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ULTRAVIOLET AND VISIBLE ABSORPTION SPECTRA OF METAL 
CHELATES OF BISACETYLACETONEETHYLENEDIIMINE AND RELATED

COMPOUNDS1
B y K eihei Ueno2 and A rthur E. M artell

Contribution from, the Chemical Laboratories of Clark University, Worcester, Mass.
Received December 9, 1955

Ultraviolet and visible absorption spectra are reported forbisacetylacetoneethylenediimine, bisaeetylacetone-l,2-propyl- 
enediimine, bisbenzoylacetoneethylenediimine, bisbenzoylacetone-l,2-propylenediimine and bistrifluoroacetylacetone- 
ethylenediimine and many of the corresponding Cu(II), N i(II) and Pd(II) chelate compounds. The strong absorption 
bands of the ligands in the ultraviolet region are attributed to the hydrogen-bonded conjugate chelate rings, and the double 
peaks of these bands are discussed in relation to the vibrational frequencies. An additional band at 244 my of the ligands 
derived from benozylacetone is employed in a determination of the structure of these compounds. Absorption spectra of 
metal chelate compounds are classified into two groups, one of which is characteristic of the metal ions, while the other is 
characteristic of both the metal ions and the ligands.

In relation to investigations on infrared absorp
tion3 and dipole moment measurements4 of the 
metal delates of bisacetylacetoneethylenediimine 
and related compounds, a study of the ultraviolet 
and visible absorption spectra was undertaken. 
The carbon skeleton and the conjugated system of 
these metal chelate compounds are similar to those 
of the synthetic chelate oxygen carrier,6 bissalicyl- 
aldehydeethylenediimine-Co(II), with the ex
ception that they do not contain the fused benzene 
ring. Bisacetylacetoneethylenediimine was chosen 
for preliminary spectrophotometric study since it 
is the simplest possible tetradentate ligand having 
the same arrangement of donor groups as is found 
in the oxygen-carrying chelate compounds.

E x p e r im e n ta l
The composition and structures of the ligands and metal 

chelates employed in this investigation are summarized in 
Table I . The "syntheses, physical properties and analyses 
of these substances are reported elsewhere.6

(1) This research was supported by the National Institutes of 
Health, U. S. Public Health Service, under Grant #G3819(C2).

(2) Dojindo & Co., Kumamoto-shi Japan. Postdoctoral Research 
Fellow, Clark University, 1953-1955.

(3) K. Ueno and A. E. Martell, T h is  J o u b n a l , 59, 998 (1955).
(4) P. J. McCarthy and A. E. Martell, J. Am. Chem. Soc., 78, 2106 

(1956); P. J. McCarthy, Ph.D. Dissertation, Clark University, Sep
tember, 1954.

(5) A. E. Martell and M. Calvin, “ Chemistry of the Metal Chelate 
Compounds,”  Prentice—Hall, New York, N. Y ., 1952, p. 337.

(6) P. J. McCarthy, R. J. Hovey, K. Ueno and A. E. Martell, J. 
Am. Chem. Soc., 77, 5820 (1955).
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Bisacetylacetone- CH3 CH3

ethylenediimine 
Bisacetylacetone- CH3 CIR

1,2-propylenediimine 
Bisbenzoylace- CcH6 CH,

toneethylenediimine 
Bisbenzoylace- C6H6 CH3

tone-1,2-propylenediimine 
Bistrifluoroacetyl- CH3 CF3

acetoneethylenediimine

H Cu(II), N i(II), 
Pd(II)

CH3 C u (Il),N i(II) 

H Cu(II)

CIR C u(II)

H Cu(II)

Absorption spectra were measured with a Beckman Model 
DU spectrophotometer equipped with a photomultiplier 
attachment. Weighed samples were dissolved in methanol 
( C .p . grade) or 0.1 N  NaOH solution, and the solution wras 
diluted to give a concentration of about 10 “ 5 M  for the 
measurements in ultraviolet region and about 10_4 M  for 
measurements in the visible region. A set of matched 
silica cells of 10 mm. length were employed and optical 
densities were determined at 5 my intervals. All measure-
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Table II
F r e q u e n c ie s  an d  E x t in c t io n  C o e ff ic ie n t s  o f  A b so rptio n  B ands in  M eth a n o l

