changes with pH5,6,8-10
giving rise to a pH-dependent w factor. However,
this explanation cannot account for the magnitude
of pk°. The second explanation accounts for the
slope partly in terms of electrostatic effects, and
the magnitude in terms of an additional factor over
and above those included in egs. 1 and 2. Specific-
ally, the abnormal steepness of the titration curve
at low pH may be due to an additional pH depend-
ence of the observed pK's of the groups being ti-
trated because of the reversible formation and rup-
ture of carboxyl-carboxyl hydrogen bonds of the
acetic acid dimer type.ll It is also possible that
both effects are present, i.e., reversible changes in
size or shape may accompany the change in the
hydrogen bonding between the side chain polar R
groups of the protein

This investigation of the effect of pH on the hy-
drodynamic properties of BSA was undertaken in
order to learn about the extent to which configura-
tional changes occur as the pH region of anomalous
reactivity is approached. Thus, we should be able
to decide whether phenomena other than configu-
rational changes must be considered in order to
account for the reactivity. Similar investiga-
tions,81012-15 making use of hydrodynamic meth-
ods, have been carried out on human and bovine
serum albumin but most of them involve the
measurement of only one hydrodynamic quantity,
e.g., viscosity. Since two independent quantities
are required,6 some of the previous investigations
have substituted an arbitrary assumption about the
shape in order to deduce the size from the measure-
ment of only one quantity.7 By coincidence this
arbitrary assumption, that the molecule is essen-
tially spherical, is compatible with the results ob-
tained in this investigation.

While it would have been desirable to apply the
hydrodynamic method¥%over a wide pH range, it is
unfortunate that albumin does not remain homoge-
neous at low and high pH91820 where most of the

(9) M. E. Reichmann and P. A. Charlwood, can. J. Chem., 32, 1092
(1954).

(10)
(1954)

(11) . Laskowski, Jr., and H. A. Scheraga, ibid., 76, 6305 (1954).

M
(12) C. Tanford and J. G. Buzzell, T his Journal, 60, 225 (1956).
(13) J. M. Creeth, Biochem. J., 51, 10 (1952).
P
J.
H

J. T. Yang and J. F. Foster, J. Am. Chem. Soc., 76, 1588

(14) P. A. Charlwood, ibid.. 56, 259 (1954).

(15) R. Colvin, Can. J. Chem.,, 31, 734 (1953).

(16) . A. Scheraga and L. Mandelkern, J. Am. Chem. Soc., 75, 179
(1953).

(17) K. O. Pedersen, Disc. Faraday Soc., 13, 49 (1953), has also
called attention to the danger of drawing conclusions from a single
measurement.

(18) H. A. saroff, G. I. Loeb and H. A. Scheraga, J. Am. Chev-.
Soc., 77, 2908 (1955).

(19) P. Bro, S. J. Singer and J. M. Sturtevant, ibid., 77, 4924
(1955) .

(20) M. J. Kronman, M. D. Stern and S. N. Timasheff, T his Jour-
nal, 60, 829 (1956).
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anomalies in the reactivity occur. Since the inter-
pretation of hydrodynamic data is not unambigu-
ous for polydispersed systems,2l this investigation
has been confined to the isoionic point (pH 5.13)
and to an acid pH (4.0) in 0.5 M IvCl where the
protein is still homogeneous in the ultracentrifuge
and where some of the titration anomalies {e.g., the
abnormally high reactivity of carboxyl groups) be-
come apparent. Some previous interpretations of
hydrodynamic data in the acid pH range have not
taken cognizance of this heterogeneity.

It is worth noting that, in the pH range investi-
gated here, a reversible reaction has been detected
calorimetrically,2 and anomalies have been found
in the behavior of the depolarization of fluores-
cence23, also studies of chloride and thiocyanate
binding by human serum albumin revealed2*that
the binding sites had to be considered as divided
into two non-equivalent sets if the data were to be
explained by electrostatic effects only.

Experimental

Materials and Solutions.—Armour crystallized bovine
serum albumin (lot No. N67009) was dissolved in 0.5 M
KCI to a concentration of about 10 g./IOO cc. and dialyzed
for 24 hours against this same salt solution in a rocking di-
alyzerat: °. The pH of this solution was 5.13. Solutions
to be used at pH 4.0 were then acidified; the amount of
HC1 required to lower the pH did not contribute appreci-
ably to the ionic strength. These stock solutions were
diluted with the corresponding solvents (i.e., the outside
solution from the dialysis) to obtain more dilute protein
solutions. The concentrations of the stock solutions were
determined by dry weight measurements (heating to 105°),
using the solvent as a tare. The estimated amount of
bound chloride was taken into account in computing the
concentration.

The ionic strength was maintained at 0.5 in order to
eliminate the Donnan effect. At lower ionic strengths at
pH’s away from the isoelectric point the net charge and
attendant Donnan effect are sufficiently high so that the
solvent in the protein solution contains unequal amounts of
low molecular weight positive and negative ions; the vis-
cosity of this solvent, ij0, is therefore undefined. This prob-
lem was circumvented in computations of specific viscosity
(B = (v —vo)lvowhere v is the viscosity of the protein solu-
tion) by using 0.5 M KCI.

The solutions used for viscosity measurements were clari-
fied by centrifugation at 1600 X g. In a check experiment
the solutions were filtered through Pyrex fine-grade sintered
glass funnels; both clarification procedures yielded identical
viscosity results. Solutions used for sedimentation measure-
ments were naturally clarified during the acceleration pe-
riod of the ultracentrifuge.

All non-protein materials were Mallinckrodt analytical
reagents, aqueous solutions being made up with conductivity
water. The Beckman model G pH meter, standardized
at pH 4 and 7 with Beckman buffers, was used for pH meas-
urements.

Viscosity.—Since the intrinsic viscosity [7] of dilute solu-
tions of BSA isvery small (~0.04 for concentration expressed
in g./I00 cc.) good precision in measurements of specific
viscosity can be obtained only by using viscometers with
very long flow times, e.g., for a : % solution an error of o .1
sec. in flow time corresponds to an error in specific viscosity of
5% for a flow time of 100 sec. and 0.8% for a flow time of 10
min. Ostwald viscometers with a 15-cm. hydrostatic head
were used. The capillary portion of the viscometer was 90
cm. long with a bore diameter of about 0.« mm. and was

(21) Except for homologous polymers of known molecular weight
distribution, aB discussed by E. V. Gouinlock, P. J. Flory and H. A.
Scheraga, J. Polymer Sci., 16, 383 (1955).

(22) H. Gutfreund and J. M. Sturtevant, J. Am. Chem. Soc., 75,
5447 (1953).

(23) G. Weber, Biochem. J., 51, 155 (1952);
33 (1953).

(24) G. Scatchard, I. H. Scheinberg and S. Il. Armstrong, J. Am.
Chem. Soc., 72, 535, 540 (1950).

Disc. Faraday Soc., 13,
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The flow time of water in these vis-
cometers was about 10 min.  With such long flow times, the
kinetic energy correction was negligible. The viscosity
measurements were carried out at 25.00°, the bath tem-
perature being constant to =0.003°. The viscosity data
were expressed in terms of the flow times icand t of solvent
and solution, respectively, and plotted as (t — U)/kc vs. c.
Spring-driven stopwatches were used rather than electrical
timers because the fluctuations in the electric power line
frequency were large enough :o lead to significant errors.

Calculations carried out whh Booth’s equation® indicate
that, at an ionic strength of 0.5, the viscosity of the protein
solution is not affected bv the charge of the protein at pH
4.0.

Sedimentation.— Sedimentation constants s were used,
in conjunction with diffusion data obtained on the same
samples of BSA,5 to compute molecular weights M ; also
the values of s, together whh [y] and M, permitted the
hydrodynamic parameter 0 to be calculated.b

Sedimentation measurements were made with the Spinco
Model E ultracentrifuge. In order to encompass a wide
range of protein concentrations, cells with light paths of 3,
12 and 30 mm., respectively, were used. The runs were
carried out at 59,780 r.p.m. except when the 30 mm. cell
was used, the speed in the latter case being 50,740 r.p.m.
All runs were made at room temperature. The reversible
cooling on acceleration observed by Waugh and YphantisZ
and by Biancheria and lvegelesBwas taken into account by
subtracting 0.9 and 0.7° from the interpolated temperatures
at 59,780 and 50,740 r.p.m., respectively. The optics were
focused according to the procedure recommended by Ke-
geles and Gutter® in order to obtain a set of symmetrical
fringes on both sides of the peak, making it easier to meas-
ure its position. The photographs were read with a pro-
jection comparator previously described® with a precision
corresponding to a distance of 5 jj movement of the boundary
in the ultracentrifuge cell.

The sedimentation constants were corrected fo 25° in
0.5 M IVCl in the usual manner. Calculations similar to
those made by Bro, Singer and Sturtevant® indicate that
at this ionic strength the sedimentation constant depends
on charge at pH 4.0 to the extent of only 0.5% which is
about the limit of experimental error.

The partial specific volume was taken®as v = 0.734 at
25° at both pH 4.0 and 5.13.

The concentration dependence of s is expressed in a plot
of s vs. c

coiled for compactness.

Results

At both pH 4.0 and 5.13 there was no time de-
pendence of the viscosity or sedimentation behav-
ior within 5 hr. after Lie solutions were brought
from 2° to room temperature. Aging at room tem-
perature apparently produces changes in the vis-
cosity8at pH values bc-low 4. Aging for several
days at pH values of 4 and above at 2° pro-
duces no apparent change in the viscosity or sedi-
mentation behavior. Since all measurements re-
ported here were completed within the 5 hr. period
at room temperature, the subsequent reaction of
BSA was of no concern.

In assessing the sedimentation patterns for evi-
dence of polydispersity it was estimated that about
2 to 3% of a faster sedimenting component was
present at pH 4.0 and 5.13. Typical sedimentation
patterns are shown in Fig. 2. If the pH were
lower than 4, the more extensive polydispersity
previously reportedi8' 2 is evident. This poly-

(25) F. Booth, Proc. Roy. Soc. {London), A203, 533 (1950).

(20) M. L. Wagner and H. A. Scheraga, T nis Journa1, 60, 10G0
(1956).

(27) D. F. Waugh and D. A. Yphantis, Rev. Sci. Instr., 23, 609
(1952).

(28) A. Biancheria and G. Kegeles, 3. Am. Chem. Soc., 76, 3737
(1954).

(29) G. Kegeles and F. J. Gutter, ibid., 73, 3770 (1951).

(30) M. O. Dayhoff, G. E. PerImann and D. A. Maclnnes, ibid., 74,
2515 (1952).
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A B

Fig. 2.— Typical sedimentation patterns of BSA in 0.5 M
KC1 at room temperature: A, pH 4.00, 6 g./IOO cc.; B,
pH 5.13, 2 g./IOO cc.

A B

Fig. 3.—Sedimentation evidence for polydispersity in
0.51il KOI at pH 3.0: A, BSA stored at 2°, but run at
room temperature; B, solution A after more than 5 hours
storage at room temperature.

Fig. 4.— Viscosity data for BSA in 0.5 M KCL1 at 25°.

dispersity casts doubt on previous interpretations
of low pH studies of BSA which have been based
only on viscosity measurements. Examples of this
polydispersity are shown in Fig. 3 in which Fig. 3A
indicates the relative stability of BSA even after
aging for several days at pH 3.6 at 2°. If the same
solution stands at room temperature, then the poly-
dispersity evident in Fig. 3B develops within a few
hr. The sedimentation constants could not be de-
termined for the solutions which were stable at pH
3.6 at 2° because of the inability to maintain ade-
guate temperature control in the ultracentrifuge at

George |I. Loeb and Harold A. Scheraga
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low temperatures.3l By keeping the temperature
at 2°, it should be possible to make diffusion, sedi-
mentation and viscosity measurements at lower
pH’s where the magnitude of the aforementioned
anomalies in the reactivity increases at 25°.

Having indicated that the solutions at pH 4.0
and 5.13 are essentially monodispersed within the
first 5 hours at room temperature we present the
data obtained under these conditions. The viscos-
ity and sedimentation data are shown in Figs. 4 and
5, respectively. In both figures the various lines
shown were obtained by the method of least squares
enabling extrapolations to be carried out to zero
protein concentration. It may be noted that the
sedimentation curves in Fig. 5 cross. This is sim-
ply a reflection of the fact that the concentration
dependence of s is greater for the sample with the
larger sOvalue as has often been noted previously,
for example for polyisobutylene® and cellulose
trinitrate.3 This behavior illustrates that a com-
parison of s values at some finite concentration, say
1 g./100 cc., would not provide information about
relative configurations.

The intercepts of the (I — to)/he vs. ¢ plots are
not the true intrinsic viscosities, but the limiting
kinematic viscosities. To account for the difference
in density between the pure solvent and the protein
solution the term (1 — c200)/100po must be added.34
In this term, which has the value 0.0025 for our
data, the quantity po represents the solvent den-
sity and vi the partial specific volume of the protein.
The corrected values, representing the intrinsic
viscosities, are shown in Table I.

Table |
Viscosity and Sedimentation Data of BSA in 0.5 M KC1
at 25°
pH 4.00 pH 5.13
M, 100cc./g. 0.0457 + 0.0004 0.0413 + 0.0004

0, Svedberg units at

25°in05 M KC1 4.43 = 0.03 459 £+0.04

The limits of error are the standard deviations of
the intercepts. It may be noted from Fig. 4 that
the viscosity data are independent of the albumin
lot. Preliminary studies not reported here indicate
that this is not true of sedimentation and diffusion
data. The sedimentation data presented here,
and diffusion data,®bpertain to lot No. N67009.

The sedimentation constants, extrapolated to
zero concentration are given in Table | in terms of
Svedberg units (1 Svedberg unit = 10~13 sec.).
It may be noted that aging of the solution at pH
4.0 for 2 days at 2°, the ultracentrifuge runs being
completed within 5 hours after warming to room
temperature, had no appreciable effect on the sedi-
mentation data.

Discussion

Comparison with Literature Values.—The values
of [f]] reported in the literature for isoionic BSA

(31) A temperature control and temperature measuring device has
recently been developed by Spinco for the model E ultracentrifuge.
This auxiliary equipment has not been installed on our ultracentrifuge.

(32) L. Mandelkern, W R. Krigbaum, H. A.
Flory, J. Chem. Phys., 20, 1392 (1952).

(33) M. L. Hunt, S. Newman, H. A. Scheraga and P. J. Flory, Tins
Journar, 60, 1278 (1956)

(34) C. Tanford, ibid., 59, 798 (1955).

Scheraga and P. J.
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show some scatter (see Table Il1). As noted above,
differences in lot in our own work do not appear to
affect the viscosity. It does not seem probable that
differences in ionic strength are altogether responsi-
ble for these discrepancies. It may, however, be
noted that measurements reported in the literature
were carried out with viscometers having 100-200
sec. flow times. In contrast, our flow times were
about 10 min., giving better precision in t — t©
This difference in procedure need not of itself ac-
count for the discrepancies.

Tabtrte 11

Intrinsic Viscosities op Ilsoionic BSA

lonic strength M Ref.
0.03, 0.15 0.037 8, 12
(0), (0.1) .038° 10

.2 .041 35

.2 .0426 36

.5 .0413 This work

“This value includes the kinetic energy and density cor-
rections estimated by Tanford, et al? hThis value was ob-
tained at pH 7.

The sedimentation constant at pH 5.13 is com-
pared with literature values in Table I11. For this
purpose our value given in Table | has been cor-
rected to 20° in water in the usual manner, using
the same correction data reported elsewhere.®

Tabte 111

Sedimentation Constants of lsoionic BSA Corrected

to 20° in Water

SOV OO Ref.
4.32 4.41 Taylor (see ref. 37)
4.30 4.39 Miller and Golder (see ref.
4.31 4.40 Creeth (see ref. 37)
4.29 4.3S 37

4.40 36
4.29' 4.34' 29
4.40 4.49 35

4.41 This work

"As reported in literature. hThis column is obtained
by multiplying the data in the previous column by 1.02
(ref. 37) to account for the Waugh-Yphantis or Biancheria-
Kegeles effect. The value of Kegeles and Gutter®is multi-
plied by 1.01 since they took the correction into account
but used only one-half the correct value. 0The value of
Kegeles and Gutter® is slightly lower than the others.
This is probably due to the fact that their value corresponds
to pH 4.4. As can be seen from Table I, the sedimentation
constant decreases with decreasing pH in the pH range 5.13
to 4.0 in the presence of chloride where no cations except
hydrogen ion are bound.

Molecular Weight and Configuration.—We may
use the data of Table | to compute a sedimentation-
diffusion molecular weight M for BSA and also the
hydrodynamic parameter’6;3 In such calculations
we must take account of the presence of about 3%
of the faster sedimenting component (see Fig. 2).
If we use hydrodynamic data which pertain to the
whole albumin sample, then we will have computed
average values of M and 3 On the other hand,
if we use data which pertain to the major compo-
nent, which represents 97% of the total protein,
then the computed values of M and i3will pertain to

(35) V. L. Koenig and J. D. Perrings, Arch. Biochem. Biophys., 41,

367 (1952).
(36) P. A. Charlwood, Can. J. Chem., 33, 1043 (1955).
(37) S. Shulman, Arch. Biochem. Biophys., 44, 230 (1953).
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Fig. 5.—Sedimentation data for BSA (Lot No. N67009) in
0.5 M KC1 at 25°.

this component alone. While it is of interest to
have information about the major component, it
should be emphasized that our primary interest in
the configuration of BSA arises from the desire to
account for its anomalous reactivity. Since the
titration data6were obtained on the whole albumin
sample (lot No. N67009, as in our work) we are
also interested in the average values of M and f3
We shall, therefore, carry out the computations in
both ways, recognizing that the differences in the
results will be small since the impurity is estimated
to be present only to the extent of about 3%.

The measured values of [p] and D are average
values for the whole sample, while the value of s
pertains to a particular component. With this in
mind we shall calculate first the molecular weight
of the major component. For this purpose we use
the value of sbw = 441 X HDI3sec. reported in
Table 11l for the major component at pH 5.13.
Diffusion data on the same samples, reported else-
where,Bgive Dxhw = 5.90 X 10~7cm.2sec. for the
major component. This value was computed®
from the observed average diffusion coefficient on
the basis that the major component represents
97% of the total protein, and that the ratio of
the diffusion coefficients of the major and minor
components is 15. Both of these assumptions
are compatible with a heterogeneity analysis car-
ried out on the diffusion data,Bwhile the 3% value
is, in addition, in agreement with the appearance
of the sedimentation patterns of Fig. 2. The litera-
ture valuedofv = 0.734 at 25° may be corrected to
0.730 at 20° using the generalized temperature co-
efficient for v for proteins.3 The density of water
at 20° is 0.9982 g./cc. Using these data in the
Svedberg equation

we obtain for the major component the value M =
67,000 = 3000 g./mole. We shall assume that the
molecular weight of the major component, as well
as the average molecular weight to be computed
below, is the same at pH 4.0 as the value calculated
above from data at pH 5.13. This seems justified
in light of previously reported light scattering
data.8'D

In order to compute the average molecular weight
we use the observed average value® of the diffu-
sion coefficient at pFl 5.13. D*ow = 5.81 X 10~7

(38) T. Svedberg and Iv. O Pedersen, “The Ultracentrifuge,”
Appendix 11, Oxford, 1940,
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cm.2sec. The average sedimentation constant is
computed as follows. The sedimentation con-
stant of the faster, minor component is about 6.6 X
10~13sec., this value being subject to a large experi-
mental error since the concentration of this compo-
nent is very small. However, since the faster
component is present to the extent of only 3%,
such a large error will not seriously affect the final
result. The average value of s is taken as [(0.97)-
(4.41) + (0.03)(6.6)] X 10-Bor 4.48 X 10-13sec.
We thus obtain from equation 4 a value of M =
69,200 g./mole as an average molecular weight of
the albumin sample.
We can now compute the hydrodynamic parame-
ter f3defined by the equation®
_ H N
P ™ MR ) ®

Since the measured value of [:]is an average for the
whole protein, we shall first compute an average
value of f3using the [:] data of Table I, the average
values s = 4.50 X 10“13sec. and 4.63 X 10~13sec.
for 0.5 M KC1 at 25° at pH 4.0 and 5.13, respec-
tively, and values of v, p and 70 pertaining to 0.5
M KC1 at 25°. The results obtained are given in
Table IV.

Tabte IV

Values” of O for the Major Component of BSA and for
the Whole Protein at 25° in 0.5 M KC1

M pH 4.0 pH 5.13
Major component 07,000 2.05 X 10£ 2.05 X 106
Whole protein (39,200 2.04 2.04

aThe standard deviation in 0 is £0.06 X 106. This in-
cludes an estimate of the error in the diffusion coefficient.
In this connection it may be mentioned that variations in D
for BSA in the literature are approximately 5%. This may
be due, in part, to the observation made in this Laboratory®
that D varies with the albumin sample. Further, the
standard deviation cited above is believed to be a minimum
value which would be augmented by determinate errors in
any of the measured values from which 0 was computed.
For example, the intrinsic viscosity may be slightly in error
because of an uncertainty in c arising from an unknown
amount of bound chloride ion.

In order to compute @for the major component
we must know the value of -] for this species. We
can make the following reasonable assumptions to
show that the measured value of 7] for the whole
protein is, within the experimental error of the de-
termination of 71, equal to -1 for the major com-
ponent. The intrinsic viscosity is

[+] = (AwW/100)(Ve/M ) (6)

where v is a shape factor® and Ve is the effective
hydrodynamic volume.’6 If we assume that Ve~

M, then the ratio Ve/M for both components is the
same, irrespective of the values of v. Neglecting
protein-protein interaction, we can write, as a
consequence of eq. 6, the following equation for the
observed value of the intrinsic viscosity.

G] = [0.97n + 0.03j'2J(IVyi00)){V./M) %)

If both components were spherical \Wwould equal w»
and the observed intrinsic viscosity would be equal
to that of either component separately. If the ma-
jor component were spherical and component 2
were an aggregate of 2 spheres we could take vi =

(30) R. Simha T his Journal, 44, 25 (10-10).
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2.5, the value for a sphere, and V2 = 2.91, the value
for a prolate ellipsoid of revolution of axial ratio 2.
In such a case the observed intrinsic viscosity
would be 2.51/2.50 times the value for the major
component. Since this difference in [7] is well
within the experimental error, and since this error
is further reduced by the fact that we take the cube
root of [77in computing @from eq. 5, we are justified
in assigning the measured value of [7] to the major
component.

Using then the measured values of [7] and the
values of s for the major component, as given in
Table I, we obtain the values of 3 for the major
component which are given in Table IV. From
the data shown in Table IV it can be seen that the
presence of about 3% of the faster sedimenting
component has no significant effect on the resulting
value of /3 even though it increases the average
molecular weight by 3%.

The values obtained for {3 indicatel that an ef-
fective hydrodynamic sphere® will account for all
of the measurements of BSA, i.e.,, sedimentation,
diffusion and viscosity, without any arbitrary as-
sumption about the density or hydration of the
molecule. Further, from the similar values# of 8
at both pH'’s we see that the shape is independent
of pH in the pH region encompassed by the meas-
urements reported here.  The different viscosities
are thus to be accounted for in terms of a greater
hydrodynamic volume at pH 4.0 compared to pH
5.13. Similarly, the different sedimentation con-
stants at these pH's reflect the different hydrody-
namic radii. The ratio of the radius at pH 4.0 to
thatat pH 5.13 is

(Lito. _ (S))HBI3 _ 459

(BB~ (5),140 443 ®)
wherel/is the translational frictional coefficient. Tf
this value is cubed, we obtain for the ratio of the
volumes at the two pH's a value of 1.12. This
value is in excellent agreement with the ratio of the
intrinsic viscosities 0.0457/0.0413 or 1.11. Thus,
the configuration of the albumin molecule is pre-
sumably such that its volume is 11% greater at pH
4.0 than at pH 5.13. The agreement between the
ratios obtained from/and [-]is compatible with the
spherical model for albumin. Further, the mole-
cule presumably possesses sufficient flexibility to
allow for this increase in volume, i.e., the volume
change is envisaged as arising from the entrance of
solvent between the peptide helices.

It is of interest to emphasize a point made
previously,’6 that while hydrodynamic measure-
ments are carried out in order to ascertain sizes and

(40) When the O value is near 2.1 X 10° the distinction between a
sphere and an oblate ellipsoid cannot be made from 0 alone.’6 As dis-
cussed elsewherellthe absence of flow birefringence suggests the absence
of high asymmetry for BSA. However, for molecules as small as BSA
the results of flow birefringence are not very reliable. We shall, there-
fore, interpret the data in terms of a sphere. In view of the errors in
the measured hydrodynamic, quantities, and also in light of the com-
ments in footnote a of Table 1V, the deviation of the experimental 3
values from the minimum theoretical® value of 2.12 X 106 should
not be regarded as a failure of the theory.

(41) H. A. Scheraga, W. R. Carroll, L. F. Nims, E. Sutton, J. K.
Backus and J. M. Saunders, J. Polymer Sci., 14, 427 (1954).