Lig
and“

Xm»x
w

Cl
X 1 0 »

Xmax ti
X 10-3

xm„
(mu)

ei
X 10 -> (m/i)

€4
X 10-3

Xmax
(mii)

65
X 10-3

Xmax
(nifi)

€6
X 10-» If 17

X 10-3

1 322 29.5 304 31.7
2 322-323 31.3 308 29.5
3 350 37.5 (342* 37.0) 243 17.4
4 350 36.0 (342 35.5) 244 15.8
5 322 24.2 311 23.4

Cu(II) Chelates
1 540 0.18 (335 5.9) 306 23.3 275 11.0 229 17.5
2 540 .19 (335 8.0) 306 25.5 276 13.2 229 19.7
4 545 .22 (370 11.5) 334 26.2 278 12.8 242 25.6 (230 18.0)
5 575 .13 (330 4.0) 305 14.2 268 7.0 229 7.6

N i(Il) Chelates
1 562 0.08 357 5.07 352 5.33 (305 4.10) 268 13.3 234 28.3
2 560 .08 368 5.10 351 5.21 (304 4.00) 269 13.4 234 28.2
3 555 .15 395 6.93 292 17.9 (248 23.0) 237 27.7
a Numbers refer to ligands listed in Table I. b The figures in parentheses indicate a shoulder.

ments were carried out at room temperature. The ob
served absorption curves in the ultraviolet region are shown 
in Figs. 1-5, and the principal absorption characteristics 
of the ligands and the metal chelate compounds are sum
marized in Table II.

X (m/i)-
Fig. 1.— Ultraviolet absorption spectra of bisacctyl- 

acetone-ethylenediimine and metal chelate compounds:
---------- , ligand in m ethanol;------------ , ligand in 0.1 N  NaOH;
----------, Cu(II) chelate in m ethanol;----------, N i(II) chelate
in methanol; -• Pd(II) chelate in methanol.

Discussion
The absorption spectra of the metal chelates, 

illustrated in Figs. 1-5, are quite different from 
those of the ligands. The intense double bands of 
the Schiff bases disappear when they become co
ordinated with transition metal ions, and are re
placed by a complicated system of bands of varying 
frequency and intensity. The lack of an obvious 
resemblance between the spectra of ligand and 
chelate may be taken as evidence for the highly- 
covalent character of the metal-donor bonds of the 
metal chelate compound. Similar conclusions have

been made concerning the structures of the analo
gous bissalicylaldehydeethylenediimine-Co(II) and 
-N i(II),7 both of which have been found to have 
magnetic moments corresponding to the forma
tion of dsp2 covalent metal bonds.

The absorption spectra of bisacetylacetoneethyl- 
enediimine, bisacety lacetone-1,2-propylenediimine 
and bistrifluoroacetylacetoneethylenediimine were 
found to be very similar in the ultraviolet region. 
This similarity seems reasonable in view of the 
fact that they contain the same system of 
conjugated bonds, which is responsible for the 
ultraviolet absorption bands. The same may be 
said for the spectra, illustrated in Figs. 3 and 4, 
of bisbenzoylacetoneethylenediimine and bisbenzo- 
ylacetone-l,2-propylenediimine, which also have 
similar resonating structures.

The absorption spectra of the Schiff bases (lig
ands 1, 2 and 5, Table II) are characterized by 
double peaks in the 300-325 m/i region, which arise 
from electronic transitions in the hydrogen- 
bonded chelate rings. A comparison of the ab
sorption spectra of mesityl oxide (I) with that of 
acetylacetone (II) is of assistance in showing the 
full extent of the shift obtained by bridging an 
-O -H — group between the ends of the conjugated 
Schiff base studies in this investigation.

o h 3 o

/  Y /  \
h 3c  c h  c h 3

I

H
/  Yo  o

c  c
/  Y  /  \

h 3c  o h  c h 3
II

H
/0
1('