(42) This comparison of 0 values at two pH’s is essentially a com-
parison of the values of s[€]i/3. Hence, since errors in D and M do

not affect this quantity, this comparison is more precise than an
individual 3value.
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shapes of protein molecules in dilute solution, it does
not follow that the hydrodynamic volume is identical
with the -particle volume. This erroneous identifi-
cation of the two volumes is embodied in eq. 7 of ref-
erence 12.8 |If the two volumes were identical,
then Stokes’ law would hold for small spherical par-
ticles, i.e., for macromolecules. Idowever, it is
precisely because Stokes’ law does not always hold
for spherical macromolecules4 (and correspond-
ingly, Perrin’s equation for ellipsoidal macromole-
cules) that the procedure of reference 16 used the
concept of the effective hydrodynamic volume. It is
thus impossible at present to relate the hydrody-
namic volume to the partial specific volume, as
equation 7 of reference 12 tries to do. Further, the
claim2 that the hydrodynamic properties of BSA
cannot be represented by the theory previously
cited® is based on the departure of f} from the
minimum value of 2.12 X 106 When experimental
errors are taken in account this discrepancy be-
comes insignificant.043 Further support for this
point of view has been provided by Charlwood. 4
It is thus worthwhile to re-emphasize that hydro-
dynamic measurements (a) give sizes and shapes of
effective hydrodynamic particles, not real particles
and (b) that hydrodynamic methods are not very
sensitive to changes in shape. This insensitivity is a
characteristic feature of hydrodynamic methods.
While asingle hydrodynamic property, such as vis-
cosity or sedimentation, is highly sensitive to
changes in shape, it is unfortunate, as shown previ-
ously,® that a single hydrodynamic property does
not lead to a unique size or shape. Rather, a pair
of quantities is required, and the combination of two
hydrodynamic quantities is not very sensitive to
particle shape.88 If one has carried out meas-

(43) Essentially this same error is committed by Harrington, John-
son and Ottewillas who attempt to correlate hydrodynamic volume
with v. Further, these authors criticize the procedure of Scheraga
and Mandelkernis by stating that 4for axial ratios smaller than 20 an
approximate form of the Simha equation has to be used.” This state-
ment is incorrect since the exact Simha equation is availabless and its
solution has been given in connection with numerical viscosity calcula-
tionsss for axial ratios from 1 to 300, as well as by Mehl, Oncley and
Simha.s Further, Scheraga and Mandelkern used the exact Simha
equation in the evaluation of their 3 function. Thus the contention
of Harrington, Johnson and Ottewill that the Simha or Perrin equa-
tions do not hold accurately for nearly spherical particles is unfounded.
We suggest here that the difficulties of Harrington, Johnson and Otte-
will could be circumvented by a precision analysis of their 3-values, as
carried out here.as The same remarks about reliability and precision
of hydrodynamic data apply to their calculations of 3 for southern

bean mosaic virus and tobacco mosaic virus.

(44) W. F. Harrington, P. Johnson and R. H. Ottewill, Biochem. J.,
62, 569 (1956).

(45) H. A. Scheraga, J. Chem. Phys., 23, 1520 (1955).

(46) J. W. Mehl, J. L. Oncley and R. Simha, Science, 92, 132 (1940).

(47) The well-known failure of Stokes’ law for macromolecules was
taken into account in the treatment of Scheraga and Mandelkern.is
The failure of Stokes’ law for molecules has again been discussed re-
cently by A. Spernol, T his Journar, 60, 703 (1956).

(48) For example, the large change in intrinsic viscosity with par-
ticle shape at constant volume might seem to provide a sensitive tool
for measurement of shape changes (a change from a sphere to a prolate
ellipsoid of axial ratio 4 leads to an 85% change in fa] if the volume
stays constant). Unfortunately, however, we have no way of know-
ing whether a change in viscosity is due to a change in shape, or vol-
ume, or both. In order to determine which factor is responsible, an-
other measurement, e.Q., sedimentation, is needed. The 3 function
which isolates the shape factor’s effects is a function of both s and
[17]. Now, if fa] increases, s will decrease (both are associated with
increased frictional effects), and thus there is internal compensation
in the function of s and fa] (as indeed there must be to eliminate size
effects) which makes the 3 function comparatively insensitive. Any
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urements of two hydrodynamic quantities, then
the procedure of reference 16 will provide the size
and shape without requiring arbitrary assumptions
about the shape (or hydration). This procedure has
been applied above in the evaluation of /3 for BSA
at pH 4.0 and 5.13.

Reactivity (in Terms of Varying w).—We may
now consider the question of the anomalous car-
boxyl ionization, first from the point of view that w
may vary with pH, to see if the 11% increase in hy-
drodynamic volume at pH 4.0 (interpreted to mean
an increase in the volume of the solvated protein
molecule) will account for the steepness of the titra-
tion curve®at low pH.

We have seen from equation 8 that the ratio of
the radius at pH 4.0 to that at pH 5.13 is 1.04.
Such a ratio of radii corresponds to a very small
ratio of w values (see eq. 3) for the impenetrable
sphere model. The viscosity data8 at ionic
strength 0.15 correspond to a slightly greater ex-
pansion. If the titration data on BSAG6 are inter-
preted in terms of a variation in w with pH, the
experimental variation8in w is in excess by several
orders of magnitude of that computed from eq. 3
using the value 1.04 for the ratio of radii. We
may thus conclude that the anomalous reactivity
of the carboxyl groups of BSA cannot be ac-
counted for by a changing molecular size (in terms
of the impenetrable sphere model).

To circumvent this conclusion, but still pre-
serving the concept of a varying w, Tanford, et al.,s
ignoring the heterogeneity previously cited,1820
have interpreted the configurational changes over a
wide, acid pH range in terms of an alternative model
in which the salt ions penetrate some distance into
the interior of the protein ion (with the protein
fixed charges remaining on the “surface”). They
then change the model, above pH 4.3, to that of an
impenetrable sphere. In view of the fact that there
is an 11% volume expansion at low pH there is cer-
tainly justification for assuming penetration of the
protein ion by low molecular weight species. How-
ever, one may question, without being able to show
conclusively, whether the discontinuity in the model
at pH 4.3 represents a realistic description of the
configurational changes of BSA. Whereas the im-
penetrable sphere model leads to equation 3, the
penetrable sphere model leads to an alternative
expression8 for w. By using these two different
models (the penetrable sphere at pH 4.0 and the im-
penetrable sphere at pH 5.13), the ratio of radii
becomes 1.03, in reasonable agreement with the
value 1.04 of eq. 8. This better agreement arises
because the variation in w with pH, ascribed to
variation in protein size in the impenetrable sphere
model, is attributed to penetration by ions in the
penetrable sphere model at pH 4.0. However, the
assumption of a discontinuity in the model at pH
4.3 does not appear realistic. As stated in footnote
method of separating the shape and size effects will suffer from such
internal compensation. The combined function will only undergo
a change of 4% as against 85% for viscosity alone in the example

cited.

(49)
strengths, the highest being 0.15, we shall assume that the conclusions
reached about changes in particle shape from hydrodynamic data at
ionic strength 0.5 may be applied to the titration data at ionic strength

0.15.

Whereas the titration data6 were obtained at several ionic
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26 of reference 8, neither the penetrable nor the
impenetrable sphere models are individually ade-
guate to account for the thermodynamic and hy-
drodynamic properties without switching the
model at pH 4.3. Further, even with this discon-
tinuity in the model, the explanation of ref-
erence 8 can account only for the slope of the pK
vs. pH curve but not for the difference in pK® val-
ues (i.e., an “observed” pK?® value of 4.0 compared
to the “normal” value of 4.6), as pointed out in the
Introduction in the discussion of Fig. 1. We there-
fore propose an alternative explanation below.

Reactivity (in Terms of Hydrogen Bonding).—
The alternative explanation discussed here is
concerned with the effects of hydrogen bondsll
between un-ionized carboxyl groups, and of hydro-
gen bonds between ionized carboxyl groups and the
OH groups of tyrosine, serine and threonine.

Considering first the tyrosyl ionization, if the ty-
rosyl residues are assumed to be involved in heterol-
ogous single hydrogen bonds with ionized carboxyl
groups, then according to eq. 1-38 of reference 11 the
observed standard free energy change for the tyro-
syl ionization is

AP s = AP, + rr n(L-fity)  (9)

in the pH region of tyrosyl ionization. In this
equation AFQ corresponds to the normal, non-hy-
drogen bonded tyrosyl group, and iCj is a hydrogen
bonding equilibrium constant previously defined.1l
In order to make AFoOxd agree with the experi-
mental value6of 14.1 kcal./mole (assuming AF°i =
13.1 kcal./mole6, Ka must have the value® 4 ac-
cording to eq. 9. The calculated values of A//°adbsd
and A*S°0osd are then 11 kcal./mole and —10 e.u.,
respectively, which agree very well with the ob-
served6 values of 11.5 kcal./mole and —9 e.u., re-
spectively. Such hydrogen bonding accounts for
the thermodynamic parameters of the tyrosyl
ionization.1151

We now consider the ionization of the carboxyl
groups. Since there are only 18 or 19 tyrosyl
groups, only at most 18 or 19 ionized carboxyl
groups can be hydrogen bonded to tyrosyls. How-
ever, we may postulate that the 57 seryl and thre-
onyl hydroxyl groups may also hydrogen bond
with ionized carboxyl groups.2 We thus have
available a total of 76 donors for hydrogen bonding
with ionized carboxyl groups. Since there are at
least 90 carboxyl groups, it is implied that some of
them are not hydrogen bonded in the ionized form.
When the carboxyl groups are un-ionized it is pos-
tulated that some of them are involved in COOH-
HOOC acetic acid dimer type bondsil and some of
them are not hydrogen bonded at all. The treat-
ment given below considers the possible fates of the
hydrogen bonded COOH groups upon ionization.
While a direct test of such hydrogen bonding phe-
nomena is not yet feasible for the carboxyl ionization,

(50) A revision6 in the values of AF°i and Af~obsd leads to the
value of 4 for i£;j, rather than 2.5 as reported previously.ll

(51) As noted previously,ll tyrosyl groups may be involved in a
cooperative hydrogen bonding situation. If such is the case, the
values of would have to be revised. In any event, the previous
estimatell that K\} is of the order of unity seems reasonable.

(52) It may be, however, that such hydrogen bonds are not as

readily formed as tyrosyl hydrogen bonds since the acid pK's of seryl
$nd threonyl hydroxyl groups are quite high.
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we may investigate the various possibilities to see
whether the results so obtained can be correlated
with the experimentally determined thermody-
namic parameters. It must be recognized, how-
ever, that the following discussion is essentially
qualitative because the hydrogen bonding theoryll
to be used applies only in cases where the polar R
groups involved are attached to polypeptide chains
which are rigidly fixed in position relative to each
other. This is not true in the case of BSA in the
acid region since the molecule has been shown to
expand. The effect of such expansion on the hy-
drogen bonding between the polar R groups would
not be expected to be negligible since the equilib-
rium constants for the formation of such hydrogen
bonds are strongly dependent upon the distance be-
tween the polar groups concerned.ll However, the
expansion is small so that we may expect our results
to be qualitatively correct.

In the following treatment we shall deal with
three plausible models. These are not the only
possibilities but they cover awide range of values of
the thermodynamic parameters. In all of these
models the un-ionized COOH groups are doubly
hydrogen bonded and the ionized COO- groups
are potentially capable of functioning as hydrogen
bonding acceptors. If all these types of hydrogen
bonding situations were present it is doubtful
whether present methods of interpreting titration
curves could distinguish between the various kinds
of carboxyl groups.

In all the models those un-ionized COOH groups
which are hydrogen bonded are assumed to be in-
volved in acetic acid dimer type bonds. The
models differ according to the behavior of the car-
boxyl group after ionization. In formulating these
models we shall distinguish between the left and
right carboxyl groups in the hydrogen bond and
compute the expected thermodynamic parameters
for the ionization of either the left or right car-
boxyl. In model A we allow only the left but not
the right carboxyl group to form a heterologous
single hydrogen bond with an OH donor when the
carboxyl group is ionized. For this model we shall
consider separately the ionization behavior of both
the left and right carboxyl groups. In model B
we consider that the ionized carboxyl groups can
form cooperative hydrogen bonds (two OH donor
groups to each COO~ group). Finally, in model C
we assume that the ionized carboxyl groups are not
hydrogen bonded. This model was considered pre-
viously. 1l In models B and C we shall consider the
ionization of the left COOH group, but the same
equations would be derived if the ionization of the
right COOH group were considered.

Since the method of computing the thermody-
namic parameters is the same for all the models, we
shall illustrate the details for model B and merely
state the results for the other, simpler cases.&B

The ionization process may be generalized as

(io)
In the case of model B, the symbol | represents spe-
cies A-D, whereas Il represents species E-J (see

iMoo h++ i

(53) In all the models we shall make the simplifying and justifiable
approximation that two COOH groups can be bonded only when two
not one, hydrogen bonds are formed.
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the left carboxyl group in model B can be com-
puted by the method of Appendix | of reference 11.
The relative concentrations n\ of the various species
are listed below, where K1}, Kimand K s are hydro-
gen bonding equilibrium constants defined in ref-
erence 11. The normal value for the ionization
constant of anon-hydrogen bonded COOH group in
a protein of charge Z isK 2

1

Kim

Kti [H+]
K,K2[R +)
Kt/IH+]
K,.Kt/[H+]
(*./[H+)s
Km{K2[R+\y
Kr,(K2 [H+]):
(AA/IH+])"

‘-'—IG)'I'll'I'IUOUJZDg
B

From these we obtain
A'obsd =

where [H+] is the hydrogen ion activity. Substitu-
tion for the n’s gives

(«A + AB + nc + 2Ad) o

K _ KA+ gl + (I + ABg2[H+II
Adsd 1+ KiIm+ (1 + Kr)K2[H+] w

By the usual thermodynamic procedures we can
obtain AF°0Obsd, AS00sc and AH°obsd from eq. 12.
The relation for AF°0Obsc is

AFobad — —RT In K i
= AF° -
nT] @ +gr)[l +(1 +g.,)g,/[H+]
1+ Alm+ (1 + KAKt/IH+i

The equations for ASLbsd and AHLbsd are somewhat
cumbersome. However, they can be simplified if
we recall that AH"\ ~ 0 for carboxyl groups. The
simphfied equations are then

(13)
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AnHN B = RTZ/DIn

B \ AT )p, [H+]

K KrK2[H-
[r+ Krt 1+ (1 «kreyKkz/[H +
KnKt/[H+] AH°N -

1 + Kim + (I + X7 rs)AV[H +]_

[+ «xm+ (1 E“K,)AV[H +]] AffcIm (14)
and

AlSPobrd = (Afl°obad - (15)
Similar considerations applied to the other models
give
Model Al (i.e., ionization of left carboxyl)

AF\M )/T

jE{mj_KZ(I + K-,i)(l + K2/[H+D (16)
1 + Kin, + AV[H+]
Tj Ajj, .. alio . Al
& Pugi = 1+”K||,3f—'|oJ—xﬁﬁm+m-2‘[1=|ﬁ AflvV
@an
Model Ar (i.e. ionization of right carboxyl)
K,[l + (1 + K,i)g,/[H+1]
dad 1+ KIm+ (1 + K U)K,/[H+]
el KuAVIH+1
an — IV @+ k)kiH+T
KiiAVIH +1
Aff
1 + A'im+ (1 + KU)AV[H +L
1+ AiImMm + (1 + A'ijiAVIH +1Aff°lm (19)
Model C
KAl + K,/[H+
pobad — 1AM K[,jy|]|)+] (20
AH® -Ku
1+ Ktm+ K2Z[H+] AH°Im (21)

The expressions for AF°Osd and A»S00sd follow
readily from those given, and have therefore been
omitted.

Fig. 7.—Dependence of wZ on pH: curve A, penetrable
model; curve B, impenetrable model; curve C, empirical.
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The experimental thermodynamic parameters6
lie between curves calculated from the above equa-
tions for the various models using the values Ki\ =
4, KIm= 100, Kr3= 40, K-2 = 2.5 X10“5w vs. pH
data from the hydrodynamic behavior, and Z vs. pH
data from Tanford, et al.s However, the slopes of
the resulting AF° vs. pH curves do not match the
experimental slopes. On the other hand, it must be
kept in mind, as stated in reference 6, that the Z vs.
pH data have been estimated on the basis of meas-
urements of chloride binding at one or two pH'’s,
and assumptions about potassium binding. Thus,
there is considerable uncertainty in the Z vs. pH
data for BSA, and consequently in the w vs. pH data.
We have, therefore, introduced an empirical wZ vs.
pH dependence, chosen so that the slopes of the
AF° vs. pH curves (computed from the above mod-
els) would be compatible with the experimental
ones. This empirical curve is compared in Fig. 7
with theoretical curves computed from the Z vs. pH
data postulated by Tanford, et a/.,8ahd from w vs.
pH data using the impenetrable and penetrable
models.& It is also of interest to examine the pH

Fig. 8.— Dependence of z on pH: curve A, values assumed
by Tanford, et al.'; curve B, values computed from Fig. 7,
using the impenetrable model for w (allowing for the small
expansion at low pH).

dependence of the empirical charge, Zemv, computed
from the empirical wZ vs. pH curve of Fig. 7, using
the impenetrable model for w.  The resultant curve
is compared with that postulated® by Tanford,
et al.,s in Fig. 8. We do not feel that sufficient
data are available at present to provide an accurate
wZ vs. pH curve. If we use the empirical wZ vs.

(54) The empirical wz vs. pH curve could be inaccurate at the low
pH end since the hydrogen bonding theory,11 on which it is based,
does not hold rigorously because of the molecular expansion.

(55) It is obvious that there is a need for a complete study on BSA
of the simultaneous binding of .CI", K +and H+in order to obtain z
at any pH. Such studies are being carried out by Saroff (private
communication) with the aid of perm-selective membrapes.
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pH curve we can account not only for the slope of
AF° vs. pH curves, but also for the AH® and AS°
parameters@and resolve the anomaly of the carboxyl
ionization. Thus, the curves of Figs. 9, 10, and 11
were computed using this empirical wZ vs. pH curve
and the above values of K\\ Kim Kraand A2 It
can be seen that the experimental curves lie be-
tween the theoretical curves for the models chosen,
both with respect to absolute values and slopes.
Thus, the experimental curve may be considered
as representing some average among these models
plus a few possibly normal COOH groups. This
average cannot be evaluated quantitatively be-
cause the theory of reference 11 assumes that the
helices are maintained in fixed positions with re-
spect to each other, whereas the small expansion
deduced from the hydrodynamic data suggests
that solvent may force the helices apart.6/ Never-
theless, we can see qualitatively that the hydrogen
bonding picture is plausible and accounts for the
thermodynamic behavior of the carboxyl groups of
BSA (i.e., both the slopes and absolute values of the
thermodynamic parameters).@

Further, in view of the possibility of making and
breaking various kinds of hydrogen bonds rever-
sibly, permitting expansion as the charge on the
molecule increases, we can see how the configu-
rational adaptability commonly ascribed to the al-
bumin molecule can arise.

Thus, the foregoing analysis provides a compat-
ible picture to account for both the hydrodynamic
and thermodynamic data on BSA at low pH. As
the pFl rises the hydrogen bonds between OH
groups and COO~ groups may bring the peptide
helices closer together, squeeze solvent out of the
molecular domain, and account for the decrease in
volume in going from pH 4.0 to pH 5.3. No change
in configuration then occurs until high pH where
tyrosyl groups ionize.

Finally, we should emphasize the limited range
of conditions under which our conclusions apply.
First of all, they apply to fresh solutions (less than
5 hours at room temperature), and not to older
solutions which at the lower pH exhibit the time-

(56) It should be noted that the empirical wZ vs. pH relation is not
required to give the proper range of AF°, AH° and A&”; it was
chosen only to make the slopes of the AF° curves agree with experi-
ment. The range of values of these parameters, obtained from the
several hydrogen bonding models, is sufficient to account for the ex-
perimental data even with the wZ vs. pH data of Tanford, etal.B

(57) It should be noted that contributions to the observed free
energy of ionization due to configurational changes (e.g., the volume
change accompanying the shifting of helices relative to each other)
have been neglected in this treatment.

(58) It may be mentioned that the experimental curve lies between
the normal curve and curve B in Fig. 9 whereas in Figs. 10 and 11
it lies between the normal curves (not shown in the Figures) and curve
A1. This shift, however, corresponds to relatively small changes in
the parameters k\), k ra, Agm and in the values selected for an-t,
AH®ij, AH°ts, For example, if AH°t were not zero as as-
sumed, there would be errors in A/y°0Obsd arising not only from the non-
zero value of AH°2but also from the differentiation process of eq. 14,
carried out at constant [H+]. (It should be noted that A#°0Obsd of
eq. 14 corresponds to constant [I1+] whereas the experimental value
usually corresponds to constant r). Finally, since an error of 2 kcal.
in the enthalpy would correspond to an error of about 7 e.u. in the
entropy, such errors in A/7°obsd will also appear in AS°obsd* Hence,
the change in the sequence of the curves as calculated is not outside the
expected range of uncertainty inherent in these calculations, especially
since the averaging procedure is different for the different thermo-
dynamic parameters.

Thermodynamic Properties of Bovine Albumin at Low />l
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PH

Fig. 9.—Dependence of AF°dsion pH. Curves Ar, Al,
B, C correspond to the hydrogen bonded models given in the
text. The normal curve was computed using pK°® — 4.6
and the empirical wZ vs. pH data of Fig. 7. The experi-
mental curve6is also shown.

pH.

Fig. 10.— Dependence of Aff°,,ddon pH. The curves corre-
spond to those of Fig. 9.

pH.

Fig. 11— Dependence of AS° on pH. The curves corre-
spond to those of Fig. 9.

dependent phenomena observed by Tanford and co-
workers.8 The titration data6 were obtained with
fresh solutions and, therefore, are comparable to
our hydrodynamic data. Secondly, because of the
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heterogeneity1820 at low pH our investigation was
confined to the homogeneous region at pH 2: 4.0.
Thus, the conclusions of previous investigators,810
based on hydrodynamic data, are open to question.
For this reason, also, we cannot confirm or deny
the idea of an a-/3 transformation at pH's below 4
proposed by Yang and Foster,0and discussed re-
cently by Hill.® It may be pointed out that the
heterogeneous sedimentation patterns of Fig. 3 are
compatible with the existence of two forms. How-
ever, our sedimentation observations are too meager
to identify these as a- and /3-forms. It is our
opinion that the nature of the configurational
changes below pH 4 is still an unsettled matter.
However, insofar as these changes already mani-
fest themselves to a small extent as the pH is
lowered from 5.13 to 4.0, we may conjecture at
this time that the combined effects of reversible
formation and breakage of hydrogen bonds be-

(59) T. L. Hill, This Journal, 60, 358 (1956).
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tween side chain polar R groups of BSA, and the
concomitant penetration of solvent into the molec-
ular domain (be., swelling), will account for the
abnormal steepening of the titration curve in the
pH region of the ionization of carboxyl groups.
However, it must be emphasized that, without a
determination of /3 for each species present below
pH 4, we have no assurance that a sphere is a good
model at the low pH. Therefore, conclusions
drawn from only one hydrodynamic quantity
(be., viscosity) plus the assumption of spherical
symmetry81060 could be erroneous. It is quite
conceivable that the changes taking place below
pH 4 would require the use of asymmetrical equiv-
alent ellipsoids to account for the hydrodynamic
properties of BSA. In fact recent experiments of
Harrington, Johnson and Ottewill4 indicate that
such may be the case.

(60) The lack of flow birefringence in a molecule as small as BSA
is no guarantee of spherical symmetry.

THE SILICON-BROMINE AND SILICON-CARBON (ARYL) BOND
PARACHORS AND THE SILICON-BROMINE BOND REFRACTION1

By Alfred P. Mills and Warren E. Becker

Contribution from, the Department of Chemistry, University of Miami, Coral Gables, Florida
Received July 27, 1956

Trimethylphenylsilane, dimethyldiphenylsilane, trimethylbromosilane, dimethylphenylbromosilane, dimethyldibromo-
silane and methyldiethylbromosilane were prepared and purified and their refractive indices, densities, surface tensions and
viscosities were measured. Using the bond paraehor system of Mills and MacKenzie as a basis, values of 74.1 and 1.8 were
derived for the silicon-bromine and silieon-earbon(aryl) bond parachors, respectively. Using the system of Vogel and co-
workers as a basis, a new value of 10.24 was derived for the silicon-bromine bond refraction from data on 14 compounds.
For the six compounds listed above, values of Trouton’s constant were found to range from 21.1 to 25.5 and the ratio AEVV

AEyig ranged from 2.96 to 3.86.

The organosilicon bond paraehor system devel-
oped by Mills and MacKenzie2 did not contain a
value for the Si- Br bond and the value for the Si-C-
(aryl) bond was based on a high temperature meas-
urement of only one compound. Since most para-
chors change slightly with temperature it was con-
sidered desirable to obtain a new value based on
measurements made at 25°.

The Si-Br bond refraction in Vogel's system3
was based on only three compounds. A new value
was obtained by also considering the molar refrac-
tions of four compounds measured in this research
and eight compounds measured by McGusker and
Reilly.4

Experimental

Materials.— Trimethylphenylsilane and dimethyldiphen-
ylsilane were prepared by the addition of phenylmagnesium
bromide to trimethylchlorosilane and dimethyldichlorosil-

ane, respectively. The silicon-phenyl bonds were then
cleaved with bromine by the method of McBride and

(1) Presented in part at the Meeting-in-Miniature of the Florida
Section of the American Chemical Society, Orlando, Florida, May, 1955.
Abstracted in part from the M.S. Thesis of Warren E. Becker, Uni-
versity of Miami, May, 1955.

(2) A. P. Mills and C. A. MacKenzie, 3. Am. Chem. Soc., 76, 2673
(1954).

(3) A.1.Vogel, W. T. Cresswell and J. Leicester, T his Journal, 58,
177 (1954).

(4) P. A. McCusker and E. L. Reilly, 3. Am. Chem. Soc., 75, 1583
(1953).

Beachell5 to form trimethylbromosilane, dimethylphenyl-
bromosilane and dimethyldibromosilane. Methyldiethyl-
bromosilane was prepared by the addition of appropriate
quantities of ethylmagnesium bromide and p-tolylmagne-
sium bromide to methyltrichlorosilane to form methyldi-
ethyl-p-tolylsilane (b.p. 132° at 20 mm. and 143° at 30
mm.) which was then cleaved with bromine. All of the
above compounds were purified by reduced pressure frac-
tionation6 using a column packed with glass helices and
having about 15 theoretical plates.

Density.—The densities were determined in stoppered
density bulbs by the method of MacKenzie, Mills and
Scott,7 a cathetometer being used for the measurements.

Refractive Index.—The refractive indices were measured
with an Abbe refractometer. Measurements were made
rapidly in order to minimize errors due to oxidation and
hydrolysis.

Surface Tension.—The surface tensions were determined
by the capillary rise method in the double capillary type of
apparatus, the two capillaries having internal diameters
of 0.3 and 0.55 mm., respectively. A cathetometer was
used to measure the capillary rise.

Viscosity.— The viscosities were measured with a Drucker
viscometer.

The experimental data are listed in Table I.

Results and Discussion
Bond Parachors.—Using the bond paraehor

(5) J. J. McBride, Jr., and H. C. Beachell, ibid., 74, 5247 (1952).

(6) We wish to thank Louis LI. Dunlop (McKeesport High School,
McKeesport, Pa.) Future Scientists of America Summer Fellow, for
his help with some of the fractionations.

(7) C. A. MacKenzie, A. P. Mills and J. M. Scott, J. Am. Chem.
Soc., 72, 2032 (1950).
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Tabtle |

Physical Properties of Bromo- and Phenylsilanes

Compound °C. Mm. n*a 1, °C. d2ai
Me3SiPh 67.3 20 1.4879 25.0 0.8646 0.8561 0.8474
MeZSiPh2 137 9 1.5644 20.0 0.9880 0.9797 0.9719
MesSiBr 40.5 200 1.4228 28.6 1.1805 1.1656 1.1507
Me2PhSiBr° 102.2 20 1.5294 25.0 1.2666 1.2558 1.2449
MeZXSiBr2 51.9 100 1.4713 25.0 1.7177 1.6992 1.6807
MeEUSIBr* 41.0 20 1.4464 25.0 1.1515 1.1397 1.1277
y (dynes/cm.) Viscosity (m.p.) MRd Br, %
Compound 35° 45° 25° 35° 4s° Obsd. Calcd. b Obsd. Calcd.
MesSiPh 24.29 23.49 22.72 8.55 7.42 6.53 50.07 50.08
MeZiPh2 32.47 31.59 30.71 35.72 27.80 22.35 69.65 67.97
MesSiBr 19.87 18.75 17.73 5.60 5.00 4.55 33.16 32.72 50.8 52.2
MeZPhSiBr 28.30 27.59 26.88 17.64 14.74 12.55 52.43 52.61 36.9 37.2
MeXSiBr2 24.57 23.63 22.80 8.83 7.96 7.14 35.49 35.26 73.6 73.4
MeEtiSiBr" 23.55 22.71 21.87 7.86 6.93 6.13 41.99 42.02 445 44.1
Previously unpurified compounds. 6 System of Vogel and co-workers 3
systems of Mills and MacKenzie2 and Vogel8as a Tabre I
basis, the following bond parachors (ml./mole) Molar Refractions Used in Deriving the Si-Br Bond
were derived: Si-Br 74.1, Si-C(aryl) 1.8. This Refraction
latter, when used with Vogel’s8values of 17.85 for Ob- MRad Dev..
C-H and 16.5 for Ca-C ar gives a value of 190.0 for Compound server  Obsd. Caled. %
the Si-Ph bond-group. The parachors used in de- Me3SiBr a 3316 3288 -0.84
riving these values are listed in Table Il. The MeXiBr2 a 3549 3B . 25
probable 50% deviation based on these six ob- MeEtZSiBr a 4199 4218 . 45
served parachors is 0.72%. Me2PhSiBr a 52.43 52.77 + .65
MeSiBr3 b 38.56 38.27 - .75
Tabte Il EtSiBr3 b 43.35 42.92 - .99
Parachors Used in Deriving Si-Br and Si-Ph Bond EtSiBr2 b 44.72 4487 + 34
Parachors PhSiBr, b 58.10 58.16 + .10
PhSiHBr2 b 51.04 51.09 + .10
Compound Obsd. Calcd. Dev., % PhSiHBr b 4409 4402 _ 16
Me3iPh 385.9 386.1 +0.05 EUSIBr b 46.67 46.83 + .34
MeZXSiPh2 513.1 510.7 -0.47 Ph=SiBr2 b 75.52 75.36 -7
Me3SiBr 275.9 272.6 -1.19 EtXCICHXH2SIBr ¢ 5137 5166 + .56
MejPhSiBr 391.8 396.4 + 1.17 SiBr, d 40.74 40.96 + 54
MeZSiBr2 282.6 280.5 -0.74 “ This research. 6See ref. 4. eD. L. Bailey, L. H.
MeEt=SiBr 346.6 350.0 +0.98 Sommer and F. C. Whitmore, J. Am. Chem. Soc.. 70, 436
. ) . (1948). dE. L. Warrick, ibid..,68,2455(1956).
Bond Refraction.—Using the bond refraction

system of Vogel and co-workers3as a basis, a value
of 10.24 was derived for the Si-Br bond refraction.
The molar refractions used in deriving this value
are listed in Table Il1l. The probable 50% devia-
tion based on these 14 observed molar refractions is
0.38%.

Vapor Pressure and Viscosity.—The normal boil-
ing points of the six compounds used in this re-
search were obtained by a critical evaluation of
literature data. Values of Af/vep were then calcu-
lated from these normal boiling points and the re-
duced pressure boiling points measured in this re-
search. The Trouton’s constants were found to
range from 21.1 to 25.5. Values of A2Nis were cal-
culated from the viscosity data and the ratio AUvapy/

(8) Al
J. Chem. Soc., 531 (1952).

Vogel, W. T. Crcsswell, G. J. Jeffery and J. Leicester,

Alfvis was calculated using the approximation,
Aivap = AflVap — RT. The latter ratio ranged
from 2.96 to 3.86, which is quite reasonable for this
type of compound. These results are summarized

in Table IV.
Tabte IV
Vapor Pressure and Viscosity Relationships
A p/
(cal./ Alim. |
om- B °C. eal. mole eal. A
pcound (76(E)’}nn(‘:\_) (rl:lolt-l,‘) devl.) (:mlel)/ AW

Me*SiPh 171.3 10.49 23.6 2.54 3.82
MejSiPhj 277.4 14.03 255 4.42 2.96
Me3iBr 79.9 7.46 21.1 1.95 3.48
MejPhSiBr 215 11.77 24.1 3.21 3.40
MeZSiBr2 111.6 8.45 22.0 2.00 3.86
MeEt=SiBr  139.5 £51 23.1 2.34 3.75
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SYSTEMATIC ANALYSIS OF CARBON BLACK STRUCTURES1

By Leroy E. Alexander and Elmer C. Sommer

Department of Research in Chemical Physics, Mellon Institute, Pittsburgh 13, Pennsylvania
Received July 30, 1956

Diffractometric intensities from carbon blacks were subjected to a precise, systematic analysis in order to disclose both

major and minor differences in the structural parameters characterizing the pseudo-crystals, or parallel-layer groups.

method yields the pseudo-crystal dimensions,

The

and L,, the fraction of disorganized material, the proportion of single

(unassociated) layers, and a rather precise choice of the distribution of numbers of layers constituting the pseudo-crystals.

Results are given for three representative blacks:

Introduction

In a previous report2 a condensed account was
given of an X-ray study of four reinforcing carbon
blacks wherein a photographic procedure was em-
ployed, which, of course, placed a definite limitation
on the accuracy of the intensity measurements.
In addition, the use of Debye-Scherrer geometry
unavoidably introduced some instrumental broad-
ening into certain features of the diffraction pattern.
These deficiencies precluded any attempt to evalu-
ate minor differences in the structural parameters.

When subsequently the need arose to measure
systematically the structural features of a much
larger number of blacks, improved experimental
techniques were employed in order to disclose dif-
ferences of both primary and secondary magnitude.
However, time and cost factors required a compro-
mise between the ultimate in accuracy on the one
hand and routineness of the method on the other.
It was decided that these requirements would be
satisfied by employing a parafocusing Geiger-
counter diffractometer together with flat specimens
of sufficient thickness to yield maximum diffracted
energy over the entire range of Bragg angles in-
volved.3 Geometrical considerations, confirmed
experimentally, showed that the use of such thick
specimens did not appreciably alter the shapes and
breadths of the diffraction lines studied, which are
inherently very broad.

As in the previous study, a curve-fitting interpre-
tative method similar to that of Franklin4has been
followed, but the (002) and (10), rather than (002)
and (11), line profiles have been analyzed. In
addition to the parameters measured in the earlier
investigation, it has been found possible to derive
additional information: the fraction of single (un-
associated) layers and the fractions of the layers
that are associated in groups of 2, 3, 4 and so on.
In the present paper attention is focused on the ex-
perimental technique and the interpretation of the
data obtained, and the results for three carbon
blacks are presented for purposes of illustration. No
attempt has been made to assess the chemical sig-
nificance of the structural data or to propose corre-
lations with other physical characteristics. A full
account of these properties for all the specimens
included in the larger study is to be published later
by the Research Laboratories of Columbian Carbon

(1) This investigation was sponsored by the Research Laboratories
of Columbian Carbon Company.

(2) L. E. Alexander and S. R. Darin, J. Chcm. Phys., 23, 594 (1955);
24, 1118 (1956).

(3) H. P. King and L. E. Alexander, “N-Ray Diffraction Proce-
dures,” John Wiley and Sons, New York, N. Y.t 1954, pp. 252, 297.

(4) R. E. Franklin, Acta Cryst., 3, 107.(1950).

Acetylene, Furnex and Micronex.

Company. For the information of the general
reader it must be emphasized that the present in-
vestigation embraces only carbons whose structures
are based upon the random-layer lattice, that is, tur-
bostratic structures.5

Experimental

The carbon black samples were packed manually in a rec-
tangular cavity of dimensions 1 X 2 X 0.4 cm. in a flat
aluminum holder and analyzed with a Norelco wide-range
diffractometer using CuKa radiation. An X-ray beam
monitor with auxiliary synchronized counting and timing
circuits was employed to compensate for variations in the
intensity of the X-ray source.6 Counts were recorded over
the angular range 28 = 16-70° and corrected for the dead
time loss of the Geiger tube.7 Because of the small sensi-
tivity of the Geiger counter to the shorter wave lengths the
contribution of the general radiation could be determined
with sufficient accuracy by remeasuring the intensity over
the range 16-70° with a 0.035-cm. aluminum filter in the
path of the diffracted ray. This eliminated the Ker compo-
nent but permitted about 70% of the general radiation to

pass, assuming an effective wave length of 0.5 A. After
subtraction of the general radiation contribution, the ap-
proximately monochromatic intensities were corrected for
polarization, giving the experimental curve A (see Fig. 1) in
arbitrary units.

The usual method of normalizing the experimental curve
to electron units consists in matching it to the theoretical
independent scattering curve B, at large values of (sin 9)/\.
This approach was not applicable in the present study lie-
cause of the use of a relatively long wave length (X = 1.5418

A.) as well as the need for restricting the measurements to
the narrow angular range (sin 8)/\ = 0.08 to 0.34. How-
ever, an analysis of photographic intensity data for four
blacks2 taken over a large angular range showed that the in-
tegrated intensity from 0.08 to 0.34 bore a very nearly con-
stant relationship to the intensity of the range 0.56 to 0.90,
which had been employed for normalizing the photographic
data to electron units. Thus a numerical constant ivas de-
rived which, when multiplied by the ratio of the integrated
intensities of the B and A curves in the range 0.0&-0.34,
yielded a factor for converting the A intensities to electron
units.

In the above normalization procedure the carbon scatter-
ing factors of McWeeny8 were used rather than those of
James and Brindley9 in order to avoid systematic errors
arising from an anomaly in the James and Brindley data at
lower values of (sin 8)/AM The incoherent scatteringD
was next subtracted to give the coherent scattering curve,
A — C, which was then divided by the independent coherent
scattering curve E (Fig. 1) point by point to yield a “re-
duced” intensity curve I = (A — C)/E. This curve is
suitable for mathematical analysis of the structural parame-
ters.

(5) B. E. Warren, Phys. Rev., 59, 693 (1941).

(6) L. E. Alexander, S. Ohlberg and G. R. Taylor, J. Appi. Phys.,
26, 1068 (1955).

(7) Reference 3, pp. 281-290.

(8) R. McWeeny, Acta Cryst., 4, 513 (1951).

(9) R. W. James and G. W. Brindley, Phil. Mag., 12, 104 (1931).

(10) A. Il. Compton and S. K. Allison, “X-Rays in Theory and Ex-
periment,” D. Van Nostrand Co., New York, N. Y., 1935, pp. 780-
782.
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Table |
Calculation of the (002) Intensity Profile of Micronex and Comparison with the Observed Profile
Intensity values as a function of As
P'm M As =0 0.02 0.04 0.06 0.08 0.10 0.12 Pm
0 1 0.07
0.362 2 0.725 0.69 0.59 0.45 0.29 0.145 0.045 34
.245 3 735 .65 41 17 .03 .00 .05 23
147 4 .59 455 .20 .025 .005 .04 .025 14
123 5 .615 405 .09 .00 .035 .01 .00 11
.098 6 .59 .315 .02 .025 .02 .00 .015 .09
.025 7 175 .07 .00 .01 .00 .00 .00 .02
Caled. intensity 3.43 2.585 1.31 0.68 0.38 0.195 0.135
Caled, intensity X 0.860 2.95 2.22 1.13 .58 .33 17 12
M, background 0.07 0.07 0.07 .07 .07 .07 .07
Total caled, intensity 3.02 2.29 1.20 .65 .40 .24 .19
Mean obsd. intensity 3.02 2.29 1.18 .68 41 .26 .19
Discrepancy 0 0 + 0.02 - .03 - .01 - .02 0
Note: smis = 0.283a for Micronex and corresponds to the point As = 0 in the table.
Interpretation of the Data
From the theory of the simple diffraction grating
the pattern of an (002) reflection sequence in reduced
intensity units can be calculated from the expres-
sion41
j _ 0.0606 Pm SiN2(vM dms)
s2  A' M sin2(i-dUs)
wherein dm is the interlayer spacing for a parallel-
layer group consisting of M layers, Pm is the frac-
tion of all the layers associated in groups of M lay-
ers, and s = 2(sin 0)/A. A maximum in the sum-
mation, being symmetrical, can be conveniently
matched with the experimental line profile, Im,
after the latter has first been converted to the equiv-
alent symmetrical form by modifying it as4
' vA~A (Sin 6)/\.

— )
0.0606 A 1- D K1

This expression is very sensitive to the proper choice
of D, the fraction of disorganized matter in the spec-
imen, which is the first parameter to be deter-
mined. The optimum value of D is that which
makes the 7' profile most symmetrical. Figure 2
illustrates the effects on the /' profile of choosing a
value of D that is (a) too small, (c) too large and
(b) optimum for Micronex. A “best” value of the
interlayer spacing is determined from the maximum
point on the (002) line profile as follows. From
eq. 1 the first observable maximum occurs when
dMS = 1, which is equivalent to the second-order
reflection in terms of the graphite unit cell. Hence
oM — VSinax ®3)

For Micronex smex = 0.283s, so that d'u = 3-53 A.

The next interpretative step is to match the ex-
perimental 7' profile with a theoretical profile de-
duced from expression 2. It has been found pos-
sible to arrive at a very precise fit by testing a con-
siderable number of M distributions. Figure 3
shows theoretical (002) profiles for several discrete
values of M. The diffraction ripples characterizing
these pure profiles tend to disappear when the line
shape is synthesized from the contributions of
various M's. Figure 4 shows the good agreement
effected by matching the experimental 7002 profile

11
Prgnci)ples of the Diffraction of X-Rays,” G. Bell and Sons, London,
1948, pp. 1-4.

R. W. James, "The Crystalline State, Vol. IT. The Optical

Fig. 1.—(A) Experimental scattering curve of Micronex:
theoretical (E) coherent, (C) incoherent, and (B) total
independent scattering curves of carbon.

of Micronex with a distribution of M values rang-
ing from 1 to 7 as given in Table IIl. The mean
thickness of a parallel-layer group in a direction
normal to the layers, Le, is given by XPMMdM,
which for Micronex is found to be equal to 12.1 A.
The quantity ~LPmM may be regarded as the effec-
tive number of layers, Me, per parallel-layer group.
For Micronex the computed value of M eis 3.43.

It is important to note that an appreciable pro-
portion (7%) of the layers are unassociated (ilf =
1). These layers contribute to the background of
Fig. 4. This background also includes a contribu-
tion from the (002) sequence, which does not drop to
zero intensity between maxima, as can be seen from
the same figure.

The calculation of 7' profiles for various distri-
butions of M 's is a very tedious process if the precise
value of du as measured experimentally for each
carbon black is substituted in expression 1. Ac-
ceptable accuracy is retained, however, and the
computations are greatly speeded, if a fixed value of
dm, such as 3.54 A., is employed to compute in ad-
vance a complete set of theoretical profiles for M
ranging from 2 to 10 or more. It is then a straight-
forward matter to rapidly compute 7' profiles for a
variety of distributions of M. The only signifi-
cant inaccuracy entailed is in the smax position of
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Fig. 2.—Illustration of the proper choice of the parameter
D using the (002) profile of Micronex: (a) D = 0.155; (b)
D = 0.205 (best value); (c) D = 0.255.

Fig. 3.—Theoretical (002) profiles for three discrete values
of M.

Fig. 4.— Agreement between the experimental (002) pro-
file of Micronex (solid line) and a theoretical profile based
on a distribution of M values (small circles).

the computed profile, but this is of no practical
concern.

Table 1 illustrates the (002) calculations by
means of the Micronex data. The first stage of the
calculations involves choosing a trial distribution of
P'm values such that an approximate fit is simul-

Leroy E. Alexander and Elmer C. Sommer
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taneously obtained at As = 0 and at an interme-
diate value, say 0.04 or 0.06. (The P'm values are
fractions which add up to unity without the inclu-
sion of the M = 1fraction). It isto be emphasized
that the P'm values are selected with a view to
matching the line shape rather than the peak in-
tensity, and an arbitrary normalizing factor is de-
duced to put the calculated line profile on the same
intensity scale as that of the observed profile (0.860
for Micronex). In practice the M = 1 fraction is
initially estimated and a preliminary distribution
of P'm’'s s arrived at which gives approximate over-
all agreement. The M = 1 fraction is then refined,
followed by refinement of the P 'm values, this cyclic
process being continued until a stationary state is
reached. Finally the P'm values may be con-
verted to P m values (last column of Table I) by in-
cluding the M = 1 fraction (Mi = 0.07 for Micro-
nex), which is accomplished by multiplying P'm
values by 1 — M

The final step in the interpretation of the pattern
is to determine La, the dimension of a pseudo-crys-
tal in the plane of the layers, by matching the (10)
line profile. Franklin has written Warren's equa-
tion for the intense low-angle portion of an (hk) pro-
file in the form

_ mF2
~ 2\/2imAa

The shape of the broad high-angle portion of the
profile has also been described by Warren, but it
need not be considered in the present simplified
scheme of analysis. Warren4 has tabulated nu-
merical values of the function F(a), which is given

by

! F(a) ©)]

F(a) = exp [—(a2 — a)Zdx 16)
wherein a = vTLa(s —sQ. The various symbols
in these expressions have been defined by Frank-
lin.4 For the (10) reflection the appropriate nu-
merical quantitiesare: F = 1,m = 12,n = 2,Aa=
525 A.2 S = 0.4703. The analysis of a carbon
specimen is greatly facilitated by calculating in ad-
vance the intensities at the peak of the (10) line for
all La values likely to be encountered. Table 11
gives the intensities as calculated with the aid of
eq. 5 for Labetween 10 and 30 A.

The choice of Lacan be made simply and directly
from the peak intensity alone as follows (where we
illustrate the procedure by means of the Micronex
data). At s = 0.48 the (10) profile is approxi-
mately at its peak, the over-all intensity reaching a
maximum value of Imex = 1.10. In addition to the
(20) line the following three contributions to the
total intensity must be reckoned with at s = 0.48

Disorganized matter, D 0 205
(00) profile (00) X 0.795 X 0.07 = 0.012
(000 prdfile (000 X 0.795 X 0.86 = 0.058

0.275

The (00) contribution in the above is calculated
using Franklin's eq. 6

I = 0.0606s-2

it being borne in mind that only the unassociated
layers (Mi = 0.07) are involved. The layers asso-
ciated into groups (Mi, Mz M\, etc.) contribute
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Table 11

Computed Peak Intensity of the (10) Line as a Fune-

tion of La

La (A) L™ U AT Lax
10 0.94 19 1.33
12 1.04 20 1:37
13 1.08 21 141
14 1.13 2 1.45
15 1.17 24 1.52
16 1.21 26 1.58
17 1.25 28 1.65
18 1.29 30 1.70

to the (00() sequence, which is given by expression 1.
The (00/) computation must also take into account
the arbitrary normalizing factor (0.86) required to
put the calculated and observed intensities on a
common basis, and both the (00) and (00/) profiles
are weakened by the disorganized fraction, 0.205.
Subtracting the total intensity, 0.275, due to D,
(00), and (00/), from 1.10, we find 0.825 as the ob-
served intensity due to (10) alone. However, this
quantity, as measured, is also weakened by the dis-
organized fraction, so that we find for the equivalent
theoretical (10) intensity of Micronex in the ab-
sence of disorganized material

no = 0.825/0.795 = 1.04

Reference to Table Il shows the appropriate value
of Lato be 12 A. It is important to notice that in
the present analytical scheme no use is made of the
breadth of the (10) reflection, as is the rule in the
usual rapid procedures for determining crystallite
dimensions from experimental line breadths.

Experimental Results
Table 111 presents the experimental findings for
three representative blacks: Micronex—a Colum-
bian channel black, Furnex—a Columbian furnace
black, Acetylene—a Shawinigan black made by
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thermal decomposition of acetylene. The esti-
mated precision of the analytical results is indicated
for most of the parameters in the form of probable
deviations. It may be noted that Acetylene black
shows the greatest growth in both the Laand Lc di-
mensions, whereas Micronex shows the least. Con-
versely, Acetylene contains the least disorganized
carbon and Micronex the most.

TA3LE Il

Structural Parameters of Three Carbon B lacks

Estimated
precision
b éprqbable .
arameter eviation) Micronex Furnex Acetylen!
D 0.02 0.205 0.09 0
La (A) 1.0 12.0 15.0 21.9
Lc (A) 0.3 12.0 136 19.0
du (A) .01 3.53 3.55 3.55
Me 15 3.40 3.83 5.34
Distribution
of M values
1 0.015 0.07 0.06 0.05
2 .025 34 .29 215
3 .02 .23 .20 12
4 .02 135 14 105
5 .015 115 A2 .09
6 .015 .09 .095 .09
7 .01 .02 .07 .08
8 .01 .025 .08
9 .01 .07
10 .01 .07
1 .01 .02
12 01 .01
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STABILITY OF COPPER AND NICKEL CHELATES OF SOME PHTHALIC
ACID DERIVATIVES*

By Motoo Yasuda, Keinosuke Suzuki and Kazuo Y amasaki

Chemical Institute, Nagoya University, Nagoya, Japan
Received July 30, 1956

The stability constants have been measured in aqueous solutions at 25° for the complex M + XC8413C0OO)2 = XC6eH3

(CO0O)2v, with X equal to H, 3-N02 4-N 02 3-C1, 3-Br, 4-Br, 4-OCH3and 4-OCH5 and M equal to Cu and Ni.

Com-

pared with phthalic acid, log k, and pX2of Br, ClI and N 02 derivatives are smaller, while those of OCH3and OCZ2H5are

larger.

There is considerable work available concerning
the dissociation constants of metal chelates of di-
carboxylic acids. For example, Cannan and Ki-
brick,1and Topp and Davies2 determined the dis-
sociation constants of dicarboxylates of bivalent
metals such as Zn, Mg, Ca and Ba and found that

* Presented at the XV International Congress of Pure and Applied
Chemistry (Analytical Chemistry) held at Lisbon in September, 1956.

(1) R. K. Cannan and A. Kibrick, J. Am. Chem. Soc., 60, 2314

(1938).
(2) N. E. Topp and C. W. Davies, J. Chem. Soc., 87 (1940).

the dissociation constants of the salts formed by a
particular metal increased on passing along the se-
ries oxalate to adipate. Peacock and James3also
determined the dissociation constants of dicarbox-
ylates of bivalent metals and came to a similar con-
clusion. Further, the result obtained by Riley4re-
vealed the influences of alkyl substitution on the
dissociation constant. But most of these results

(3) J. M. Peacock and J. C. James, ibid., 2233 (1951).
(4) H. L. Riley, ibid., 1642 (1930).
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were confined to zinc and alkaline earth metals.

In the present study the stability constants of
copper and nickel chelates of phthalic acid and its
3- and 4-substituted derivatives are determined by
pH method and the effects of substitution on the
stability are examined.

Experimental

Reagents.—All the reagents used, including copper and
nickel nitrates, sodium hydroxide and potassium biphthalate
were chemicals of analytical grade. 3-Nitro- and 4-nitro-
phthalic acids, were prepared by nitration of phthalic acid.
3-Bromo- and 4-bromophthalic acids were synthesized by
the method of Stephens,6 and 3-chlorophthalic acid was
prepared by diazotization of 3-aminophthalic acid.6 4-
Methoxy- and 4-ethoxyphthalie acids were the products
prepared by Katayama & Co., Osaka.

Measurement of pH.—Measurements of pH were made
at 25° by a glass electrode combined with an electronic
amplifier made by Mitamura & Co., Tokyo. Standardiza-
tion of the apparatus was effected by suitable buffer solu-
tions. Potassium nitrate was added to the solution to
maintain the ionic strength at 0.1. More concentrated
solutions for nickel than for copper were used for the meas-
urements and it was difficult to make measurements at a
constant ionic strength. In this condition for nickel,
therefore, the ionic strength was maintained at about 0.1
by nickel nitrate itself without adding neutral salt, as the
concentration of nickel ion participating in the chelate
formation is very low.

To convert the hydrogen ion activity into the concentra-
tion the value 0.83 suggested by Kielland7was used.

Results
1. Acid Dissociation Constants.—If phthalic
acid and its derivatives are represented by H2A,

the acid dissociation constants to be determined
are

[H+][HA~]
[H.A] (€8}
and
[H+]A 1
11 [HA- ] ©)

where [ ] expresses concentration in mole/l. The
dissociation constants were determined by titra-
tion with alkali and the values obtained are given
in Table 1.

The first dissociation constants of 3-nitro, 4-nitro
and 3-chloro derivatives are considerably larger
than the constant of phthalic acid and their accu-
rate values were not determined by pH measure-
ment. Therefore, the dissociation of the first step
of these three compounds was assumed to be com-
plete in a pH range larger than 4 and the stabilities

Table |

Ligand pKi pK,
1 Phthalic acid“ 2.76 4.92
2 3-Nitrophthalic acid <2 3.93
3 4-Nitrophthalic acid <2 4.12
4 3-Bromophthalic acid 2.27 4.35
5  4-Bromophthalic acid 2.50 4.60
6  3-Chlorophthalic acid <2 4.49
7 4-Methoxvphthalic acid 2.67 5.16
8  4-Ethoxyphthalic acid 2.74 5.12

Maxwell and Partington obtained values 2.98 and 5.28
for pKi and pK,, respectively, at an ionic strength of 0.03
(Trans. Faraday Soc., 33, 670 (1937)).

(5) H. N. Stephens, 3. Am. Chem. Soc.. 43, 1951 (1921).
(6) 4-Chlorophthalic acid was not obtained in pure state.
(7) J. Kielland, ./. Am. Chem. Soc., 59, 1675 (1937).
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of the chelates formed by these ligands were deter-
mined in the same pH range.

2. Stability Constants.—Phthalic acid and its
derivatives can form two chelates with metals,
ie.

(MA,—)
[MA]
1 [M++HA-] ®)
MA,—
- I 1 ©

2 [MA][A— ]

According to Peacock and James,3the values of f2
found for dicarboxylic acids are much smaller than
fci, i.e., the concentration of MA2— may be ne-
glected in dilute solutions of chelating agents hav-
ing comparatively low pH. Therefore, in the pres-
ent experiments in which the following concentra-
tions are used: Cu++, 0.8-3.8 X 10-3, ligands, 1.0
X 10-3 mole/l.; Ni++, 3.3-3.5 X 10~2 ligands,
1.0 X 10~2mole/l., the species present in the solu-
tions are H+, M++, MA, A , HA , H2A and
OH - not including the alkali and nitrate ions added
as the neutral salt. Then the following relations
exist between concentrations of these species, Ch,
Ca and Cm used to express total concentrations of
H, ligand and metal, respectively. The concen-
tration of OH~ is negligible in acidic solutions.
Thus

CE = [H+]+ [HAH + 2[H.A] @)
CA= [A—]1+ [HA-1+ [HA] + [MA] (8)
C, = [M++] + [MA] 9)

By substituting (1) and (2) into (7), one obtains

OH- [H+] = IAZjg il Z[AK&’H*] (10)
From the pH measurements of the solutions [H+]
was calculated. By substituting [H+] into (10),
[A ] was found and then [MA] and [M ++] were
obtained from (8) and (9) combined with (1) and
(2 and finally fci = [MAJ/([M++] [A—]) was
found.8 The values of stability constant h thus
obtained are given in Table 11

As shown in Table Il the chelates of copper are
more stable than those of nickel.

The relationship between basic strength of lig-
ands and stability of chelates was first pointed out

8) Experiments were carried out in a more concentrated solution

of ligands to find log kz, stability constant of copper chelate having two
moles of phthalate, but the values obtained were less than 1 and were
not in good agreement.
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Tabre Il
log k\
Ligand Cu chelate = Ni chelate
1 Phthalic acid 3.10 2,14
2 3-Nitrophthalic acid 2.42 1.72
3 4-Nitrophthalic acid 2.42 1.65
4 3-Bromophthalic acid 2.95 2.10
5  4-Bromophthalic acid 2.84 2.05
6  3-Chlorophthalic acid 2.86 2.02
7 4-Methoxyphthalic acid 3.32 2.27
8  4-Ethoxyphthalic acid 3.25 2.18

by Calvin and Wilson9 in connection with cupric
chelates of a number of enolic substances.

Similar relations are also found in the deriva-
tives of phthalic acid. An approximate linear rela-
tionship between log fci and pK2is found for copper
and nickel chelates, respectively, although the val-
ues of 3-bromophthalate deviate from the straight
line (Fig. 1).

The stability decreases as the acid dissociation
constant AT of ligands increases, that is, as pK2de-
creases. The effect is most remarkable first for
the substitution of a nitro group, and next for ClI
and Br atoms. The effects of methoxy and ethoxy
groups are opposite to other groups, that is, the sta-
bility increases as the pK2increases. These results
are shoivn in Fig. 1.

Peacock and James3obtained 8.6 X 10-6 for the
thermodynamic dissociation constant of copper
phthalate, Davies' empirical formula® being used
to calculate the activity coefficient of copper and
phthalate. The equation proposed by Davies for
the mean ionic activity coefficient of an electrolyte
in water at 25° is

-log/ + = 0.S0zZizJ x/i - - 0.20/1
11+ VI |
where 2\, Z2 are the valencies of the ions and | is
(9) M. Calvin and K. W. Wilson, J. Am. Chem. Soc., 67, 2003
(1945).

(10) C. W. Davies, J. Chem. Soc., 2093 (1938).
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Fig. 1.— Relations between log K\ and pK, of copper and
nickel chelates: (1) phthalie acid, (2) 3-nitro-, (3) 4-niiro,
(4) 3-bromo-, (5) 4-bromo, (6) 3-ehloro-, (7) 4-methoxy-,
(8) 4-ethoxyphthalic acid.

the ionic strength. If our value for copper phthal-
ate is recalculated in the same way, the value 10398
for the thermodynamic stability constant is ob-
tained which agrees well with 10407 the reciprocal
of 8.6 X 10-5of Peacock and James’ value.

BINARY FREEZING POINT DIAGRAMS FOR PALMITIC ACID WITH A
SERIES OF SUBSTITUTED 2-AMINOPYRIDINES

By Robert R. Mod, Frank C. Magne and Evald L. Skau

Southern Regional Research Laboratory, JNew Orleans, Louisiana
Received July SO, 1956

Binary freezing point data have been obtained for palmitic acid with each of the following 2-aminopyridine derivatives:
2-amino-3-methylpyridine, 2-amino-4-methvk>yridine, 2-amino-5-methylpyridine, 2-amino-6-methylpyridine, 2-amino-4,6-
dimethylpyridine and 2,2'-dipyridylamine. The binary freezing point diagrams show that each of these amines forms an
equimolecular compound with palmitic acid and, in addition, the 2-amino-3-methylpyridine forms a 2:1 (2 acid:_| amine)
compound. The freezing points of these molecular compounds and a number of metastable polymorphic modifications have

been determined.

In a recent publication from this Laboratory2
it was shown by binary freezing point measure-
ments that 2-aminopyridine forms congruently
melting, crystalline molecular compounds with
long-chain fatty acids—an equimolecular com-

(1) One of the laboratories of the Southern Utilization Research
Branch, Agricultural Research Service, U. S. Department of Agri-

culture.

(2) R.R.Mod and E. L. SKau, This Journa 1, 60, 963 (1956).

pound and a compound consisting of 2 or 4 mole-
cules of acid per mole of amine, respectively, de-
pending upon whether "he acid is unsaturated or
saturated. It was pointed out that all of these
compounds might play a part in procedures such
as that described by Ramsay and Patterson,3 in

(3) LL th'Baya'dW |. Patterson, 3. Assoc. Off. Agr. Chemists,
31, 130 f1948).
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which this amine is used in the separation of
homologous fatty acids by partition chromatog-
raphy. Similar freezing point data have now
been obtained for binary systems of palmitic acid
with various derivatives of 2-aminopyridine in-
cluding the four isomeric 2-amino-methylpyridines,
2-amino-4,6-dimethylpyridine and 2,2-dipyridyl-
amine.

Experimental

Practical grades of the amines, obtained from Reilly Tar
and Chemical Corporation,4 were purified as described be-
low. All recrystallizations were performed from concen-
trated solutions in centrifugal filtration tubes.6 Special
precautions to exclude moisture were necessary in weighing
the 2-amino-3-methylpyridine and the 2-amino-6-methyl-
pyridine into the composition tubes.

The 2-amino-3-methylpyridine was recrystallized 3 times
from benzene. Most of the residual benzene was removed
from the crystals over paraffin wax in an evacuated desicca-
tor. The amine was then transferred to a separatory fun-
nel containing dry nitrogen and sodium hydroxide pellets.
After standing in the liquid state with periodic shaking for
3 hours, it was transferred under a nitrogen blanket to a
specially designed acuum distilling flask, refluxed gently
under a slow sweeping current of dry nitrogen to drive off
any residual solvent, and distilled. The foreruns were re-
jected and then the desired amounts of the pure amine (f.p.
33.17°) were distilled under vacuum directly into composi-
tion tubes containing weighed portions of pure palmitic
acid. The exact composition was obtained by difference
from the weight of the sample tube after sealing.

The 2-amino-6-methylpyridine was recrystallized 3 times
from acetone and the residual solvent was removed in vacuo
at about 45°. The rest of the procedure for preparing the
pure amine (f.p. 44.22°) and making up the binary mixtures
from O to 60.39 mole % of acid was the same as that de-
scribed for the 2-amino-3-methylpyridine. Except for the
60.39% sample all of the mixtures containing more than
50% of acid were made up by weighing out the proper
amounts of the acid and the 1:1 compound. The 1:1 com-
pound (f.p. 65.31°; N, 7.74%, theory, 7.68%) was pre-
pared by repeated recrystallization of an equimolecular mix-
ture of palmitic acid and the crude 2-amino-6-methylpyri-
dine.

The pure 2-amino-5-methylpyridine (f.p. 76.54°) and
2,2'-dipyridylamine (f.p. 95.09°) were obtained by repeated
recrystallization from acetone, the 2-amino-4-methylpyri-
dine (f.p. 99.21°) from a 2 to 1 mixture of benzene and ace-
tone by volume, and the 2-amino-4,6-dimethylpyridine
(f.p. 68.36°) from benzene. All the binary composition
tubes were filled with dry nitrogen and then sealed off in
vacuum.

The palmitic acid (f.p. 62.51°) was a recrystallized sample
obtained through the usual fractional vacuum distillation
of the methyl ester.

The freezing points were determined by the thermostatic,
sealed-tube method previously described,6 which gives the
true equilibrium temperature between the crystals and the
liquid mixture of the given composition with an accuracy of
+0.2° after correction for thermometer calibration and emer-
gent stem.

Results and Discussion

Binary freezing point data for palmitic acid with
the various amines are given in Table | and repre-
sented graphically in Figs. 1and 2. A congruently
melting 1:1 compound forms in all of these binary
systems. In the 2-amino-3-methylpyridine sys-

(4) The mention of names of firms or trade products does not imply
that they are endorsed by the Department of Agriculture over other
firms or similar products not mentioned.

(5) E. L. Skau, T nis Journar, 33, 951 (1929); E. L, Skau and W.
Bergmann, J. Org. Chem., 3, 166 (1938); E. L. Skau and H. Wakeham,
“Melting and Freezing Temperatures,” in Weissberger, “Physical
Methods of Organic Chemistry,” 2nd ed., Vol. I, Part 1, Interscience
Publishers, New York, N. Y., 1949, pp. 99-100.

(6) F, C. Magne and E. L. Skau, J. Am. Chem. Soc., 74, 2628
(1952)!
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Fig. 1.—Binary freezing point diagrams for palmitic acid
with: A, 2-amino-4-methylpyridine; B, 2-amino-5-methyl-
pyridine; C, 2-amino-6-methylpyridine; D, 2-amino-3-
methylpyridine. Gross (system C) and broken lines repre-
sent metastable equilibria.

tem there is an additional molecular compound,
also melting congruently, made up of two mole-
cules of acid and one of amine.

In the compound region of the diagrams two
freezing points were sometimes obtainable. The
full lines represent the temperatures at which the
various liquid compositions are in equilibrium with
the stable polymorphic form of the molecular com-
pound. The broken lines represent the corre-
sponding metastable equilibria between the liquid
and the lower-melting modification. The higher
freezing point was almost always obtained on the
initial melting of the samples. Heating the sam-
ples some degrees above this temperature resulted
in the destruction of the crystal nuclei of the stable
modification, and the solid which formed on slow
cooling gave freezing points which tended to fall on
the lower, broken curves. More than one attempt
was usually necessary to obtain the low-melting
form and its freezing point could not always be
measured with the same precision. The higher
freezing point could practically always be obtained
again by shock-chilling the molten sample in a
Dry Ice-alcohol mixture. In some instances,
spontaneous transformation to the high melting
modification took place during the freezing point
measurement of the low-melting form.
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An attempt was made to obtain the metastable
equilibrium points for all compositions in the
compound regions. Only in the 2-amino-4,6-
dimethylpyridine system, however, was it possible
to delineate the curve for the metastable form over
a wide range of compositions—as shown by the
broken line in Fig. 2. In the other systems only a
few points on the curve were obtainable: 3 points
for the 2:1 compound with 2-amino-3-methylpyri-
dine, one point for the 1:1 compound with 2-amino-
4-methylpyridine, and 4 points in the 2-amino-6-
methylpyridine for either a 1:1 or a 2:1 compound.
One of these 4 points, represented by the cross in
Fig. 1, seems to be inconsistent with the other 3

Tabte |

Freezing Point Data for Binary M ixtures of Palmitic

Acid With Substituted 2-Aminopybidines

Mole % Mole %
amine« F.p., "Cad aminea Fp., °Cad
2-Amino-3-methylpyridine
0.00 62.51 47.74 57.6
11.67 59.6 (49.1/ (56.7/
16.28 57.3 (50.00/ (56.7/
(16.8/ (57.1/ 50.13 56.7
16.94 57.2 54.72 56.1
21.33 59.4 66.68 52.7
21.65 59.4 80.53 44.9
24.23 60.6 83.43 45.4
26.92 61.5, 55.8d 90.19 40.8
29.99 61.9, 56.4 94.61 36.0
(33.33/ (62.2)/ (56.7)° 97.62 29.2
34.42 62.2, 56.6 98.16 26.3
38.32 61.7 100.00 33.17
45.87 58.8
2-Amino-4-methylpyridine
0.00 62.51 (50.00/ (79.8)/ (78-78)°
14.08 59.5 50.49 79.7
(21.5/ (55.6/ 56.01 79.2
22.73 58.2 60.18 77.9, 70.3
25.21 62.8 (66.2/ (74.7/
29.55 68.6 69.22 78.2
40.45 77.4 SO. 02 88.1
45.51 79.3 89.66 94.0
100.00 99.21
2-Amino-5-methylpyridine
0.00 62.51 (50.00/ (61.2/
11.77 59.8 50.12 61.2
16.52 57.5 55.69 60.8
19.31 55.8 59.95 59.7
27.11 50.3 (68.8/ (55.5/
(28.5/ (49.0/ 69.85 56.8
30.35 51.2 79.93 66.0
39.76 58.4 90.00 71.7
100.00 76.54
2-Amino-6-methylpyridine
0.00 62.51 50.00° 65.3/ 51.4°
14.72 59.0 56.54 64.9
18.96 56.8 58.86 64.3, 47.5
20.85 55.7 69.82 60.7, 415
24.33 53.2 78.05 57.2
(27.2)* (50.8/ 89.89 49.4
29.64 54.0 94.15 44.9
34.11 58.6, 5%$.5 (96.4/ (41.5/
38.62 61.8 97.70 42.5
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39.61 63.2 100.00 44.22

43.42 64.0

2-Amino-4 ,6-dimethylpyridine

0.00 62.51 49.26 73.3

10.96 60.1 (50.00/ (73.3)/ (64.2)
19.12 56.2 54.47 72.8, 64.2
20.91 55.0 60.23 71.4, 63.0
(23.8/ (52.9/ 69.30 67.5, 625
25.35 55.1 73.97 65.2

28.02 57.6 75.65 64.2, 61.6
29.57 .., b58.6 79.66 60.3

29.96 .., 68.9 81.97 59.4

34.37 64.8, 61.1 (84.3/ (57.1/

35.80 66.5, 61.5 m 84.85 57.8

40.09 70.2, 61.9 89.42 61.5

46.82 72.6 100.00 68.36

2,2'-Dipyridylamine

0.00 62.51 49.82 60.9

10.78 60.7 (50.00/ (61.0/

18.83 58.7 55.29 60.0

20.34 58.3 (59.2/ (58.3/

26.87 56.1 60.59 61.2
(30.0/ (54.9/ 69.64 75.3

30.21 55.0 79.48 83.7

33.81 56.7 89.38 89.7

40.32 59.3 100.00 95.09

45.47 60.6

° The values in parentheses were obtained by graphical
interpolation. 6Eutectic. “Freezing point of compound.
dValues in italics are for metastable equilibria.

0 20 40 60 80 100
MOLE PERCENT AMINE.
Fig. 2—Binary freezing point diagrams for palmitic acid
with: A, 2,2-dipyridylami:ie; B, 2-amino-4,6-dimethyl-
pyridine. Broken lines represent metastable equilibria.

points. These delineate the broken line which is
more or less parallel to the upper curve for the 1:1
compound. The solid phase at the 4th point could
be a second metastable modification of the 11
compound or, less likely, a metastable 2:1 com-
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pound. No evidence was found of the existence of
a metastable modification of the 1:1 compound of
either 2-amino-3-methylpyridine, 2-amino-5-methyl-
pyridine or 2,2 -dipyridylamine.

Comparison of the present results with those for
the corresponding binary system between 2-amino-
pyridine and palmitic acid2 shows that the intro-
duction of a methyl group in the various positions
in the pyridine ring does not prevent the formation
of a 1:1 compound. It does, however, interfere
with the formation of crystalline compounds richer
in palmitic acid. The binary freezing point dia-
grams show that the unsubstituted 2-aminopyri-
dine forms a 4:1 compound (4 moles of acid to one
of the amine). The 3-methyl derivative of 2-
aminopyridine, on the other hand, gives only a 2:1
compound in addition to the equimolecular com-
position and the other derivatives give only the 1:1
compound.

The melting point of the low-melting modifica-
tion of the equimolecular compound of 2-amino-4-
methylpyridine and palmitic acid was not deter-
mined experimentally but from Fig. 1 it was esti-
mated to be about 72-73°. Though the data do
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not permit the estimation of the exact eutectic on
the amine side of the 2-amino-3-methylpyridine
system it obviously lies at a composition just above
98% of amine.

The relative degrees of dissociation of the acid-
amine compounds can be deduced tentatively
from the freezing point data. The ideal freezing
point curve for palmitic acid calculated from its
heat of fusion and freezing point would fall above
all the curves on the palmitic acid side of Figs. 1
and 2. That is, over the range of concentrations
in which the acid is the solid phase, the experi-
mental freezing points fall below the ideal (cal-
culated) values. If the deviation is assumed to be
caused wholly by compound formation in the liquid
state the data show that, at the given temperature,
the proportion of free acid in the molten acid-
amine compound is greatest for the 2,2'-dipyridyl-
amine and decreases in the order 4-methyl-, 6-
methyl-, 4,6-dimethyl-, 5-methyl- and 3-metbyl-2-
aminopyridine. The data for unsubstituted 2-
aminopyridine2 on this basis indicate that its acid-
amine compound dissociates to about the same ex-
tent as the 2-amino-5-methylpyridine compound.

A COMPARISON OF PYCNOMETRIC AND X-RAY DENSITIES FOR THE
SODIUM CHLORIDE-SODIUM BROMIDE AND POTASSIUM CHLORIDE-
POTASSIUM BROMIDE SYSTEMSz2

By John S. Wollam and W. E. Wallace

Department of Chemistry, University of Pittsburgh, Pittsburgh 13, Penna.

Received August 9, 1956

Pycnometric and X-ray densities are presented for seven NaCl-NaBr and two KCI-KBr solid solutions, and for NaCl,
Nafir and KC1. Discrepancies found were in general smaller than had been found in earlier comparisons of X-ray and di-
rectly determined densities of alkali halide solid solutions. The discrepancies for the solid solutions are, however, in almost
all cases larger than for the pure salts suggesting the existence of a greater number of lattice defects in the solutions than in

the pure components.

Introduction

Studies of NaCI-KCI solid solutions conducted
in this Laboratory several years ago showed3 that
the densities, when measured by a flotation tech-
nique, were for some compositions significantly
lower than the values calculated from the lattice
parameters. If the density deficiency were as-
cribed to Schottky defects, a comparison of the
measured and computed densities showed for some
compositions, a vacancy concentration of up to
1.1%. These large values, found in the solutions
rich in NaCl, exceeded by a factor of about 100 the
number of unoccupied sites4 in the pure salts at
room temperature.

This unexpected finding prompted immediate
consultation of the literature with respect to the
densities of other alkali halides systems. Wallace

(1) From a thesis submitted by John S. Wollam to the Graduate
School of the University of Pittsburgh in partial fulfillment of the re-
quirements for the M.S. degree, June, 1956.

(2) This work was assisted by the U. S. Atomic Energy Commission.

(3) W. T. Barrett and W. E. Wallace, 3. Am. Chem. Soc., 76, 366
(1954).

(4) W. Shockley, etal.t “ Imperfections in Nearly Perfect Crystals,”
JgqhH Wiley and Son?, New York, N, y., 1952, p, 31.

and Flinn,5 using density data by Tammann and
Krings6 and unit cell dimensions by Oberliesd
found density discrepancies for the KCI-KBr sys-
tem which indicated that it too contained Schottky
defects of the order of 1%, with a maximum for the
KCl-rich solutions. The idea was then advanced
that strains arising from the distribution of com-
ponents of unequal size over a given set of lattice
sites could be relieved if an occasional site were left
vacant. As a corollary, it of course follows that
strains and therefore defect concentrations will be
greatest where larger ions try to fit themselves into
a smaller lattice, i.e., at low mole fractions of the
larger component.

On this basis, it would seem that as a first ap-
proximation the vacancy concentration at any
given composition should depend on the difference
in lattice parameter of the compounds. With re-
gard to the two systems KCI-NaCl and KCI-KBr
this did not appear to be the case, since KCI-NaCl,
with 11.5% difference in component lattice con-

(5) W. E. Wallace and R. A. Flinn, Nature, 72, 681 (1953).
(6) G. Tammann and W. Krings, Z. anorg. Chem., 130, 229 (1923),
(7) F, Oberlie?, Ann, Physik, 87, 238 0928)..
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stant showed a maximum density discrepancy of
1.1% at 70% NaCl, while KCI-KBr, with only
4.7% parameter difference had a 1.2% density dif-
ference at 70% KC1 and a maximum of 1.9% at
80% KC1. An obvious first step in the resolution of
this apparent paradox was the comparison of den-
sity and X-ray data for a third system. The NaCl-
NaBr system was chosen for this purpose. The
results of this comparison, given below, made it
desirable to extend the work to include a partial
reexamination of the KCI-KBr system.

Experimental

The NaCl used was J. T. Baker Analyzed Reagent 99.99%
pure, while the NaBr, KC1 and KBr were Fisher Certified
Reagents containing 99.75% NaBr with 0.25% NacCl,
99.99% KC1 and 99.68% KBr with 0.32% KC1, respec-
tively, by weight. The solid solutions were prepared and
their concentrations determined using methods previously
employed in this Laboratory.3

The macroscopic densities were measured by placing the
crystals in pycnometer bottles with toluene as the confining
liquid. To minimize errors due to occluded air, the bottle
containing the small crystals of salt was pumped on in a
vacuum desiccator and the toluene added to it while still
under vacuum. A water-bath, held at 24.995°, was used
as a thermostat.

The X-ray data for the calculation of microscopic densi-
ties were obtained by conventional X-ray powder diffrac-
tion techniques. The samples, in 0.5 mm. Vycor tubes,
were placed in a Debye camera of 114 mm. diameter with
a one-mm. pinhole and exposed to Cu Ka radiation for 12
hours during which time the temperature was held at 25 +
1°. The back reflection lines on the resulting photographs
were indexed and the lattice parameter was determined
using the Bradley and Jay8 method of extrapolation. The
average weight of the contents of unit cell was divided by
the volume of the unit cell, as calculated from the lattice
parameter, to find its density.

Results

In Table | the data obtained for the NaCl-NaBr
system by the procedures described above are col-
lected and compared. It will be seen that the ex-
pected difference in density of 1% or more was not
found. Therefore, even if the entire difference in
density is assumed to be due to Schottky defects,
the concentration of vacancies is considerably less
than 1%. It isto be noted, however, that the differ-
ences in densities for the solid solutions in six out of
seven cases exceed the values for the pure salts. The
differences found at 30, 40 and 50% NaBr are more
than twice the differences found in the pure salts
and suggest the possibility that some depopulation
of lattice sites has occurred. Additional support of
a qualitative nature is provided by the observation
that the solid solutions discolor in the X-ray beam
much more readily than the pure salts. The dis-
coloration undoubtedly originates with color cen-
ters, which are generally regarded as resulting from
the trapping of electrons in vacant lattice sites.

The density difference of 0.22% found at 80%
NaBr is of considerable interest. If vacancies
originating with strains are responsible for this
difference, it may be that the strains arise from
the very considerable disparity between the anion-
cation distance in this solution and the sum of the
ionic radii of sodium and chlorine. Electrostatic
forces work to establish the Na+-Cl~ distance in
the solution as the sum of the ionic radii, but this
entails considerable local distortion and straining of

(8) A. J. Bradley and A. H, Jay, Proc. Phys, Soc. {London), 44, 563
(1932),
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the lattice, possibly giving rise to the formation of
vacancies to relieve these strains. However, other
effects may be responsible for the density difference
such as a short range phase segregation, giving a
crystal composed of clumps of a dozen or so ions of
each component with strains and therefore vacan-
cies along their borders. A long range phase seg-
regation is not responsible since all the X-ray pho-
tographs, including the one for this composition,
showed the crystals to consist of a single homogene-
ous phase.

Table |
Densities op NaCl-NaBr Solid Solutions by Pyc-
nometric and X-ray Measurements at 25°
Pycnometric densities,
... g./cm.3 X-Ray .
Mole % Individual Mean densities, % Dif-
NaBr values value g./cm.3 ference

0.000 2.1612 2.1615 2.1630 0.07
2.1618
2.1616

10.000 2.2826 2.2829 2.2848 .08
2.2831
2.2829

19.977 2.3970 2.3971 2.3987 .07
2.3971

29.963 2.5069 2.5069 2.512s .22
2.5069

39.912 2.6171 2.6169 2.6220 .26
2.6172
2.6164

49.931 2.7203 2.7203 2.7244 .15
2.7204

59.913 2.8256 2.8255 2.8284 .10
2.8247
2.8263

79.872 3.0163 3.0160 3.022s .22
3.0162
3.0159
3.0157

99.562 3.1979 3.1980 3.1992 .04

w

.1981

When it became apparent that the NaCl-NaBr
system did not contain the expected numbers of
Schottky defects, the reality of the vacancy con-
centrations thought to exist in the KCI-KBr sys-
tem became questionable. The sets of data used
in the previous comparison,5while each reliable in
itself, were obtained by different workers using dif-
ferent samples so that conclusions drawn from their
comparison are not completely satisfactory. Tnere-
fore, the KCI-KBr system was re-examined at
those concentrations most likely to contain the
largest numbers of vacancies, and both macro-
scopic densities were determined from the same
sample. The resulting data, shown in Table I, in-
dicate that while some Schottky defects may be
present, the concentration is at least an order of
magnitude less than had been supposed.

In Table 111 the data collected in the present
investigation are shown together with values
found by other workers. For the NaCl-NaBr sys-
tem, the previously determined X-ray densities are
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Table Il

Densities of KCI-KBr Solid Solutions by Pycnometric

and X-ray Measurements at 25°
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Table 111

Densities of NaCl-NaBr and KCI-KBr Solid Solutions
at 25°

Pycnomge.}rcir% .dsensities. X-Ray X -Ray densities, determli:)nlgscéleynsities,
Mole % Individual Mean densities, % g./cm.3 g./em.3
e values value g/em3  Difference bromide Pk P et Thent
0.000 1.9868 1.9868 1.9862 -0.03 NaCl-NaBr System
1.9868 0.00 2.163 2.164¢ 2.162 2.170°
20.00 2.1557  2.1588  2.1602 20 10.0 2.285  2.286“ 2.283
2.1555 20.0 2.399  2.403" 2.397
2.1561 30.0 2,512  2.515" 2.507  2.427°
30.00 2.2379 2.2377 2.238c¢ .04 40.0 2622 2.624° 2617
2.2374 50.0 2.724 2.728“ 2.720 2.611°
2.2377 60.0 2.828 2.831“ 2.826 2.711°
by Nickels, Fineman and Wallace9 and the di- 80.0 3.023 3'024“ 3.016 3.9110
rectly determined densities are by Bcllanca.10 He 100 3199 3.202 3198 5 0 ®
used a flotation method with a methylene iodide KCI-KBr System
and benzene mixture as his buoyant liquid, the 0.00 1.986 1.988* 1.987 1.988*
density of which was in turn measured with a West- 1.994* 1.994'
phal balance. For the KCI-KBr system the pre- 20.00 2.160 2.166" 2.156 2.124'
vious X-ray data are by Barrett and Wallace3and 30.00 2.239 2.247" 2.238 2.214
by Oberlies7 and the direct measurements by Bar- ° Nickels, Fineman and Wallace, ref. 9. - Bellanca,
rett and Wallace3and by Tammann and Krings.6 ref. 10. 'Barrett and Wallace, ref. 3. "Oberlies, ref. 7.

The X-ray densities are in fairly good agreement
in view of the difficulty in the estimation and con-
trol of sample temperature. The directly deter-

(9) J. E. Nickels, M. A. Fineman and W. E. Wallace, T his Jour-
nal, 53, 625 (1949).
(10) A. Bellanca, Periodico mineral, 10, (1939).

*Tammann and Krings, ref. 6.

mined densities observed in the present work are
generally greater than those previously found. It
would seem that this difference is mainly due to
the precautions taken in the present case for the re-
moval of occluded air from the crystals.
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Karl F. Lindman1-5 investigated the interaction of several different models, with a beam of microwaves. He obtained
data which, according to his interpretation, showed that his models affected plane polarized microwaves in a manner analo-
gous to the way in which optically active molecules affect plane polarized light. These models have been generally accepted
in the literature as valid models for optical activity. The present author has obtained results with helical models which
duplicate those obtained by Lindman; however, efforts to repeat Lindman’s work on irregular tetrahedra were not successful.
The “rotations” of these asymmetric models were found to be a function of the position of the model. Further investiga-
tion showed that a symmetric unit placed asymmetrically was capable of giving the same results, indicating that no rotation
of the plane of polarization is involved. An alternate theory based on the diffraction by a single sphere is offered to explain

the data.

Introduction

During the early part of this century, K. F.
Lindman published the results of a series of experi-
ments dealing with model systems which seemed
to have the power of rotating the plane of polariza-
tion of linearly polarized microwaves.1-5 These
systems, copper helices or asymmetric spatial dis-
tributions of copper spheres which had diameters
ranging from several millimeters to several centi-
meters, were studied with electromagnetic radiation
in the 3 to 20 cm. wave length region of the spec-

* Roswell Park Memorial Institute, Buffalo 3, New York.

(1) K. F. Lindman, Ann. Physik, 38, 523 (1912).

) F. Lindman, ibid., 63, 621 (1920).

3) . Lindman, ibid., 69, 270 (1922).

(4) . Lindman, ibid., [4] 74, 541 (1924).

(5) . Lindman, ibid., 77, 337 (1925).
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trum. Absorption spectra and rotatory dispersion
curves were reported which strongly resembled
the Cotton curve characteristic of optically active
molecular systems. The microwaves were gen-
erated by a high frequency spark and the desired
wave length selected by timing the radiating (po-
larizing) antenna. The power picked up by a
rotatable receiving antenna after the radiation had
passed through a model was measured by means of
a thermocouple. The readings of this thermo-
couple were compared with those of another coupled
to an indicating antenna which was positioned to
sample a portion of the beam which did not pass
through the model and therefore was assumed to
give readings proportional to the total power emit-
ted without reference to any possible influence



Dec., 1956

which may have been exerted by the model. The
purpose of work reported here was to determine to
what extent the experimental results obtained with
these model systems could be used to interpret the
optical activity of molecules.

Experimental

Apparatus .- -Two microwave generators were designed to
operate in the 3 and 10 to 20 cm. regions of the spectrum.
A detailed description of both instruments has been given
elsewhere&and therefore only those features essential to the
ensuing discussion will be noted here. The 10 to 20 cm.
radiation was generated by a 2C40 tube in a tunable light-
house cavity. The 3 cm. waves were produced by a 723/A
wlystron and its associated wave guide components. The
receiving antennae for both spectral regions and the trans-
mitting antenna for the longer wave lengths were slotted
dipolesl modified so that different wings could be screwed
in as the wave length was changed. Reflections were kept
at a minimum in the 10 to 20 cm. region by operating out of
doors well away from any metal structure. At 3 cm. a
"uned absorber was found to be adequate for reducing inter-
fering radiation.

The receiving antennae were rotated synchronously with
ehe chart drive of a Brown recorder which continuously
plotted energy intercepted against the angular position of
the antenna. Once during each revolution, a cam ro-
tating with the dipole closed a fixed micro switch, momen-
tarily deflecting the recorder pen, and thus defining the
angular position of the antenna with respect to the chart.
Maximum power is received by a dipole when its plane is
parallel to the plane of polarization of the intercepted
radiation, therefore, the linear chart distance between the
pen deflection, and the center of a power peak, defines a
plane of polarization, assuming a uniform symmetrical
field. A change in this chart distance can be interpreted as
an optical rotation. The centers of the peaks are found by
drawing several tie lines in the vicinity of the half power
points and then constructing the best perpendicular bisector
for all lines. The charts obtained could be read reproduc-
ibly to 0.65°.

It was considered advisable to confirm the results of K.
F. Lindman as a prelude to extending them. To this end
the investigations of the interaction of plane polarized mi-
crowaves and systems of copper helices were repeated.
Some modifications of Lindman’s procedures were under-
taken, consequently the methods used by the present author
will be described in full.

A cylindrical cardboard container, 25 cm. in diameter
and 30 cm. deep, was suspended from Nylon threads in the
center of a cubic wood framework 1.8 m. on edge. The
forward edge of the container was 20 cm. from the sending
antenna. Three plots of power versus angular position of
the receiving antenna were obtained with the container
empty. The container was then filled with 200 copper
helices, having the same screw sense, made from eighteen
gage copper wire. The helices were of two and a half turns,
one centimeter in diameter with 7 mm. between turns.
Helices having a right-hand screw sense will be called plus
and those having a left hand screw sense will be called minus.
Each helix was individually wrapped in absorbent cotton
before packing into the box. Three more curves were ob-
tained with the empty container in the optical path after
which the opposite helices were packed into the box. After
recording another three curves, the box was rotated 180°
about the perpendicular bisector to its long axis and the
above process repeated. Counter-clockwise rotations at a
wave length of 18 cm. of approximately 12° for the minus
helices and clockwise rotations of approximately 12° for
the plus helices were obtained. These data are in very good
agreement with the results obtained by K. F. Lindman.

The next step was to obtain a rotatory dispersion curve
for a set of helices. The minus helices were arbitrarily
chosen and the results are plotted in Fig. 1.

After completing the work outlined above, an irregular
tetrahedral distribution of spheres in space was investigated.
For this portion of the work the 3 cm. generator was used
and Lindman’s model scaled-down proportionally.

(6) M. H. Winkler, University Microfilms Publication 11959.
(7) S. Silver, “Microwave Antenna Theory and Design,” McGraw-
Hill Book Go., New York, N. Y., 1949, p. 246.
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Wave length.
Fig. 1.—The rotation of a beam of plane polarized micro-
waves, due to the interposition of 200 copper helices in the
optical path, plotted as a function of wave length.

v = 3 r
(L) R

Fig. 2.—Two enantiomorphic tetrahedral distributions of
conducting spheres, showing their relation to the cubes
from which they were derived.

The scaled-down model derived from a cube with the
spheres at the corners (Fig. 2), was constructed of aluminum
spheres 6 mm. in radius with a distance between the centers
of spheres lying along any edge of the cube of 1.5 cm. This
model failed to show a rotation for any position having an
edge of the cube parallel to the plane of polarization when
placed midway between the receiving and sending anten-
nae. It was thought that perhaps the rotation of one model
was too small to be observed, therefore, an array of forty-
five models was constructed by stretching a number of nylon
threads, parallel to each other and perpendicular to the di-
rection of wave propagation, on which brass spheres were
mounted in the fashion of wooden balls on an abacus.
The models were arranged in five layers containing nine
tetrahedra each, so disposed as to cover the radiation field as
uniformly as possible. All models had the same orientation
with respect to the plane of polarization, and no two models
came within less than 3 cm. of each other. This array also
failed to show any rotation.

We next returned to a single model and tried the one
orientation that Lindman reported to give no rotation, that
is with the plane of polarization bisecting the angle 1,3,2
(Figure 2). This orientation produced the first rotations
observed with a tetrahedral model; however, the magnitude
and sometimes the sign of the rotation proved to be a func-
tion of the position of the model. Table | shows the effect
of varying the distance between the sending antenna and
the center of the face formed by spheres 1, 2 and 3 (Fig.
2). Following this determination, different combinations of
the spheres constituting the model were removed from the
radiation field and the “ rotatory power” of those remaining
was tested. The results are discussed in the next section.

Discussion

The experiments performed with the helical
models seemed in large measure to confirm Lind-
man’s results. There was, however, no absorp-
tion observed in models which rotated the plane of
polarization. On the contrary, an increase in the
intensity of the transmitted beam was generally
noted. This increase was found to be a function
of the position of the model with respect to the an-
tennae, indicating that in these experiments as well
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as the experiments performed with tetrahedral
models the observed effects were due to diffrac-
tion.8

For tetrahedral models, the deviations from
Lindman’'s work were more striking. The one
orientation of the model which Lindman found to
he optically inactive, i.e., with the plane of polari-
zation bisecting the angle 1,3,2 and the radiation
falling perpendicularly on face 1,3,2 (Fig. 2), gave
consistent apparent rotations in the current in-
vestigation. (Fig. 2L) was found to give a rotation
opposite to that of (Fig. 2R), providing the line
joining the centers of the antennae passed per-
pendicularly through the center of the 1,3,2 face
of the model. For (L), with the 1,3,2 face at a dis-

Table |

The Apparent Rotation of the Plane of Polarization

of 3 Cm. Microwaves by a Tetrahedral Model at

Various Distances from the Radiating Horn Antenna

Model to Apparent Model to Apparent
antenna, cm. rotation, ° antenna, cm. rotation, °
0.5 0.98 2.1 0.39
= 1.6 2.5 .3
1.3 0.48 2.9 .29
1.7 .00 3.3 1.6

tance of 2.5 cm. from the transmitting antenna, a
counter-clockwise rotation of 3° was noted, while
for (R), at a distance of 2.4 cm. a clockwise rota-
tion of 5° was observed. However, if (R), was
raised so that ball 4 was now above the line joining
the centers of the antennae, then the rotation
(hanged from 5° clockwise to 5° counter-clockwise,
that is, the rotation obtained with (R) was now in
the same direction as that obtained with its en-
antiomorph. When the model is raised, only ball
4 changes position without a corresponding change
in a mirror plane bisecting the angle 1,3,2. Ball
3 moves along the vertical axis, and balls 1 and 2
fall an equal distance to either side of the vertical,
remaining in the same horizontal plane. This
suggested the possibility that ball 4 may be en-
tirely responsible for the observed rotation of the
complete model. The model was therefore parti-
ally disassembled, and the rotations of the various
combinations of spheres, in the positions they oc-
cupied in the complete model, were measured. It
was found that balls 2 and 3 showed an apparent
counter-clockwise rotation regardless of the position
of the assembly with respect to the center of the
horn antenna, or of its distance from the horn. As
would be expected from symmetry considerations,
spheres 1and 3 showed the opposite rotation. The
complete face, 1,3,2, showed no rotation. Ball 4,
studied alone, showed an apparent rotation having
the same magnitude and direction as that measured
for the entire model. Upon this evidence, it was con-
cluded that there was no interaction between the
balls, 1,3,2 and ball 4, and that ball 4 alone was re-
sponsible for the observed effects. Further, if aplane
perpendicular to the direction of propagation of
the wave and containing ball 4 is divided into quad-
rants by a perpendicular and horizontal with
their intersection on the line of centers joining an-

) G. C. Sout-hworth, “Principles and Applications of Waveguide

Transmission,” D. Van Nostrand Co., Inc., New York, N. Y.f 1900,
p. 396.
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tennae, the direction of rotation is determined by
the quadrant containing ball 4. This would ex-
plain the fact, mentioned above, that raising the
model changes the sign of the rotation, since raising
the model sufficiently would change ball 4 to an-
other quadrant. At this point, it ivas thought that,
perhaps what was taken for a rotation of the plane
of polarization was not that at all, but rather an
unsymmetrical intensification of the radiation field
in the plane of the receiving antenna, due to the
presence of ball 4. It can be easily seen that such
a local intensification could lead to an apparent
rotation of the plane of polarization. For a linear
resonator, such as a dipole antenna, the powder ab-
sorbed is a function of the field intensity, E, about
the antenna, and the cosine of the angle 6 between

E and the dipole. Ordinarily we assume E to be
constant over the area swept out by the receiving
antenna. When that is the case a plot of angle
versus power results in the familiar cosine square
curve with a maximum at 6 equals 0. If, however,

E is not constant over the area swept out by the
antenna, a plot of 6 against power will not be a co-
sine square curve and, depending on how E varies
with 0, may show several maxima or may show a dis-
placed maximum.

The reason for obtaining no rotation with an ar-
ray of forty-five models now becomes clear. The
models were arranged in several planes perpen-
dicular to the line of propagation in such fashion that
all quadrants were about equally populated with
spheres, thereby cancelling any asymmetric effect.
Also, the observed increase in power at the re-
ceiving antenna can be explained if the directivity
of the sphere at the proper distance from the trans-
mitting antenna toward the receiving antenna is as-
sumed to be greater than any scattering which may
take place.

Since the size of the lobes of the radiation pattern
of a sphere excited by an antenna is a periodic
function of the distance between the sphere and the
antenna, the apparent rotation of a tetrahedral
model should also be a periodic function of the
model to antenna distance, if the above reasoning
is correct. Table I gives the results for the rota-
tion at various separations of model and antenna,
and indeed the rotation goes through zero at ap-
proximately a half wave length interval. A single
sphere occupying the position of ball 4 at the zero
rotation model to antenna distance shows neither
intensification nor apparent rotation.

Two balls lying in a plane perpendicular to the
direction of propagation and having the line joining
their centers at an angle to the plane of polariza-
tion, also showed an apparent rotation of the plane
of polarization. In this case, however, the quad-
rant or quadrants in which the system lies does not
change the sense of the rotation so long as the angle
made with the plane of polarization remains con-
stant. It can be inferred, then, that it is the inter-
action of the two spheres which causes the rotation
in this case. Rotation of the two spheres by 90°
in a plane perpendicular to the direction of prop-
agation about their common center of gravity re-
sults in an opposite rotation of the plane of polari-
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zation. This result is most easily explained by

reference to Fig. 3 where E is the electric vector of
the incident radiation and Si and S2 are the two
spheres constituting the portion of the models pres-

ently under consideration. In principle, E can be

resolved into two components, E' and E". Since

E" lies along the line of centers of Si and S2 Si and
S2 can be considered to be a capacitor which is

charged by E". This implies a transfer of energy

from E" to Si and S2 which in turn means a scat-

tering or attenuation of E" in the direction of prop-
agation leaving E' dominant in the transmitted
beam. This would be equivalent to a rotation of
the plane of polarization in the direction of E'.
This phenomenon is to be distinguished from op-
tical activity, however, since the sense of the rota-
tion can be changed merely by twisting the model
through 90°. In fact, the observed effect corre-
sponds to linear dichroism which is caused by aniso-
tropic true absorption or anisotropic scattering.9
On the basis of the preceding discussion, it seems
likely that the results obtained by Lindman could
be partly attributed to the exercise of insufficient
care in centering the model and partly to an un-
certainty in the plane of polarization of the micro-
waves. The apparent absorptions observed by
Lindman but never observed by the present au-
thor probably were due to a local intensification of
the radiation field, as a result of diffraction, at the
indicating antenna used to measure (he total power

(9) W. Heller, Rev. Modern Phys., 14, 406 (1942).
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Fig. 3.—The origin of linear dichroism from a specific
orientation of spheres.

emitted from the generator. The model itself
does not seem to be optically active even though
theoretical considerationsi suggest that it may be
when the model is very close to the antenna. In
this case, the wave iron* at the model is no longer
planar, that is to say, the electric vector has a
longitudinal componentll® and so the necessary
coupling between spheres lying in different planes
perpendicular to the direction of propagation
could arise. However, since a single sphere yields
data which are identical with those obtained for
the complete model, it can be assumed that this
coupling does not occur to any appreciable extent.
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From a novel and instructive approach to elec-
tronegativity,2 Sanderson infers the net charge on a
methyl group in simple compounds M(CH2,,
and he observes that there is a direct relation be-
tween the degree of “polymerization” and the
methyl charge thus inferred.3 Lie has suggested,
moreover, that polarity arguments may lead to an
explanation for electron deficient bonding in gen-
eral.2

Unfortunately, in assembling his correlations
Sanderson omitted tetramethylplatinum, which

(1) Work was performed in the Ames Laboratory of the Atomic En-
ergy Commission.

(2) R. T. Sanderson, .1. Chem. Ed., 29, 539 (1952); 31, 2, 238 (1954).

(3) R. T. Sanderson, ./. Am. Chem. Soc., 77, 4531 (19.55).

forms a tetramer of known structure.4 A solid up to
its decomposition point, tetramethylplatinum re-
mains a tetramer in solution,8and is relatively un-
reactive with 02 C02and H2. Any reasonable
electronegativity for platinum would put tetra-
methylplatinum far from the class of methyl com-
pounds which polymerize according to Sanderson’s
observation.

For other reasons, too, Sanderson’s correlation
of polymerization with methyl charge seems fortui-
tous rather than fundamental. In going across
the periodic table from groups | to IV electronega-
tivity assuredly increases, but so does the number of
methyls per metal atom. Surely, for example, tri-
methylaluminum is only a dimer while dimethyl-
beryllium is a solid polymer6 because, while both
tend to form four bonds to methyl, the methyl-to-

(4) 1. E. Rundle and .1 Il. Sturdivant, ibid., 69, 1561 (1947).

(0) R. E. Rundle and E. J. Holman,, ibid., 71, 3264 (1940).
(6) A.l.Snow and R. E. Rundle, Acta Cryst., 4, 348 (1951).
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metal ratio is 3/1 in the former, 2/1 in the latter,
and the methyl charge has little to do with the de-
gree of “ polymerization.” It is easily seen that
coordination number vs. methyl-metal ratio will
explain most of Sanderson’s table.

For the least electronegative metals the metal-
carbon bonding is no doubt so ionic as to justify
using the ionic coordination numbers to explain the
“ polymerization.” But even for dimethylberyl-
lium and trimethylaluminum the structures in the
solid state are not characteristic of ionic structures
(large Madelung constants), and the coordination
number for the metal is strictly equal to the num-
ber of low energy orbitals of the metal. (For group
IVB metals and non-metals coordination number,
number of electrons for bonding and number of low
energy orbitals are all equal, so there is no poly-
merization problem.) A comparison of tetra-
methyllead and tetramethylplatinum illustrates
the importance of the point.

The lead atom is larger than the platinum atom,
as judged by its covalent radius, and probably has a
lower electronegativity, yet experimentally the co-
ordination number of lead for methyl is four, for
platinum it is six. Lead IV has tetrahedral sp3or-
bitals for bond formation, platinum IV has octa-
hedral dxp3orbitals for bond formation. In both
cases all the bond orbitals are used, resulting in a
monomer for tetramethyllead and a tetramer for
tetramethylplatinum.

The principle that bond delocalization arises
when atoms with more low energy orbitals than
valence electrons (always metals) are combined
with atoms or groups with no unshared electron
pairs is easily justified by simple quantum mechani-
cal arguments,7and leads naturally to the expecta-
tion that bonds will become more delocalized as the
metal-non-metal ratio increases until the highly
delocalized bonding in metals is reached. Surely
polarity is not a necessary requirement for “ poly-
merization” of this type.

(7) R. E. Bundle, J. Am. .7. Chem.

Phys., 17, 671 (1949).

Chem. Soc., 69, 1327 (1947);

INTERMOLECULAR ASSOCIATION OF
CARBONYL COMPOUNDS

By Alvin W. Baker
Research Department, Western Division The Dow Chemical Company,
Pittsburg, Califomia

Received February 7, 1956

Three recent publications1-3 have discussed the
Raman spectra of aliphatic and alicyclic ketones,
and the authors have come to different conclusions
regarding the causes affecting the broadening or
splitting of the carbonyl band. Their data show
that the splitting is of the order of eight4 wave
numbers (cm.-1) for all ketones which were exam-
ined except for the larger splitting of 20 cm.-1 in
cyclopentanone.

(1) E. Gray and M. M. Bottreau, Compt. rend., 240, 2134 (1955).

(2) W. Suetaka, Gazz. chim. ital., 82, 768 (1952).

(3) W. Suetaka, J. Chem. Soc. Japan, Pure Chem. Sect.,, 74, 318

(1953).
(4) c. A., 12, 962b (1955), incorrectly states 18 cm .-1.
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Each of these theories ascribes the carbonyl
doubling to hydrogen bonding, onel through the
mechanism of enolization followed by hydrogen
bonding to a second carbonyl group, and the other23
to an activation of the «-hydrogens such that they
become acidic enough to bond to a second car-
bonyl group, perhaps in a cyclic dimerization. On
either basis, the bonded carbonyl gives rise to the
lower frequency band and the free keto to the higher
frequency band.

I have obtained additional information which |
believe can best be interpreted by a dipole interac-
tion of carbonyl groups rather than by either of the
above hydrogen bonding theories. Infrared and
Raman spectra5 of cyclopentanone (1), cyclohexa-
none (l1), and several straight-chain ketones were
run in this Laboratory. The doubled carbonyl
band of cyclopentanone is clearly resolved in the
Raman spectrum and verifies the doublet separation
of 20 cm.-1. However, this band could not be re-
solved in the infrared spectrum although a slight
shoulder was observed at less than 20 cm.-1.

Upon dilution with a non-polar solvent such as
carbon tetrachloride, the lower frequency carbonyl
band of | decreases relative to the higher frequency
band and disappears at a concentration of about
10%. On the other hand, the infrared frequency
is only slightly affected by dilution, and is
nearly identical in frequency to the higher fre-
quency band in the Raman spectrum. It appears
probable from this behavior that the vibrational
selection rules for the dimer may be different from
those for the monomer; if the dimer is symmetrical,
the infrared frequency may correspond to the
higher (asymmetric) and the Raman to the lower
(symmetric) vibration. On this basis, one would
therefore expect the infrared frequency to be very
nearly equal to the monomeric frequency and little
or no shift would be expected as concentraton is
changed.

In pure 1, association amounts to nearly 50%
since the Raman carbonyl bands are of nearly
equal intensity (ratio of free to bonded is 1.15).
This rules out enolization as the cause of splitting
because Ingold6 reports an experimentally deter-
mined enol concentration in | of only 0.0048%.
Furthermore, the enol content of Il is 0.02% so
that, if enolization was the cause, splitting should
be greaterin Il thanin I.

Hirschfelder and Courtauld molecular model
construction of | and Il indicates that there is
probably small difference between steric or induc-
tive effects involving activation of the «-hydrogens.
If the extent of ring strain due to hydrogen-hydro-
gen repulsion is considered, the constellation theory
of Brown and Borkowski7 predicts 3-4 kcal./mole
for | and less than 1-2 kcal./mole for Il. This is
due to the fact that the methylene groups are
alternately staggered above and below the plane of
the molecule in Il while I is more nearly planar.

(5) Raman spectra were obtained with a Hilger recording Raman
spectrometer.

(6) C. K. Ingold, “Structure and Mechanism in Organic Chemis-
try,” Cornell University Press, Ithaca, N. Y., 1953, p. 566.

(7) H. C. Brown and M. Borkowski, 3. Am. Chem. Soc., 74, 1894
(1952).
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That | is not completely planar8is due to hydro-
gen-hydrogen repulsion of adjacent methylene
groups. Hyperconjugation could reduce this strain
by about one kcal./mole, but hardly enough to
change the acidity of the «-hydrogens appreciably.

On the other hand, the models show that the
carbonyl group of | is more exposed, and therefore
capable of greater dipole overlap of interacting
molecules than that of Il or any aliphatic ketone.
This is particularly evident if the ring bending
frequencies are considered because this vibration
produces much less motion in | than in Il. The
greater overlap naturally results in greater perturba-
tion of the carbonyl frequency.

The Raman spectra of diethyl, ethylene and
propylene carbonates (obtained here) disclose an
even greater interaction for these compounds than
for 1. This gives additional confirmation to the
theory of dipole interaction because in the carbon-
ates, there are no hydrogens alpha to the carbonyl
groups. Therefore, association or dimerization
should be impossible by either of the above hydro-
gen bonding theories. Furthermore, it is quite un-
likely that the /?-CH2 groups would be unusual in
acidity. Both the strength of association and ac-
cessibility of the carbonyl groups are in the order
diethyl carbonate < propylene carbonate < ethyl-
ene carbonate.

The Raman spectrum of diethyl carbonate9
shows a doubled carbonyl band at 1730-1752 (doub-
let separation 22 cm.-1) with the associated band
being nearly three times as strong as the free band.
In propylene and ethylene carbonate, the interac-
tion is so strong that the free carbonyl is nearly un-
detectable.

In both the infrared and Raman effect, the car-
bonyl frequency of pure ethylene carbonate is
doubled. This is a result of Fermi resonance® be-
tween the carbonyl stretching frequency and the
first overtone of the very strong ring frequency at
893 cm.-1. However, the frequency of the unasso-
ciated carbonyl is sufficiently higher than that of
the bonded carbonyl (about 31-31 cm.-1) that
Fermi resonance does not occur in the monomer,
and the frequency is single. In both of the cyclic
carbonates, the relative intensity of the bonded
carbonyl has been shown here to be a linear function
of the concentration.

(8) Gunnar Erlandsson, J. Chem. Phys., 22, 563 (1954).

(9) Also run by W. G. Brown, et al.,, Anal. Chem., 22, 1074 (1950),

(10) C. L. Angell, paper given June, 1956 at the Symposium on
Molecular Structure and Spectroscopy, Ohio State University, Colum-
bus, Ohio.

THE REACTION BETW EEN MERCURY(I)
AND THALLIUM (I11) IN AQUEOUS
SOLUTION: EVIDENCE FOR THE

DISMUTATION OF Hg2++

By A. M. Armstrong, J. Halpern and W. C. E. Higginson

The University of British Columbia, Vancouver, Canada
The University of Manchester, Manchester, England

Received July 23, 1956
We have examined the kinetics of the reaction
between mercury(l) and thallium(lll), i.c.

Hg2++ + Tl+++ — 2Hg++ + TO (8]

Notes
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in aqueous perchloric acid solution. Most of the
measurements were made at 25° and 3 M HCIO4,
the initial solution composition being varied in the
range 10-5 to 5 X 10-5 M Hg2C1042 10-6 to
10-* M T1(C1043 0-10-4 M Hg(C1042and 0-10-1
M T1C104. The reaction was followed spectropho-
tometrically,1using the Hg2++ absorption peak at
236.5 npx and correcting for the small absorption of
the other ions at this wave length.

The rate was found to be first order in Hg2++ and
T1+++ and inversely proportional to the concen-
tration of Hg++, suggesting that the reaction pro-
ceeds through the following mechanism

k,
Hg2++~+H g ++ + Hg (@)
K-i

Hg + T1+++ -4 - Hg++ + T1+ 3)

The dismutation equilibrium (step 2) is assumed to
be rapidly established (and thus serves to determine
the concentration of Hg atoms in solution) while
the subsequent reaction between dissolved Hg and
T1+++ is rate controlling. The resulting rate law is

—d[Hg2++]  Ijh [Hg2++][Tl+++]
dt k1 [Hg++] w

which becomes, on integration
[Hg++]0+ 2[Hg2++]Q [Hg2++D

[T+++], - [Hg2++Jo 10g [Hg2++]
Hg++lo+ 2[TI+++]p [Tl+++], _ kM r,
[TI+++]0 - [Hg2++],, Og [TU++]  2.303k-, KOo>

where [ ]0 denotes the initial concentration and
[ ] the concentration at time t.

In Fig. 1, the function corresponding to the left-
hand side of equation 5 is plotted against t, for a
number of experiments made with solutions of
widely varying initial composition. In conform-
ity with equation 5 all the points are seen to lie
fairly close to a single straight line passing through
the origin. The experimental results are thus
considered to provide strong support for the pro-
posed mechanism.

At 25° and 3 M HC104 the value of kjci/Zk-1,
calculated from the slope of this plot by means of
equation 5, is 2.7 X 10-3 min.-1. The equilibrium
constant of the Hg2++ dismutation step (be., kg
k-i) has been estimated2at about 10-9 mole liter-1,
suggesting that f2is of the order of 106liter mole-1
min.-1. It seems likely that reaction 3 involves a
two-electron transfer between Hg and T1+++; the
high value of the rate-constant for this process
presumably reflects, at least in part, the fact that
Hg is uncharged and hence is not repelled electro-
statically by T1+++. The results of some prelimi-
nary experiments suggest that the rate of the reac-
tion (and hence presumably f@ increases as the
HC104 concentration is lowered. The simplest
interpretation of this is that hydrolyzed thallium-
(111) ions, such as T1QH++, react more rapidly
with Hg than does T1+++. This type of behavior

(1) W. C. E. Higginson, Chem. Soc., 1438 (1951).

(2) N. V. Sidgwick, “The Chemical Elements and their Com-
pounds,” Vol. I, Oxford Univ. Press, New York, N. Y., 1950, pp. 285-
92.

(3) B. J. Zwolinski, It. J. Marcus and H. Eyring, Chem. Revs., 55
157 (1955).
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Fig. 1.—Rate plots for the reaction between mercury(l)
and thallium(lll) at 25°, 3 M HC104 Initial concentra-
tions (X 106) in mole/l.: o, 2.7 Hg2++, 53 Tl+++; A,
2.7 Hg2++, 10.6 Tl+++; 0O, 1.2 Hg2++, 2.6 Tl+++;

2.7 HgQUA 10.7 Tl+++, 8.6 T1+; 0- 2.7 Hg2++, 10.7 T1l+++,
51 Hg++.

is characteristic also of other electron transfer re-
actions.3

The kinetic results fail to provide an indication
of any contribution from a rate-determining step
involving the direct reaction of Hg2++ with T1+++,
although the concentration of Hg2++ is much
greater than that of Hg. From this it may be con-
cluded that the rate constant for this process is
probably less than 1 liter mole-1 min.-1 at 25°.
Although this reaction (represented by equation 1)
like that between Hg and T1+++ can be considered
formally as a two-electron transfer, its much lower
rate is readily understandable in the light of the
much greater repulsion between T1++- and lig2++,
resulting from the latter's charge, and of the
Franck-Condon barrier to electron transfer3which
probably results from its dimeric configuration.

The fact that Hg2++ may undergo dismutation
in aqueous solution according to equation 2, and
that this equilibrium is rapidly established, has long
been recognized. When reagents such as NH3and
CN-, which form stable mercuric complexes and
thus decrease the concentration of free Hg++, are
added to a solution of a mercurous salt, they cause
this equilibrium to be shifted to the right with the
formation of metallic mercury.2 Evidence for the
existence of Ilg atoms, in appreciable concentra-
tions, in aqueous solutions has also been provided
by direct measurements4of the solubility of metallic
mercury in water (estimated to be about 10-7 mole/
1 at 20% and by spectroscopic observation6 of

the 2537 A. absorption band of Hg in solution. Hg
(4) A. Stock, Z. anorg. Chem., 217, 241 (1934).

(5) H. Reichardt and K. F. Bonhoeffer, Z. Elektrochem36, 753
v Z.physik., 67, .
(1930) 780 (1931)
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atoms also have been postulated as intermediates
in at least two other reactions in aqueous solution,
i.e., (@) Wolfgang and Dodson6 have suggested
that the very rapid isotopic electron exchange be-
tween Hg++ and Hg2++, i.e.

Hg2++ + Hg++— > Hg2++ + Hg++ (6)
proceeds through the mechanism

Hg2++— > Hg + Hg++ @)

Hg + Hg++ —"~ HgU+ ®)

Their results support the conclusion that the 11g2++
dismutation equilibrium is established rapidly.

(b) The homogeneous reduction of mercuric salts
in aqueous solution by molecular hydrogen, i.e.

2Hg++ + H2— > Hg2++ + 2H+ 9

has been postulated7to proceed through the mech-
anism

Hg+++ H2— ~ Hg + 2H+ (slew) (10)
Hg -f Hg++t Hg2++ (fast) (11)

This sequence of steps is the reverse of that pro-
posed for the reaction between Hg2++ and T1+++.

Earlier measurementslon the ultraviolet absorp-
tion spectra of mercurous perchlorate solutions, re-
vealed deviations from Beer’s law at low concen-
trations (<10-6 M Hg2++) which were attributed
to the homolytic dissociation equilibrium

Hg2++/~=i:2Hg+ (12)

The spectroscopic data suggested that the equilib-
rium constant for this process was in the range
10-8 to 10-6 mole liter-1. In the light of the con-
siderations discussed in this paper, it seems more
probable that these deviations arise from the dis-
mutation reaction represented by equation 2. This
suggestion is also in accord with our observations
that the reactions of Hg2++ with one-electron oxi-
dizing agents such as Ce++++ are slower than with
T1+++.

The portion of this research which was conducted
at the University of British Columbia was sup-
ported through a grant from the National Research
Council of Canada.

(6) R. L. Wolfgang and R. W. Dodson, This Journal, 56, 872
(1952).

(7) G. J. Korinek and J. Halpern, ibid., 60, 285 (1956).

THE SYSTEM SODIUM SULFATE
SODIUM MOLYBDATE-W ATER AT 35
AND 100°
By William F. Linke and Jerome A. Cooper

The Wm. H. Nichols Laboratory, New York University, New York, N. Y.
Received June 25, 1956

The solid solutions in the system sodium sulfate-
sodium molybdate-water have been studied at
temperatures at which NazZ04-10HZ2D, Naavio04
IOLLJO and Na2Mo0e2HXD are the saturating
phases.1-3 Although the extent of the decahy-
dratecl solid solutions diminishes with increasing

(1) J. E. Ricci and W. F. Linke, J. Am. Chem. Soc., 73, 3007
(1951).

(2) W. E. Cadbury, Tnis Journa 1, 59, 257 (1955).
(3) W. F. Linke, unpublished work.
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Tabte |
The System Na2S04N a2MoG.,-1120
o R o extrapo a_lpn )
Najsoc.omplex’ th\é)Z Na2ssda<td‘ s Wt.Ng)2l\/I004 Density t%fcgwrazoztl)tllign ggfl:llge
Results at 35°

32.90 0.0 1.319 St
39.14 5.04 28.14 5.89 1.335 +0.32 s
34.01 11 99 21.66 14.15 1.359 + .35 S
29.10 19.11 15.40 22.73 1.395 + .40 S
25.12 25.15 10.50 30.00 1.435 + 25 S
16.08 34.79 9.47 31 89 1 443 S + M2
14 03 38.08 9.42 31.92 1.444 S + M2
10.02 40.15 9.46 31.90 1.447 S + M2
6.08 41.79 7.28 33.73 1.443 - .38 M2
3.47 43.15 3.88 36.65 1.435 + .82 M2

0.0 39.90 1.434 M2

Results at 100°

28.71 17.49 14.57 21.45 -2.46 s
22.78 24.99 9.75 29.66 -2.63 S
20.05 32.00 5.57 38.02 -1.05 s
20.04 35.01 4.52 41.85 -0.23 s
14.96 39.76 4.60 41.91 S+ M2
8.81 45.24 4.39 42.05 S + M2
3.02 48.72 3.83 41.79 -1.24 M2

0.0 45.47 M2

*S = Naxs04 6M2 = Na2Mo00O,-2H20.

temperature, the anhydrous salts form continuous
solid solutions at their melting points,45 and lim-
ited solid solutions below 212°.4 We have there-
fore studied the aqueous system at 35 and 100°,
where anhydrous NaZS 04 is a saturating phase, in
order to determine the extent of the anhydrous
solid solutions at comparatively low temperatures.

Materials and Methods.—Complexes of pre-
determined composition were prepared from C.p.
Nazs04 analyzed Na2M 0042H2 and water. At
35° these were tumbled for up to 3 months in a
water-bath held constant to +0.05°. Equilibrium
was ascertained by repeated analysis after varying
periods of time. At 100°, the sealed mixtures were
placed in a steam-bath (+0.1°) and stirred vigor-
ously for from 3 to 6 hours. Analyses were made
by determining (1) total solids by evaporation and
heating at 110° to constant weight, and (2) molyb-
date by a modified Volhard procedure.

Results and Discussion.—The ternary data at
35 and 100° are given in Table I. Algebraic extrap-
olation of the tie-lines at each temperature indi-
cates that Na2M 004does not dissolve in anhydrous
NaZz04to any appreciable extent. The somewhat
poorer extrapolations at 100° are probably at-
tributable to experimental difficulties. Similarly,
although the data are limited, no solid solution of
Naz 04 in dihydrated Na™MoCh is indicated.

In order to determine whether the transition Na2
Mo0042HD NaZ2M 004+ ag. would occur below
the normal boiling point of a saturated solution, the
solubility of the salt in water was determined at
100° (45.47 wt. %), 104° (45.90%) and 107°
(b.p.) (46.32%). The data lie on a smooth extension

(4) H. E. Boeke, z. anorg. -Chem., SO, 355 (1906).
(5) I. N. Balyaev and A. K. Doroshenko, zhur. Obshchei Khim ., 24,
427 (1954).

of the solubility curve of Funk,6and indicate that
the dihydrate is the stable phase up to the boiling
point. Hence, although solid solutions of NaZS 04in
anhydrous NaZM o004 may (and probably do) exist
in this temperature range,7 they do not appear in
the (stable) aqueous system at one atmosphere
pressure.

(6) R. Funk, Ber., 33, 3097 (1900).
(7) See H. E. Boeke, ref. 4.

BINDING OF ORGANIC ANIONS BY SERUM
ALBUMIN

By Arthur Lindenbaum and Jack Schubert

Division of Biological and Medical Research, Argonne National Labora-
tory, Lemont, Illinois

Received July 28, 1956

Earlier studies have shown that the most effective
compounds for reversing beryllium-induced inhibi-
tion of plasma alkaline phosphatase are character-
ized first, by possession of carboxyl and hydroxyl
groups in the ortho position on a ring-type resonat-
ing nucleus such as benzene,land second, by their
ability to bind protein.2 To further investigate
the relative contribution of prosthetic groups and
molecular size to protein binding we have made
guantitative measurements of the binding of a well
characterized protein, serum albumin, with a series
of related organic compounds.

Experimental

Binding was measured on the basis of competition be-
tween methyl orange and the anion for albumin by the

(1) A. Lindenbaum, M. R. White and J. Schubert, Arch. Biochem.
Biophys., 52, 110 (1954).

(2) J. Schubert and A. Lindenbaum, J.
(1954).

Biol. Chem., 208, 359
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equilibrium dialysis technique of Klotz, et al.3* Armour
crystalline bovine serum albumin (molecular weight =
69,000) was used at a concentration of 1.43 X 106 M.
Dialysis was conducted at pH 6.87 (veronal buffer) for 72
hr. at 5-10°. In order to eliminate interference in the
spectrophotometric determination of methyl orange by the
highly colored aurintricarboxylic acid (ATA) the ATA was
precipitated from solution after dialysis by reducing the
pH to 1.4. Initial concentration of organic anion was
1 X 10-4 M for ATA and 1 X 10-37Y for all others.

Results

The binding constants (&b) obtained by the
equilibrium dialysis method are listed in Table I,
along with previously obtained data on the ability
of an excess of the test compound (concentration
range 2 X 10-5M to 1 X 10-4 M) to reverse the
beryllium-induced inhibition of plasma alkaline
phosphatase.l Deviation from the mean was less
than 8% for each value reported.

Tabire |

Binding Constants (/cb) of Organic lons with Bovine
Serum Albumin as Measured by Equilibrium D ialysis

T echnique Using Methyl Orange as a Competing

lon
pH = 6.87. Albumin concentration in Visking bag =
143 X 10~7 M. Methyl orange concentration varied
between 1 X 10-1and 4 X 10

_ %_reversal of Be
inhibition of plasma

Source of anion KB alkaline phosphatase

ATA (ammonium salt) 48,000 100
5-f-Butylsalicylic acid 5,380 100
2,4-Dihydroxybenzoic acid

(/3-resorcylie acid) 2,990 71
2,5-Dihydroxybenzoic acid

(gentisic acid) 2,120 a7
Salicylic acid 1,920 79
p-Aminosalicylic acid 1,270 49
Sulfosalicylic acid 1,260 57
Phenol 94 0
Benzoic acid 950 0
ra-Hydroxybenzoic acid 960 0
p-Hydroxybenzoic acid 780 7
Inositol 0 30
Catechol 0 48
Catechol disulfonic acid 010 71
dI-Mandelic acid 170 0

The greatest amount of protein binding was ob-
served in those compounds containing ortho-
hydroxyl, carboxyl groups on the benzene nucleus.
In general the degree of protein binding follows
the same trend as the reversal of enzymatic in-
hibition with some notable but anticipated excep-
tions. Examination of Table | brings out the
importance of a number of factors involved, either
alone or in combination, in protein-anion inter-
actions.5

(1) Interaction with the Water Solvent.—The
increased binding by albumin for salicylic acid
(SA) over m- or p-hydroxybenzoic acids (Table 1)
is ascribed to the formation of an intramolecular

(3) I. M. Klotz, F. M. Walker and R. B. Pivan, 3. Am. Chem. Soc.,
68, 1186 (1946).

(4) 1. M. Klotz and J. M. Urquhart, 7 nhis Journar, 53, 100 (1949).

(5) See chapter on Protein Interactions by I. M. Klotz in “ The Pro-
teins,” ed. by H. Neurath and K. Bailey, Vol. 1, Part B, Academic

Press, New York, N. Y., 1953, p. 727 ff; also, I. M. Klotz, 3. Am. Chem.
Soc., 68, 2299 (1946).
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hydrogen bond by SA, thus reducing the reactivity
of the -OH groups with the aqueous solvent.

(2) lonization.—The greater the degree of ioni-
zation of the anion the greater the electrostatic
attraction for the cationic centers in albumin.
Hence, undissociated molecules such as phenol,
inositol, catechol and mandelic acid are bound
weakly to albumin at the pH employed. The
binding of catechol disulfonic acid is obviously
induced by the negatively charged sulfonic acid
groups.6 The contribution of van der Waals forces
to the binding potential of these small molecules is
minor compared to the electrostatic effects; e.g.,
compare phenol and benzoic acid.

(3) Van der Waals Forces.—These become an
important factor with increasing molecular size
of anion. The increased binding of i-butylsalicylic
acid over SA may result from increased van der
Waals forces as well as from reduced solubility due
to the alkyl side chain. An even better example is
ATA which consists of three molecules of SA
bound by a methyl group and is bound to albumin
25 times more strongly than SA. The increased
binding undoubtedly is due to the additional
aromatic rings in the ATA molecule and to the
probability that ATA exists in solution as a poly-
merized species.6

The capacity of ATA for strong protein binding
is well correlated with its greater ability, compared
with SA, to reverse the activity of Be-poisoned
alkaline phosphatase in vitro (Table I) and with the
smaller concentrations required to protect Be-
poisoned mice, as well as with its more sustained
protective effects.7

It will be noted that catechol, for example, has
no binding affinity for serum albumin but is able
to substantially reverse the beryllium-induced
inhibition of alkaline phosphatase. The reason
for its latter action is due to the ability of catechol
to form a chelate with Be. Here then is an ex-
ample of the ability of a metal ion to bring an
organic molecule to a protein site to which it
ordinarily would not be bound. This is akin to the
well-known mediating action of metals demon-
strated experimentally by Klotz6and confirmed by
Malmstrom.9

Values obtained by the enzymatic method2
for the binding of salicylic, sulfosalicylic (SSA)
and aurintricarboxylic acids by beryllium-free rat
plasma alkaline phosphatase—Aae = 20, 60 and
850, respectively—give ratios which are reasonably
close to those for the binding values of these
compounds with bovine serum albumin. The
small apparent discrepancy involving SA and SSA
may lie resolved by the fact that the alkaline
phosphatase protein is associated with a metallic
cation, Mg++. The interaction of SSA for alkaline
earth cations is substantially greater than SA
because of the added electrostatic attraction

(6) T. Vickerstaff, “ The Physical Chemistry of Dyeing,”
science Publishers, New York, N. Y., 1950, pp. 171 ff.

(7) M. R. White and J. Schubert, Arch. Biochem. Biophys., 52, 133
(1954).

(8) T. M. Klotz and W. O. Loh Ming. 3. Am. Chem. Soc.
(1954).

(9) B. G. Malmstrom, Arch. Biochem.. Biophys., 58, 398 (1955).

Inter-

76, 805



Dec., 1956

imparted to SSA by the negatively charged -S03~
group.2101

(10) N. R. Joseph, J. Biol. Chem., 164, 529 (1946).
(11) J. Schubert, E. R. Russell and L. S. Myers, Jr., ibid., 185, 387
;1950).

HYDROGEN TRIIODIDE

By J. A. M agntison and J. H. W oi1fenden1

Department of Chemistry, Dartmouth College, Hanover, N. H.
Received July 25, 1956

Although the triiodides are a well-defined series
of salts, the sporadic attempts to establish the exist-
ence of the parent acid, hydrogen triiodide, in mo-
lecular form have led to negative or ambiguous re-
sults.2~5 An early comparison,5 ancillary to an-
other investigation, of the absorption spectra of
mixtures of iodine and hydrogen iodide in cyclohex-
ane solution with those of solutions of the two con-
stituents is reported to have given no indication of
compound formation. It seemed to us of interest
to renew the enquiry by a spectrophotometric in-
vestigation of solutions of iodine and of hydrogen
iodide in carbon tetrachloride and their mixtures.

Hydrogen iodide prepared by synthesis,6 iodine resub-
limed from potassium iodide and carbon tetrachloride of
A.R. grade, redistilled after drying over calcium chloride,
were used. Rigorous exclusion of moisture was necessary
to prevent the formation of a faint opalescence in solutions
of hydrogen iodide and the preparation of mixtures and the
filling of the stoppered silica cuvettes was carried out in a
dry box. Absorbance measurements were made with a
Beckman DU spectrophotometer with the temperature of
the cuvettes controlled to within one degree of 25°.

Preliminary exploration was carried out in 10 mm.
cuvettes over the range 3200 to 4400 A. The absorbance of
mixtures of equal volumes of solutions of hydrogen iodide
(0.017-0.044 M) and of iodine (0.012-0.026 M) was com-
pared with the sum of the absorbances of the individual
solutions, separately diluted to halve their concentrations
with pure solvent. Ten such comparisons were made and
the absorbance of the mixture was invariably greater than
the sum of the absorbances of the individual diluted- solu-
tions over the whole spectral range measured. Only at the
short wave length end of the range was this “absorbance
increment” small enough to be conceivably attributable to
experimental error; it attained its maximum value (0.12
to 0.44 according to the composition of the mixture) at
3700 A. and this wave length was accordingly selected for
more detailed study.

The measurement of the equilibrium constant of
the reaction in carbon tetrachloride solution from

HI + R Hl,

spectrophotometric measurements is simple enough
in principle even though the molar extinction co-
efficient of hydrogen triiodide is unknown. Diffi-
culties are to be anticipated, however, if its molar
extinction coefficient is not very different from
that of iodine, particularly if the equilibrium con-
stant is not very high. The shallowness of the
peak in a plot of absorbance increment against

(1) Department of Chemistry, Dartmouth College, Hanover, N. H.
The authors are grateful to Research Corporation for the spectropho-
tometer used in the work.

(2) M. Trautz and F. A. Henglein, Z. anorg. Chem., 110, 279
(1920).

(3) C. K. Tinkler, J. Chem. Soc., 91, 996 (1907).

(4) A. Batley, Trans. Faraday Soc., 24, 438 (1928).

(5) R. H. Potterill and O. J. Walker, ibid., 33, 363 (1937).

(6) E. R. Caley and M. G. Burford, “ Inorganic Syntheses,’”’ Vol. I,
McGraw-Hill Book Co., New York, N. Y., 1939, p. 159.
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wave length suggested that this might be the case
Quantitative study confirmed this expectation and
it is only possible to make a rough estimate of the
equilibrium constant and of the molar extinction
coefficient of hydrogen triiodide in carbon tetrachlo-
ride solution.

The measurements directed to this end were
carried out in stoppered 100 mm. silica cuvettes.
Immediately after the absorbance of a given mix-
ture had been measured, its composition was de-
termined by titrating its water extract with alkali
(potentiometrically using a glass electrode) and
with thiosulfate. Twenty-eight mixtures were
measured with hydrogen iodide concentrations
ranging from 0.0034 to 0.0301 M and iodine con-
centrations ranging from 0.0033 to 0.0103 M; mix-
tures with excess of iodine were avoided to elimi-
nate possible complications due to the formation of
higher poly-iodides. The absorbances of the mix-
tures measured ranged from 0.256 to 1.256. As
hydrogen iodide is effectively transparent at 3700
A., the absorbance increment was calculated by de-
ducting the absorbance due to titrated iodine (de-
rived from a calibration curve obtained in the same
cuvettes) from the absorbance of the mixture.

With both equilibrium constant and molar ex-
tinction coefficient of hydrogen triiodide unknown
it is necessary to use the absorbance and concentra-
tion data for a pair of solutions; these can be sub-
stituted in the rather obvious quadratic equation
derived by the combination of Beer’'s law and the
law of mass action to give values of the two un-
known quantities. Treatment of the experimental
data in this way quickly discloses that, in sharp and
unfortunate contrast to the triiodide ion in aqueous
solution, the molar extinction coefficient of hydro-
gen triiodide in carbon tetrachloride is not much
bigger than that of iodine.

A closer scrutiny of the quadratic equation with
the added knowledge of the order of magnitude of
its numerical coefficients shows that only a limited
number of pairings of runs in any given set of meas-
urements will be other than extravagantly sensi-
tive to probable experimental errors (such as 0.005
in absorbance measurements and 1% in concentra-
tion measurements). It is, however, possible to
grade all possible run-pairs beforehand in terms of
their vulnerability to experimental error, using ob-
jective arithmetical criteria derived from the form
of the equation. On this basis thirteen run-pairs
were classified as favorable (“Grade 1”) and an-
other nineteen as moderately favorable (“Grade
11”). The study of the influence of experimental
errors upon the equilibrium constant obtained
also makes it clear that the geometric mean should
be the most suitable way of averaging the values of
the equilibrium constant. For this reason as well
as because of the very approximate nature of the
values obtained, the logarithm of the equilibrium
constant is used in our estimate of the equilibrium
constant and its probable error.

When our measurements are handled in this way,
the values in Table | are obtained for the equilib-
rium constant, K, of the reaction in mole liter"1

HI + r HR

units in carbon tetrachloride solution at 25° and for
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the molar extinction coefficient (e) of hydrogen tri-
iodide in these solutions.

Tabre |
Arith-
metic Arith-
No. of mean metic
run- of logio Probable  mean of Probable

Group pairs error e error
Grade | 13 2.02 +0.38 19.1 6.1
Grade 11 19 2.04 +0.54 18.1 +6.4

The close agreement between the arithmetic
means of the two groups of run-pairs is largely for-
tuitous as is shown by the magnitude of the prob-
able error.

It seems reasonably certain that K lies somewhere
between 25 and 400 liter mole-1 and that the mo-
lar extinction coefficient of hydrogen triiodide lies
between 13 and 25 at 3700 A. The similarity of
this latter value to that of iodine (ca. 7) at the same
wave length is the principal reason why these ex-
periments afford such a crude estimate of the equi-
librium constant governing the formation of hydro-
gen triiodide; the restriction imposed by the lim-
ited solubility of hydrogen iodide in carbon tetra-
chloride is also a contributing factor. There ap-
pears, however, no reason to doubt the existence of
hydrogen triiodide in carbon tetrachloride solution.

SYSTEM LITHIUM CHLORIDE WATER
By H E. Mmoran, Jdr.

U. S. Naval Research Laboratory, Washington, D. C.
Received July 26, 1956

Lithium chloride appears eminently suited for
making nearly neutral, low-freezing solutions.
In view of a current requirement for a non-freezing,
inorganic liquid suitable for use at sub-Arctic
temperatures, the solubility-temperature relation-
ship of the system LiCI-H2 was investigated.

The transition temperature between anhydrous
LiCl and the monohydrate has been reported as
100.5° by Hiittig and Steudemann,1l 98° in the
ICT2 and 93.55° by Appleby and Cook.3 The
same sources report the transition temperature of
monohydrate to dihydrate as 12.5, 12.5 and 19.1°,
respectively. Hiittig and Steudemann place the
transition temperature of dihydrate to trihydrate
at —20°, the transition from trihydrate to penta-
hydrate at —68° and the binary eutectic at —80°.
Voskrenskya and Yanet'eva4 report the existence
of a pentahydrate, and place its eutectic with
water at —66°. Garrett and Woodruff5 report
the binary eutectic to contain 28.85% LiCl at a
temperature of —73°.  Other investigators67 have

(1) G. F. Hiittig and W. D. Steudemann, Z. physik. Chem., 126, 105
(1927)

(2) “ International Critical Tables/” McGraw-Hill Book Co., Inc.,
New York, N. Y., 1928.

(3) M. P. Appleby and R. P. Cook, J. Chem. Soc., 547 (1938).

(4) N. K. Voskrenskya and O. K. Yanet'eva, Bull. Acad. Sci.
URSS, classe sci. nat. math., ser chim., 97 (1937L

(5) A. B. Garrett and S. A. Woodruff, J. Phys. Colloid Chem,., 55,
477 (1951).

(6) Foster D. Snell, Inc., Report to the Navy Dept., Bureau of
Aeronautics, Contract No. NOa(s) 10579.

(7) Dept. Chemical Engineering, University of Maryland Report

on Contract DA 44-009engl671, Engineer Research and Development
Laboratories. June 15. 1954.
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indicated the eutectic to be below —96°.

Experimental

The data were obtained by thermal analysis.

Apparatus.—The freezing point apparatus used at sub-
zero temperatures comprised a 25 X 150 mm. glass sample
holder, an electrically heated phenolic-resir. jacket for the
sample holder, and a liquid nitrogen-cooled air-bath. A
reciprocating spiral wire stirrer driven by a constant speed
motor was used for agitation. A thermocouple well ex-
tended to within 2 cm. of the bottom. In making a test,
LiCl solution to give 5 cm. depth was put in the sample
holder. The current in the heater jacket was adjusted to
give a uniform cooling rate between 0.1 to 1° per minute
over the last 10°. Concordant results were obtained
with cooling rates within this range. Liquid nitrogen
consumption was moderate. Temperature was measured
by a thermocouple which had been calibrated against a
standardized resistance thermometer. The thermocouple
potential was automatically plotted against time by a
recording potentiometer. This arrangement was sensitive
to 0.05°.

0 10 20 30 40 50 60 70
LiCl, wt. %.
Fig, 1.—System LIiCI-IRO.

Supercooling caused a great deal of trouble through its
persistence over a large temperature drop, although vigorous
efforts were make to induce crystallization. Crystallization
was not spontaneous, except at very low or very high con-
centrations of the salt. In fact, vitrification of solutions
near the eutectic composition sometimes persisted for con-
siderable periods of time even at liquid-nitrogen temperature.
In successful runs, crystallization was induced after 2 to 5°
supercooling either by shock seeding or by crystal seeding.
In shock seeding, the solution was agitated by the tip of a
4 mm. diameter glass rod precooled with liquid nitrogen.
Seed crystals were prepared in advance by wetting the tip
of a glass rod with the solution being tested and holding it
under liquid nitrogen until needed. The crystals so formed
were scraped or knocked off the rod and into the solution.
When repeated seeding produced an offset in the cooling
curve, or when the supercooling exceeded 5°, the run was
discarded.

The apparatus of Crawford and Harbourn8was used with

(8) Wm. Crawford and C. L. A. Harbourn, Anal. Chem., 27, 1449
(1955).
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solutions freezing above 0°. Crystallization sometimes
was spontaneous in this region. When seeding was needed,
a single small granule of the appropriate hydrate was
sufficient.

The average deviation of repeated determinations of
points on the solubility curve was 0.3°; of transition tem-
peratures, o .1°.

Material.—Reagent grade LiCl was obtained and an-

alyzed. Less than 0.03% impurities was found; of this,
0.02% was NaCl. The material was used without further
treatment.

Results
The solubility data are presented graphically in
Fig. 1. Transition temperatures and the binary
eutectic temperature are given in Table I.

Table |
°C.

T ransition Temperatures in the System LICI-H20,

LiCl anhydrous <sLiCI-HjO 94,0
LiCI-HjO <iLiCl-2HD 19 o
LiCI-2H,0 LiCI-3HD -20 ,5
LiCI-3HD LiCI-5HD -65,.6
Eutectic -75.9

The transition temperatures determined for
LiCl (anhyd.) <> LiCI-HD and LIiCI-HD <>
LiCh2H2 are in good agreement with those re-
ported by Appleby and Cook. The temperature
of the transition LiCI-2H2D ~ LiCI-3HD is in good
agreement with that reported by Hiittig and
Steudemann. The transition temperature for LiCl-
3HD LiCI-5H2D apparently is that reported as
*he eutectic by Voskrenskya and Yanat'eva.
The eutectic composition, 25.0% is in excellent-
agreement with that reported by Garrett and
Woodruff, although the temperature was found to
be lower.

No evidence of a tetrahydrate was found.

Acknowledgment—The author wishes to ac-
knowledge the assistance of A. W. Bertschy and
M. T. Lyons in carrying out this work.

STABILITY OF ZINC AND CADMIUM
COMPLEXES WITH SOME METHYL
DERIVATIVES OF 1,10-PHENANTHROLINE
AND 22'-BIPYRIDINE

By Motoo Yasuda, Keze Sone and Kazuo Y amasaki

Contribution from. Chemical Institute, Faculty of Science, Nagoya Uni-
versity, Nagoya, Japan

Received July SO, 1956

As the continuation of our former studylon the
stability of zinc and cadmium complexes of 1,10-
phenanthroline and 2,2'-bipyridine, stability con-
stants of complexes with some methyl derivatives of
these chelating agents2 were determined using pH
titration methods.

Experimental

Method and Apparatus.—The method and apparatus
used in the present investigation were the same as in the
previous study.n Acid dissociation constants of phen-
anthrolinium and bipyridinium ions were determined by

(1) K. Yamasaki and M. Yasuda, J. Am. Chem. Soc., 78, 1324
(1956).

(2) Stability constants of ferrous complexes of similar ligands have
been reported by W. W. Brandt and D. K. Gullstrom (. Am. Chem.
Soc., 74, 3532 (1952)) and by H. M. Irving, M. J. Cabell and D. H.
Mellor (3. chem. Soc., 3417 (1953)).
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means of potentiometric pH titration with standard nitric
acid and sodium hydroxide at 25°. Potassium nitrate was
added to keep the ionic strength of solutions ato.1. Similar
measurements were made on solutions which contained
metal ion to be investigated together with the ligand and
0.13/ potassium nitrate.

Materials.—All chelating agents studied were the products
prepared by G. F. Smith, Co., Columbus, Ohio, U.S.A.
Nitrates of both metals were of analytical grade.

Results and Discussion
Acid dissociation constants of methyl-substi-
tuted 1,10-phenanthrolinium and 2,2'-bipyridinium
ions determined are given in Table I, together with
those reported by previous workers.

Table |

pKb
4.92
5.42
5.26

Author
Yamasaki, Yasuda
Irving, et al.2
Present study

1,10-Phenanthroline
2-Methyl-1,10-phenanthrolins
5-Methyl-I, 10-phenanthroline

5-Methyl-1, 10-phenanthroline 5.2 Brandt, et al.2
2,9-Dimethyl-1,10-phenanthro-

line 6.15 Present study
4,7-Dimethyl-1, 10-phenanthro-

line 5.94 Present study
2,2'-Bipyridine 4.44 Yamasaki, Yasuda
4,4'-Dimethyl-2,2'-bipyridine 5.32 Present study

Stability constants determined for zinc and cad-
mium complexes are given in Table Il. First
formation constants (k,) of 5-methyl- and 4,7-di-
methylphenanthroline complexes could not be de-
termined by pH method because they were too
large. Cadmium complexes of methyl-substituted
phenanthrolines were found to be difficultly soluble
in water, and in particular 4,7-dimethylphenanthro-
line complex was so easily precipitated from its
solution that its stability constants could not be
determined in aqueous media. Further, second
and third formation constants of the 2,9-dimethyl-
phenanthroline complexes were too small to be de-
termined with sufficient accuracy.

As shown in Table I, all methyl-substituted de-
rivatives have higher basicity than the parent chelat-
ing agents. This effect is easily understood be-
cause the well-known electron-releasing tendency of
methyl group enhances the donor properties of
these basic molecules. Dimethyl derivatives are
more basic than monomethyl ones, just as observed
actually in the case of 1,10-phenanthroline deriva-
tives. As to the effect of substituent positions,
pKn value of 2-methyl-1,10-phenanthroline is
greater than that of 5-methyl derivative, and also
pKn of 2,9-dimethyl-1,10-phena.nthroline is greater
than that of 4,7-dimethyl derivative. It is inter-
esting to compare these results with the recent
molecular orbital studies of Longuet-lliggins and
Coulson3who showed that relative net charges on
the 1,10-phenanthroline molecule are distributed as
shown in Fig. 1.

From Fig. 1 it is clear that positive charges are
most concentrated on 2,9- and then 4,7-positions,
making these positions most active, that is, most
susceptible to electron releasing effect of substi-
tuted methyl groups. It is to be noted that ob-
served changes of pKn with positions of methyl

(3) H. C. Longuet-Higgins and C. A. Coulson, J. Chem. Soc., 971

(1949); cf. also W. H. McCurdy and C. F. Smith, Analyst, 77, 846
(1952).
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pKs of ligand.
Fig. 2.—(1) 1,10-Phenanthroline; (2) 5-methyl-1,10-

phenanthroline; (3) 4,7-dimethyl-l,i0-phenanthrolme; (4)
2,2hbipyridine; (5) 4,4-dimethyl-2,2'-bipyridine.
Tabite |1
Stability constant
Zn complex Cd complex
log log log log log log
Chelating agent fa fa fa fa fa ki
1,10-Phenanthrolinel 59 4.8 52 4.2
5-Methyl-1,10-phenanthroline 6.0 5.0 52 4.3
4,7-Dimethyl-1,10-phenanthroline 6.3 5.4 Ppt
2,9-Dimethyl-1,10-phenanthroline 3.1 2.8
2,2/-Bipyridinel 54 44 35 45 35 25
4,4'~Dimethyl-2,2'-bipyridine 6.0 50 4.0 4.9 3.8 3.0

groups agree well wfith this theoretical expectation.4

The relationship between basic strength of lig-
ands and stability of chelates was first pointed out
by Calvin and Wilson6 in connection with cupric
chelates of a number of enolic substances. Similar
relations were also found in the derivatives of 1,10-
phenanthroline and 2,2/-bipyridine. In Fig. 2
values of log k2 of zinc complexes are plotted
against pKn values of ligands. Values of log k2
are chosen in this comparison because this constant

(4) In this connection, a similar relation was also observed in simpler
heterocyclic compounds, methyl derivatives of pyridine: cf. E. A.
Braude and F. C. Nachod, “Determination of Organic Structures by
Physical Methods,” Academic Press, New York, N. Y .( 1955, pp. 597,
750.

(5) M. Calvin and K. W. Wilson, J. Am. Chem. Soc., 67, 2003
(1945).
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is equal to the average stability constant, or third
root of the over-all constant K, when the formation
curve belongs to the symmetrical type. Accord-
ing to Bjerrum8/c2is also equal to the reciprocal of
the free ligand concentration where the degree of
formation, n/N, is equal to 0.5.

In Fig. 2, the three phenanthroline points and
the two bipyridine points fall on two separate
curves, the phenanthroline curve lying above the
bipyridine curve. This means that complexes of
phenanthroline derivatives are always more stable
than those of bipyridine derivatives. The only ex-
ception is 2,9-dimethyl-1,10-phenanthroline for
which the formation of complexes is strongly sup-
pressed although it has the strongest basicity in all
the ligands investigated. This peculiar phenome-
non is probably due to the steric. hindrance of two
methyl groups which are located so near to the co-
ordination center. In this connection it is inter-
esting to note that this same substance does not
show the familiar red coloration with ferrous ion,
that is, the ability for [Fe(phen)3]+2type complex
formation is lacking for this ligand,7 and that fer-
rous complex of 2-methyl-1,10-phenanthroline has
been reported to be much less stable than that of
unsubstituted phenanthroline.2 Both phenomena
have been explained on the basis of steric hindrance.

(6) J. Bjerrum, “Metal Ammine Formation in Aqueous Solutions.”

P. Haase and Son, Copenhagen, 1941.
(7) J. Gillis, Anal. Chim. Acta, 8, 97 (1953).

THE ENTROPY OF CHELATION

By F. H . W estheimee and Lloyd L. Ingraham

Contribution from the Mallinckrodt Chemical Laboratory, Harvard
University, Cambridge, Massachusetts

Received August 15, 1956

Schwartzenbachl measured the stabilities of
metal chelates of ethylenediamine relative to those
of metal complexes with ammonia, and postulated
that the “chelate effect” was due to the more favor-
able entropy of formation for the latter compounds.
He approximated the entropy effect by comparing
the probability of ring closure as compared with
the probability of reaction with molecules of a eom-
plexing agent free in solution. This type of calcu-
lation has recently been refined by Cotton and
Harris.2 Somewhat earlier, Calvin and Bailes3
pointed out that the formation of Ni(en)3++ re-
quires that four molecules combine to one, whereas
the formation of Ni(NH36++ requires that seven
molecules combine to one; the added stability of
the chelate may be ascribed to the smaller loss of
translational entropy which accompanies its forma-
tion. (Here “en” is used to designate ethylenedi-
amine.) But this explanation can scarcely be com-
plete, since the change in translational entropy is so
large as to account for the chelation effect several
times over.

However, closing a ring is accompanied by a loss
of internal rotation, and therefore by a considerable
decrease in entropy. For example, the entropy of

(1) G. Schwartzenbach, Helv. Chim. Acta, 35, 2344 (1952).

(2) F. A. Cotton and F. E. Harris, T his Journat, 59, 1203 (1955);
60, 1451 (1956).

(3) M. Calvin and R. Bailes, J. Am. Chem. Soc., 68, 949 (1946).
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cyclohexane is 21 units less than that of its open
chain isomer, hexene-1. The decrease in entropy
on cyclization will in part compensate for the
greater translational entropy of chelation as com-
pared with complex formation. A semi-empirical
method of estimating the chelation effect consists in
considering the entropy change which accompanies
the reaction shown in equation 1; here the extra
molecule on the right-hand side of the equation sup-
plies the additional translational entropy, and the
cyclization of the hydrocarbon causes the decrease
which accompanies ring closure.
CHs(CH2)t-CH2— > CHA
I >(CH2, + Hz
CH/
The over-all change in entropy may be expected to
approximate the difference between the A<S® for
chelation and that for complex formation.

Entropies are experimentally available4 for the
formation of cyclopentane and cyclohexane, but
not, regrettably, for higher cycloparaffins. For
comparison with solutions, each entropy value has
been corrected to a gas pressure such that the con-
centration is one molar. Then for n = 3 (closure
of a5ring) A*S° = 11.6 cal./mole °, and forn = 4
(closure of a6 ring) AS°® = 3.7 cal./mole °.

The analogy between equation 1 and the chem-
istry of chelation can be illustrated as follows.
Provided that AS° is small for reaction 2 (where
only one of the nitrogen atoms of ethylenediamine
is attached to copper) the difference between the
entropy of complex formation and that of chelation
is equal to AS° for reaction 3.

(H20)2Cu(NHs)2++ + en — >

(H20)2Cu(NH3)NH2CH2CH2NH2++ + NHs (2)
(H20)2Cu(NH3)NH2CH2CH2NH2++ — >

(H20)2Cu(en)++ + NHS (3)

Reaction 3 is analogous to (1) and should, as a first
approximation, show a comparable entropy change.
In fact, the values for the closure of five- and six-
membered rings are very roughly the right size to
account for the total chelation effect observed for
several metals.1 The average value of the chelate
effect for each ethylenediamine molecule is about 8
e.u. in Cd(en)2++(Spike andParry&)orin Cu(en)2++
(Poulson and Bjerrum@&). These values are
comparable to but somewhat less than the 11.6 e.u.
here estimated for the closure of a five-membered
ring. The magnitude of the chelate effect, however,
is greater for the second than for the first molecule
of ethylenediamine.

Of course, as a second approximation, a number
of corrections must be considered. These include
those for incomplete cancellation of (a) transla-
tional entropy, (b) rotational entropy, (c) entropy
of solvation.

(@) The over-all equation for chelation (the sum
of equations 2 and 3) is shown as (4) below

(H20)2Cu(NH32++ + en

(1)

(H20)2Cu(en)t+ + 2NH3z (4)
There is one more molecule on the right than on the

(4) National Bureau of Standards, “Selected Values of Chemical
Thermodynamic Properties,” Washington, D. C., 1952; American
Petroleum Institute Research Project 44.

(5) (@ C. G. Spike and R. W. Parry, J. Am. Chem. Sor., 75, 2726
(1953); (b) I. Poulson and J. Bjerrum, Acta. Chem. scand., 9, 1407
(1955).
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left-hand side of both (1) and (4). But transla-
tional entropy contains a term (3/2 R In M) for
molecular weight; this term is more important in
(4) thanin (1). The translational entropy of two
moles of ammonia exceeds that for one mole of
ethylenediamine by 1.8 e.u. more than the transla-
tional entropy of a mole cf hydrogen.

(b) Ammonia has three degrees of rotational
freedom, hydrogen only two. However, the inter-
nal rotation of an ammonia molecule in the com-
plex shown on the left side of eq. 3 should at least
approximately take care of this difference. The
rotational entropy of an NH2 group wall not ex-
actly cancel that of a CH3group.

(¢) The most important effect is that of solva-
tion. The entropy of a mole of gaseous ammonia
(46.0 e.u.) exceeds that for a one molar solution
(26.3 e.u.) by much more than the entropy change
(6.4 e.u.) for simple concentration from one at-
mosphere to one molar. The solvent must then be
strongly oriented in the neighborhood of the basic
nitrogen atoms. The approximation for the en-
tropy of chelation which is involved in using the
entropy of eq. 1in place of that for eq. 3 or eqg. 4 is
legitimate only if the entropy of solvation, per
amino group, is about the same for ethylenediamine
as for ammonia.

The entropy of solution for any compound can
readily be calculated from its heat of solution from
the vapor phase and the partial pressure over its
aqueous solution. The heat of solution6for ethyl-
enediamine is 7.5 kcal./mole, and its heat of vapori-
zation7 11.20 kcal./mole. The partial pressure of
the amine over a one molar solution at 25° (see
Experimental) is approximately 0.001,3 mm. The
entropy of solution from the gas at one atmosphere
to one molar solution is then 36 e.u. per mole, or 18
e.u. per amino group. This is close to the value of
19.7 e.u. for ammonia; fortuitously, the small dif-
ference is in such a direction as to compensate the
correction to the translational entropy.

Such fortuitous cancellation will not always oc-
cur. The entropy of solution for methylamine can
be calculated from its heats of formation in the gas
phase and in solution,4 and from the partial
pressure8 of the gas above its aqueous solution.
These data lead to a value for the entropy of solu-
tion of 27 e.u., which is considerably greater than
that for either ammonia or for the individual amino
groups of ethylenediamine. This large difference
in entropy of solution, however, is not appreciably
reflected in the entropy of complex formation.®

The estimates here involve, of course, the assump-
tion that the various dipositive ions (e.g., Cu-
(NH34++ and Cu(en)+~) have the same entropies
of solvation. In view of the drastic approxima-
tions which are necessary, and in view of the fact
that the net entropy of chelation is a small differ-
ence between the much larger entropies of transla-
tion and cyclization, an estimate based on equation
1 will yield only a crude approximation to the en-
tropy of chelation. This must be true even when

(6) M. Berthclot, Ann. chim. phys., [7] 20, 163 (1900).

(7) Landolt-Bornstein, “Physikalisch-Chernische Tabellen,”

Illc, p. 2727.
(8) W. A. Felsing and A. R. Thomas, Ind. Eng. Chem., 21, 1269

(1929).

Erg.
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the entropy of solvation of the amine is taken explic-
itly into account. Nevertheless, a consideration
of the entropies of translation and of cyclization
provides at least an order of magnitude estimate of
the chelation effect.

Experimental

Ethylenediamine was dried over sodium and fractionated
at a 30/1 reflux ratio in a Wheeler all-glass center-rod column
protected from moisture and carbon dioxide by soda-lime.
The center cut was chosen for the determination of partial
pressure.

The partial pressure was measured by a dynamic method.
An all-glass train (no ground-glass joints) was constructed
as follows: first a wash bottle, second a wash bottle with a
medium fritted disc as gas outlet, third a large medium
fritted disc as a spray trap, fourth, another wash bottle with
a medium fritted disc as gas outlet and fifth an American
Meter Co. integrating gas meter. The first two wash
bottles were filled with 75 cc. of ethylenediamine solution
(about 1.5 M) and the last one with 75 cc. of water; the
parts of the apparatus were then sealed together and im-
mersed in a thermostat at 33.0°. Fifty to 100 liters of pre-
purified nitrogen were passed through the solution at a rate
of about 30-70 cc./minute. The solution in the last wash
bottle was titrated for ethylenediamine. The average cal-
culated partial pressure at 33° corrected to 1 M ethylene-
diamine was about 0.003 mm., and the partial pressure over
a 1 molar solution at 25° was estimated as 0.00f3 mm.
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INFRARED ABSORPTION CELL FOR THE
STUDY OF FIETEROGENEOUS REACTIONS

By Bernard M. M itznerl

Department of Chemistry, Columbia University, New York 25, New York
Received August 28, 1956

The study of heterogeneous reactions between a
gas and a solid may be carried out very effectively
with the aid of infrared spectroscopy. The solid
under investigation can be prepared for infrared
study by several procedures such as: (a) evapo-
rating a film of the material on a thin sodium chlo-
ride or silver chloride plate (solvent or vacuum evap-
oration may be employed); (b) rolling a finely
powdered sample into a sheet of silver chloride;
(¢) employing the material under investigation in
the form of a sheet or large single crystal (e.g., silver
chloride, potassium bromide, etc.). The gas in this
study may be contained in a standard gas infrared
absorption cell.

If the solid under investigation is placed perpen-
dicular to the infrared beam and is surrounded by a
gas, one will obtain both the spectrum of the gas

(1) Lederle Laboratories Division, American Cyanamid Company.
Pearl River, New York.

Notes

Vol. 60

as well as that of the reaction product. (The solid
may very well contribute its own infrared absorp-
tion spectrum.) Thus, one cannot readily deter-
mine whether there is any spectral change as a re-
sult of the interaction either on the surface cf the
solid or in the gas phase. An infrared absorption
cell has been devised in our laboratory which is
well suited for heterogeneous studies of this nature.
This absorption cell solves the problem by both
allowing the spectrum of tire solid-gas reaction
product as well as the gas to be observed, without
altering any of the experimental conditions.

The infrared gas absorption cell consists of a 45 mm. glass
tube ten cm. long with salt plates affixed to its ends. (The
optical path length can be varied according to experimental
needs.) A stopcock equipped with a ground glass joint to
facilitate filling and emptying of the cell has been fused to
the cell body. A 14/35 ground glass joint has been attached
directly to the body of the cell as shown. A 14/35 male
joint which is equipped with a handle (to facilitate turning)
is placed into the female joint. A means of holding the
solid sample, such as a needle, is inserted into the male joint.
The solid plate can also be attached with bees’ wax. An
infrared gas cell of the demountable type may be profitably
employed in order to facilitate solid sample handling.2

Thus, the solid can be rotated in and out of the infrared
beam, merely by turning the male ground glass joint 90°,
without allowing any pressure change to occur in the ab-
sorption cell. When the solid is perpendicular to the infra-
red beam, the infrared absorption pattern that is obtained
is due to the interaction of the gas and the solid. If the
solid is rotated 90°, the absorption pattern that is obtained
is that of the surrounding gas in the cell which may have
undergone some form of reaction.

If a plate is employed that is excessively thick, the entire
absorption cell may be rotated 90° (it will then lie upon its
side) so that the longer portion of the plate will be perpen-
dicular to the slit of the infrared spectrophotometer (when
the plate is “out of the beam”) thus minimizing energy
losses.

This infrared absorption cell has been successfully em-
ployed in studies of surface reactions, chemical absorption
and chemical adsorption.

(2) B. M. Mitzner and S. z. Lewin, Anal. Chem.., 26, 1254 (1954).
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ADDITIONS AND CORRECTIONS

Volr. 57, 1953
Gene P. Rutledge, Roger L. Jarry and Wallace Davis, Jr.
Freezing Point Diagram and Liquid-Liquid Solubilities
of the System Uranium Hexafluoride-Hydrogen Fluoride.

Page 543. In the footnote of Table I, for “Fig. 1.” read
“Fig. 2.” In col. 2, text line 5 from the end, for “mole” read
“weight.”

Page 544. In col. 1, line 2, for “formula” read “weight.” —

Wallace Davis, Jr.

Volu. 58, 1954

Herbert Morawetz and Paula E. Zimmering. Reaction
Rates of Polyelectrolyte Derivatives. 1. The Solvolysis of
Acrylic Acid-p-Nitrophenyl Methacrylate Copolymers.

Page 754. The first line of footnote (7a) should read:
“First order plots of the methanolysis of similar p-nitro-
phenyl methacrylate copolymers with methacrylic acid were
strongly concave .. —Herbert Morawetz.

H. Rubin and F. C. Collins. Concentration Overpotential
at Reversible Electrodes.

Page 958 ff. The authors are grateful to Mr. Fred Anson,
Department of Chemistry, Harvard University, for point-
ing out to us that our statement that, for potentials below
saturation potential, the current will converge to the “limit-
ing” current at sufficiently long time is incorrect. The gen-
eral expression for the current after the short time transient
behavior is

h(c\\
kAc°i)
, falAV'™*
h\Dj
where the first bracketed term is the limiting current expres-

sion and the second term is a constant for any given run.
Also Eqg. (10) should read I,»E'I'd:'-(z’t) = 0.—F. C. Collins.

(tlarge) = *nFAc°i(™j /12

Vol. 60, 1956

P. A. Johnson and A. L. Babb. Self-diffusion in Liquids.
1. Concentration Dependence in Ideal and Non-ideal Binary
Solutions.

Page 14. The authors report: “In this article an equa-
tion was given relating the mutual and self-diffusion coeffi-
cients

Pi2 _ Dn _ j, i diInvil 1
Dn ~ D2- }i + aln X\ @)
where Du is the mutual diffusion coefficient, and Dn and

£>22 are the self-diffusion coefficients at mole fraction x. This
equation was ascribed to S. Prager, J. Chem. Phys., 21, 1344
(1953), -whereas he actually presented equations first given
by L. S. Darken, Trans. Amer. Inst. Min. Met. Eng., 175,
184 (1948), and G. S. Hartley and J. Crank, Trans. Far. Soc.,
45, 801 (1949), which lead to a general equation
D2- {*Da+ xDn!ljl1+ | ~r [ (2)

Equation (2) requires only the assumptions of negligible
volume change on mixing, and constant partial molar vol-
umes and was first presented by Darken. Equation (1) re-
quires the added assumption of no net volume flow which
limits its application. Equation (2) has been verified by
Darken using the data of W. A. Johnson, Trans. Amer. Inst.
Min. Met. Eng., 147, 331 (1942), on gold-silver alloys.
P. C. Carman and L. H. Stein, Trans. Far. Soc., 52, 619
(1956), recently applied equation (2) to liquid self-diffusion
data for the system ethyl iodide-ra-butyl iodide which be-
haves nearly ideally. Unfortunately, experimental mutual

diffusion data were not available to check the values calcu-
lated from equation (2). For non-ideal solutions of the
benzene-alcohol type it has been shown by us that the
mutual diffusion coefficient corrected for solution activity
is not simply related to the self-diffusion coefficients sug-
gested by the general equation (2).

“It appears that for associated systems exhibiting positive
vapor pressure deviations a simple activity correction is not
sufficient to account for non-ideal diffusion behavior. In
view of this, an attempt has been made to assign a diffusion
coefficient to the various alcohol “mers” in alcohol-hydro-
carbon systems and an expression relating these to the ob-
served diffusivities has been developed. The results of this
work will soon be submitted for publication.”—A. L. Babb
and P. A. Johnson.

H. K. Hall, Jr. Potentiometrie Determination of the
Base Strengths of Amines in Non-protolytic Solvents.

Page 64. In Fig. 1, the ordinate legend should be “E”
instead of “Ei/2 The abscissa legend should read “log
X /(1 - X)” instead of “pK.”

Page 70. In col. 2, line 24, after “flasks” insert “ with ethyl
acetate.”—11. K. Hall, Jr.

Alfred J. Stamm. Diffusion of Water into Uncoated
Cellophane. 1. From Rates of Water Vapor Adsorption,

and Liquid Water Absorption.

_Page 77. In col. 1, Eqg. (2), the first term should read
“Da." Lines 5 and 6 below Eq. (2) insert “differential” be-
fore the word “diffusion.”

_Page 79. In col. 1, Eq. (5) the first term should read
“£>,” and the numerator of the term after the equal sign,
‘VaS.” In line 3 below Eq. (5), after “>5” insert the words
“beyond the dry thickness, an”

Page 80. In Eq. (6) the first term should read “Da” In
col. 2, 6 lines from the end, omit the phrase “where the area
above the curve XBY is equal to the area AWYC.”

Page 81. In col. 1, line 2, after “0.422” insert “for de-
sorption and f = 0.578 for adsorption.” In line 4, change
“Ea= (1 —j)2 toread “1 — = J2” Inlines 9 and 10,
omit “or absorbing.” In line 13, for “0.333” read “0.667.”
In col. 2, Fig. 5, on the ordinate, for “(1 — E*)” read “A .”
On the abscissa, after “specimen” add “for desorption, re-

verse for adsorption.” In line 5 for “over-dry” read
“oven-dry.”
Page 82. In col. 1, the line before Conclusions, for “re-

straint” read “stress.” In col. 2, item (5), line 6, omit the
words “lost or.” In line 7, for “0.422” read “0.578.” In
lines 9 and 10, omit the words “of the evaporable or one-
third.”—Alfred J. Stamm.

Alfred J. Stamm. Diffusion of Water into Uncoated Cello-
phane. 1l. From Steady-State Diffusion Measurements.

Page 83. In col. 2, Eq. (1), the first term should be “Dvp.”
In the next line, add the word “average” before “vapor.”
Six lines below Eq. (1), for Ja” read “an average.” In the
next line, for “Dv,” read “Dv and the same correction in
the first term of Eq. (2).

« Pa%ie 84. In col. 2, Eq. (3), the first term should read
e

In col. 1, line 1, for “dDw” read “Dv  and the
same change in line 4 below. In line 6, insert the word
“average” before “diffusion.” In Eqg. (4) the first term
should be “Dw” In Eq. (5) the first term should be “£>,,”
the denominator of the last term “dM ," and this same change
in the next line of text. Line 11 from the end, for “dM0’
read “AM.” In Table I, cols. 9 and 10, omit the “d” from
the terms “dDw’ and “AD-,a"

Page 86. In col. 2, lines 8 and 6 from the end, omit the
letter “d” from “dDw’ and “dD\¢.” —Alfred J. Stamm.

Page 85.
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John T. Neu. Infrared spectrographic studies of preflame
reactions of n-butane.
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Page 323. In Fig. 5, the caption is correct, but the plate
iswrong; the correct Fig. 5is given herewith.—John T. Netj.

Fig. 5.

A. A. Miller, E. J. Lawton and J. S. Balwit. The Radiation
Chemistry of Hydrocarbon Polymers: Polyethylene, Poly-
methylene and Octacosane.

Page 603. In col. 1, line 20, transpose the words “then
the formation” to begin the line below the second formula
equation, that is, to precede the words “ of ;rans-vinylene.” —
A. A. Miller.

Edward F. Casassa. The Conversion of Fibrinogen to
Fibrin. XVI1II. Light Scattering Studies of the Effect of
liexamethylene Glycol on Thermodynamic Interactions in
Fibrinogen Solutions.

Page 927. In section Ill, line 12, for “A*, A’ read
“AA, A3,” and in line 15 for “Az and A2 read “Az and
Az "

Page 930. In column 2, lines 21-22, read “with a = 1,
A’ = A3”
Page 932. In column 2, line 35, read “A//(A2)2M* =

Az/AAM = 1.0.” —Edward F. Casassa.

M. Spiro. The Transference Numbers of lodic Acid and
the Limiting Mobility of the lodate lon in Aqueous Solu-
tion at 25°.

Page 977. In col. 1, the equations for AVI, AF2 and

AVs3 the " sign should be omitted in all combinations
“ 4-----" and Equation (1) should read “tio3l = 1)
— tiol = 0) = f(I/ac).” Two lines above Fig. 1, for

“(1/ac)21’ read “(//ac)2 J The legend for the vertical
scale of Fig. 1 should read “[fio37 = 1.) —tio3l = 0)] X
104"

Page 978. In the 14th line of the text the factor should
read “1/(En + fto3).” Equation (5') should have a bracket
“1” at the end.

Page 980. In the long equation at the bottom, the first
term should read * 1 .”—M. Spiro.

1- s

Gert Ehrlich. The Interaction of Nitrogen with a Tung-
sten Surface.

Page 1390. In col. 1, Eq. (1) the letter “¢” should be

above the integral sign. In text line s below Fig. 2, insert
“td” above the integral sign, substitute r for X as the vari-

able of integration, and read “depends only.” In Eq. (2)
insert “ta” over the integral sign and in Eq. (3) “te”
similarly. In Eqg. (3) omit the — sign before “Se” and in

Eqg. (4) and (5) omit the — sign after the equal sign. In
col. 2, Eq. (s) after the term “4a” the — sign should be
+ . In Eq. (7) after the term “34” the + sign should be
—, and in the second line of Eq. (8 ) after “3Adf” the — sign
should be + .—Gert Ehrlich,
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mixt., 789; vapor phase infrared spectra of the
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and -methane, 1318; dielec, properties of lower
membered poly-, glycols, 1496; effect of y-
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Ethylenediaminetetraacetic acid, kinetics of dis-
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fluorocarbon solns. at low temp., 670; soly. of | and
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phenanthrene in hydrofluorocarbons, 674; ther-
mal expansion of crystalline KHF2 800; d., vapor
pressure and heat of vaporization of 2,2,3-trichloro-
heptafluorobutane, 811; entropy of soln. of Br in
perfluoro-n-heptane, 949; combustion calorimetry
of org. F compds. by a rotating-bomb method,
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GALLIUM, gaseous mols. of geochem. significance,
715; gaseous metal nitrides, vapor pressure of
GaN(s)

Gas permeation, through membranes

Gelatin, diffusion of an acid dye in, 9; effect of opti-
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Ag-In and Ag-Sb, 846; of solid and lig. binary
alloys of Cu with Cd, In, Sn and Sb, 852; of some
solid and lig. binary alloys of Au with Cd, In, Sn
and Sb, 858; of tetraethyllead by rotating bomb
method, 1090; of Na202 NaO2 and K02 1333;
ofNitramide.. ..o
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Hydrazine, liquid-vapor equil. in the system NH3,
245; reacns. of NH3 and, with O atoms and H
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Hydrogen, activation of mol.,, by Ag salts, 280;
redn. of Hg ++and Hg2++ with mol., 285; C-0 and
C-H surface complexes, 495; pressure-compn.-
temp. relations in the Pd-H system, 502; chemi-
sorption, on ZnO, 833; overpotential at electrode-
posited Ni cathodes in HCI soins., 837; overpo-
tential at Fe cathodes in NaOH soins., 871;
overpotential on Ag in NaOH soins., 1290; Kkinet-
ics studies with para-, 1329; catalytic activation
of, by cupric salts, 1455; soly. in diborane, 1483;
effect of 7-alumina on D-, exchange, 1506;
reacns. of ethylenimine with at., 1542; sorption and
para-, conversion on evaporated Ni films, 1606;
spectral properties of, bonding systems
Hydrogen ion coulometer
Hydrogen peroxide, negative ion formation in, and
H2 vapor, the perhydroxide ion.. .
Hyponitrites, of Ca and Sr, decompn. 0

ICE, layers on surfaces of anatase and Agi, 376;
order-disorder problem for
Infrared absorption cell, for study of heterogeneous

Internal rotation, energy levels and thermodynamic
functions for mois, with..
lodic acid, transference nos. o ,976 (corrn.)
lodine, diaryliodonium salts, 141; effect on radiolv-
sis of benzene, 381; crystal structure of PJ,, 539;
soly. and partial molal vol., in perfluoro-n-heptane,
616; entropy of soln. of, 618; soly. in hydrofluoro-
carbons, 674; effect of vapor on Agl, 806; nuclear
spin contribution to low temp, thermodynamic
properties of, 909; detn. of equil. const, by surface
tension measurements, 1258; Hls
lonization constant, of AcOH in ILO-MeOH
lon-pairs, evolution and applications of, concept,
129; Cu catalysis in reacns. of diphenyliodonium
ions with halide ions and hydroxylic solvents...........
Iron, mechanism of formation of tris-(2,2'-dipyridyl)-
Fe(ll) complex, 87; FeCls-10H20, systems FeClj-
H2D and FeCl>-HCI-H20, 91; heat capacity and
entropy of, 410; H overpotential at, cathodes in
NaOH solns., 871; extraction of FeClsby isopropyl
ether, 901; reacn. between aquo ferrous Fe and
cumene hydroperoxide, 969; reacn. of ferrous
versenate with cumene hydroperoxide, 996; ad-
sorption and heat of immersion studies on oxide,
1001; Fe(ID)-TI(IIT) reacn. at high chloride
concn., 1015; stability of Fe(OH)» ppts., 1519;
soly. of Fe(OH)2 and Fe(OH)s in acidic and basic
media, 1569; passivation by Os(VII11) oxide............
Isobutene, infrared spectra of some reacn. products
of octafluoro-......
Isooctane, benzene-2,2,4-trimethylpent,ane
Isophorone, properties of the system cellulose tri-
Nitrate ..o
Isoprene, viscosity of alfin poly-
Isopropyl alcohol, photolysis of diisopropyl ketone
Isopropyl ether, extraction of FeClsby .......ccccovierinns

KAOLINITE, exchange of H by D in hydroxyls of. ..
Krypton, comparison of n-butane and, sorption, 385;
fluorocarbon solns. at low temps., 670; vaper pres-
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LAURIC acid, heats of micelle formation, 122;
flow properties of Al dilaurate-toluene gels, 270;
film drainage transition temps., 1051; effects of
antifoaming agents on surface-plastic solns

Lauryl alcohol, ternary systems with three separate
binodal CUNVES......coociiiiiic e

Lead, intermetallic compds. between Li and, 234,
1275; transport no. measurements in pure fused
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salts, 620; heat of formation of tetraethyl-, by
rotating-bomb method, 1090; chromatography of
thermal formation of, tetrapolyphosphat.es, 1335;
thiocyanate complexes in soln..........c.cccooeiiiiinnn.
Light scattering, effect of hexamethylene glycol on
thermodynamic interaens. in fibrinogen solns., 926;
behavior of 3-dimensional network gels...................
Lithium, Li-Na lig. metal system, 13; ion exchange
in coned, solns., LiCI-HCI, 36; intermetallic
compds. between Pb and, 234, 1275; effect of
alkali metal ions on activity of cracking catalysts,
422; colloidal structure in, stearate greases, 439;
elec, conductance and d. of pure molten alkali
halides, 1125; system LiCI-HD ..o

MAGNESIUM, thermal ignition of systems Li-
NO3Mg and NaNOsxMg, 867; ternary system
MgCl>BaCl>-H 2D between 18 and 100°, 1436;
Kinetics of nitridation of.........c.cocoiiiiiini e

Magnetic susceptibility, studies in system NiO-

A|A(>3 ...................................................................................

Malonic acid, isopiestic studies of dicarboxylic acid
solns., 41; decompn. in glycerol and in dimethyl
sulfoxide, 825; decarboxylation in triethyl phos-
phate, 1150; Kkinetics of decompn. of, in aromatic
amines, 1340; effect of picolineson.........cccccccvveennee.

Manganese, magnetic properties of ZnS phosphors
WIth, @CTIVATOr . ..cvieiiiiciteeeee e

Mercury, reduction of Hg++ and Hg2++ with mol.

H, 285; reacn. between Hg(l) andTI(II)............

Methacrylic acid, selectivity coeffs. of, resins toward
alkali metal cations, 263; mol. assocn. in styrene-,
COPOIYMETS. ..o

Methane, fluorocarbon solns. at low temps., 670;
diffusion flame, 759; viscosity of mixt. CHs+CO02
789; studies of recoil tritium labeling reacn..............

Methanol, some cation equil. studies in, 513; activity
coeffs. of HC1 in MeOH-H2D mixts., 754; vis-
cosity of liquid-liquid ternary mixts., 809; diffusion
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Methylamine, heat capacity of trifluoroborane-tri-..
Méthylammonium hydroxide, thermal decompn. of
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Methyl chloride, kinetic study of, combustio
Methyl compounds, of the elements..............
Methyl cyanide, reacn. of active N with
Micelle, heats of formation, 122; factors responsible
for stability of detergent, 257; critical, conons.
of polyethylated non-ionic detergents, 657; crib,
concns. of a-sulfonated fatty acids and their
esters, 899; streaming potential studies on quartz
in solns. of aminium acetates in relation to forma-
tion of hemi-, 981 ; alkali and alkaline earth phenyl-
stearates in benzene, 1108; colloid structure in dil.
arylstearate-benzene systems, 1114; formation in
solns. of some isomeric detergents, 1240; critical,
concns. in ag. solns. of K alkane tricarboxylates. ...
Micropore structure, of artificial graphite....
Microwave absorption, in ligs... .
Minimum-principle, for non-equil. steady states.........
Molal activity coefficients, Stokes-Robinson hydra-
tion model for SOINS.......cocvviiiiiii e
Molybdenum, heat capacity and content of MoSi>,
231; gaseous, oxychloride, 947; svstem Na-.S04
Na:MoO+HD ...,
Montmorillonite, complexes with sat-d. ring compds.
Motion, eq. of, of a spherical particle in a centrifugal
FIOIA e e

NEPTUNIUM, kinetics of reacn. between Np(1V)
and Np(VI1) in amixed solvent..............ccocooiniiinnns
Neutron, emission from actinium fluoride..
Nitramide, heat of formation of
Nickel, semi-conductivity and catalysis in the N|O
system, 209; extraction of Ni(ll) salts by 2-
octanol, 564; H overpotential at electrodeposited,
cathodes in HC1 acid solns., 837; surface tension
at elevated temps., 961; phase equil. in system
NiO-H20, 1021; isotopic exchange between D and
hydrocarbons on Ni-silica catalysts, 1043; Ni K
absorption edges of oxides of, 1144; magnetic sus-
ceptibilit}' studies in system NiO-Al203 1223;
resolution of tris-oxalato metal complexes, 1331;
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thermal effects in chemisorption of O on, 1580;
hydrogenation of cyclopropane over a silica-
alumina-, catalyst, 1601; H sorption and para-
hydrogen conversion on evaporated, films, 1606;
stability of, chelates of phthalic acid derivs...............
Nitric acid, melting point measurements of the sys-

tem HNOsN204H:20, 104; refractive index of
molten nitrate mixts., 791; thermal ignition of
system LiNOs>Mg, 867; consumption rate of
lig. system 2-nitropropane-, 904; thermal de-

Bogmn. of NaNOs and reacn. between NaNO2 and
Nitrogen, second virial coeffs. in gaseous system N -
dioxane-HoO, 573; adsorption on pure NacCl, 824;
heat capacities of multimol. layers of NFz adsorbed
on anatase, 828; anomalous adsorptive properties
of NO, 1063; production of active, from N, NO
and NH3 1100; interacn. with a W surface, 1388,
(corrn.) 1673; lig. density, vapor pressure and
crit. temp, and pressure of NF3 1412; reacn. of
active N with MeCN, 1424; Kkinetics of nitridation
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Nitrogen, N 1§ NH3ammoniumcarbonate system.. ..
Nitromethane, free energy of transfer from pure HD
to ILO satd. With ..o
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Nitrous acid, anomalous entropy of KN O2....................
Nuclear magnetic resonance, chem. shift detns. by
means of a concentric cylinder sample cell................
Nucleation, frequencies for crystallization of Re
glass, 56; kinetics of, in turbulentjets.......................
Nucleic acid, light scattering study of enzymatic
degradation of desoXyriboSe-.......cccocvveiiieiiieneiniienninens
Nylon, electrolytic interacn. with aqg. solns. of HCL,
692; sorption of NH3b Y ..o
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Octafluoroisobutene, infrared spectra of some reacn.
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ra-Octane, urea-hydrocarbon adducts
Octanoic acid, C-14 labeled perfluoro-, in study of
adhesion and other surface phenomena...................
2-Octanol, extraction of inorg. salts by ........
re-Octylamine, equil. between H2S04and tri-. .
Oleic acid, viscoelasticity in ag. soap solns..........cc.........
Optical activity, exptl. investigation of models for.. ..
Osmium, electrode potential of the OsOj-O sOj couple,
1468; passivation of Fe by Os(VII11) oxide...............
Osmotic coefficients, of ag. KC1 solns., 501; of sul-
fonic acids
Oxygen, quenching of flames of propane-02A and
propane-02He mixts, 97; relationship between
adsorption kinetics and the defect solid state, 201;
C-0 and C-H surface complexes, 495; second ex-
plosion limits of CO-O2 mixts., 512, 1023, 1344,
reacns. of NHsz and hydrazine with O atoms and H
atoms in atomic flames, 813; two-dimensional
condensation of, 1162; activated adsorption on
glass, 1164; estimate of the size and shape of the o 3
ion, 1471; thermal effects in chemisorption of, on
N T e
Ozone, vapor phase infrared spectra of the ozonides
of ethylene, propylene and isobutylene......................

PALLADIUM, adsorption on charcoal, 102; sorp-
tion of B compds. by charcoal and, 307; pressure-
compn.-temp. relations in the Pd-H system............

Palmitic acid, low temp, heat capacity of, 917; di-

elec. const, of hydr. Na palmitate, 919; phase
transitions in Na palmitate by dielec, const,
measurements, 921; isothermal dehydration of

hydr. Na palmitate, 923; binary f.p. diagrams for,
with a series of subsd. 2-aminopyridines....................
Parachors, Si-Brbond.......cccovveeiiiiiiiiiieie e
Pentaborane, dielec, const, and vapor pressure of........
Pentane, vapor pressures of perfluoro-, 504; study
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Permselective membranes, eleetroosmotic transport
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Phase rule, urea-hydrocarbon adducts, 1; Li-Na liq.
metal system, 13; ternary systems with three
separate binodal curves, 20; systems FeCl>-H 2
and FeClj-HCI-HjO, 91; Ba-Sr equil. systems,
302; solys. of Chi in solid Ge, 591; exptl. geology,
718; study of the system Zn0O-Cr03H20, 939;
system CaBr2 OaO and H.O, 1422; ternary system
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stability of Cu and Ni chelates of, derivs...................
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Raffinose, concn. dependence of diffusion coeff. of. . ..
X-Ray, small angle, scattering by AI(OH)sgel.............
Reaction velocity, decompn. of hydrocarbons by
silica-alumina catalysts, 59; relationship between
adsorption kinetics and the defect solid state, 201;
of metal complexes of ethylenediaminetetraacetic
acid, 251; of luminescence quenching in lig. scintil-
lators, 207; redn. of Hg++ and Hgz++ with mol.
H, 285; of Cs2NO reacn. and mechanism of light
emission in the explosive reacn., 379; homogeneous
pptn. of BaSOi, 389; reacn. of C02 with C, 480;
of the steam-C reacn., 486; between Np(1V) and
Xp (V1) in mixed solvent, 701; exchange and isomn.
of trans-ethylene-cfc on Ni, 724; exchange and
isomn. of deuteroethylenes on Ni, 730; Kkinetic
stud}' of CH30I combustion, 874; equil. and Kkine-
tics of detergent adsorption, 890; approximations
in kinetics of consecutive reacns., 966; thermal
decompn. of phenyltrimethylammonium hydroxide,
1004; linear decompn. rates of NH.Cl, 1095;
of EtOH with p-nitrobenzovl chloride in nitro-
benzene, 1142; mechanism of emulsion polymn. of
styrene, 1250; detg. rate equations with concn. of
the reactant unknown, 1332; decompn. of malonic
acid in aromatic amines, 1340; Kinetics of solid —=*
msolid reacns., 1347; schematic method of deriving
rate laws for enzyme-catalyzed reacns., 1375;
kinetic consequences of certain enzyme catalysis
mechanisms, 1378; oxidn. of As20 3 1383; Kkinetic
study of trifluoroacetonitrile-butadiene cycliza-
tion, 1430; of thermal decompn. of NaNOj, 1487,
of hydrogenation of cyclopropane over a Ni-
silica-alumina catalyst, 1601; of nitridation of Mg

Refractive index, of colloidal sols, 562; of molten
NItrate MIXES....ooooiiiiiiii e
Resin, ion exchange, in coned, soins., 36; self-diffusion
of Na+ in a cation-exchange, 237; studies on, 263;
cation equil. studies in MeOH, 513; thermodyna-
mic calcn. of cation exchange selectivities, 521;
cation-exchange equil. involving some divalent
ions, 530; prepn. of sulfostyrene cation exchange,
533; membranes, ion transfer rates............ccccvveennn,
Rhenium, crystal structure of KzRels, 19; inhibition
of corrosion by the perrhenate ion
Ribonucléase, effect of charge and ionic strength on
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SCANDIUM, crystal structure of -y-ScCOOH................
Scintillators, kinetics of luminescence quenching in
FEQ e
Sebacic acid, light scattering behavior of 3-dimen-
sional network gels........ccooiiiiiiiiiiiice
Sedimentation constant, variation of, with field and
temp, for naturally occurring polyelectrolytes,
506; ultracentrifugal characterization by measure-
ment of activity, 623; ultracentrifugal character-
ization by direct measurement of activity..............
Selenium, glass, nucléation frequencies for crystalliza-
THON O F e
Serum albumin, ultracentrifugal characterization by
direct measurement of activity, 630; Gouy dif-
fusion studies of bovine, 1066; diffusion of isoionic,
salt-free bovine, 1342; hydrodynamic and thermo-
dynamic properties of bovine, 1633; binding of
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