. /  
N
10

/  Y  /  \  
HU CH CH

III

The absorption peaks of I and II, found by Gross- 
mann8 to occur at 238 and 270 m/i, indicate that the

(7) Reference 5, p. 214.
(8) P. Grossmann, Z. physik. Chem., 109, 305 (1924).
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replacement of CH3 by OH results in a batho- 
chromic shift of 32 my. It is also well known that 
the replacement of a carbonyl group by a ;C = N — 
group in a conjugated system results in a consider
able bathochromic shift.9 On this basis the fur
ther bathochromic shifts (304-322 m/x) of the com
pounds represented by III become understand
able.

The spectra of the ligands derived from acetyl- 
acetone contain double peaks in the 300-325 my 
region with a spacing which corresponds roughly 
to the infrared frequency range of 1300-1800 cm.“ 1 
The infrared absorption bands observed near 1600 
cm.-1 were assigned in a previous publication3 
to stretching vibrations of the conjugated double 
bonds of the hydrogen-bonded chelate rings. 
The double peaks must correspond, therefore, to 
electronic transitions involving a change of vibra
tional energy states.

The hypsochromic shift observed in basic solu
tion of the ligand containing trifluoro groups is 
interesting in view of the fact that the other Schiff 
bases show little if any frequency shift. It is 
interesting to note in this connection that this com
pound differs from the other ligands in that the 
trifluoromethyl group favors the ketonic form V 
rather than the normal Schiff base IV as the struc
ture of the enolate ion. Hence the formation 
of the enolate in this case would result in a greater 
structural change in the resonating system than 
that which occurs in the other ligands.

\  / \  /

Q II N = C
/ \

HC CH
/

0 1 o 1 1 0 1 o

/ \
R '

IV
R '

R  CH-CH, R
\  / \  /

0 1 1 _N — C
/

HC CH
\ /

C = 0 O II a

/ \
R '

V
R '

Absorption spectra of the ligands derived from 
benzoylacetone (ligands 3 and 4), are character
ized by similar double maxima at higher wave 
length and by an additional band at 243-244 m/x. 
This band in the 243 my region is always observed 
in the ligands as well as in the metal chelate com
pounds of these ligands. Although the absorption 
spectra of the metal chelate compounds are much 
different from those of the ligands, a weak shoulder 
near 240 m/x is still observed, whereas no corre
sponding band appears in the ligands of acetylace- 
tone derivatives nor in their metal chelate com
pounds. It is quite certain, therefore, that the 
bands at 243 my region are related to the conjuga-

(9) A. Gillam and E. S. Stern, “ An Introduction to Electronic 
Absorption Spectroscopy in Organic Chemistry,”  Edward Arnold 
Ltd., London, 1954, p. 100.

X (m/x).
Fig. 2.— Ultraviolet absorpticn spectra of bisacetylacetone-

1,2-propylenediimine and metal chelate compounds: ---------- ,
ligand in methanol; ----------, Cu(II) chelate in methanol;
--------- , N i(II) chelate in methanol.

X (nv).
Fig. 3.— Ultraviolet absorption spectra of bisbenzoyl-

acetoneethylenediimine and mwal chelate compound: -------- ,
ligand in m e t h a n o l ; ------------ , ligand in 0.1 Ar NaOH;
--------- , N i(II) chelate in metianol.

tion of the aromatic ring with the unsaturated 
chelate ring system.

With regard to fcisbenzoylacetoneethylenedi- 
imine, there are two possible structures corre- 
ponding to formulas V and VI, since this ligand 
was synthesized by the condensation of benzoyl
acetone and ethylenediamine.6

If the structure corresponds to formula V, conjuga
tion with the phenyl ring is somewhat similar to 
that of bisbenzylideneethylenediimine, whereas the
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\ / \ /
c== N N== c

/ \ \
HC H H CH

\ / \ /
c--O O-- c

/ \
h 3c

V
c h 3

h 3c c h ,c h 2 c h 3
\ / \ /

c== N N==c
/ v / \

HC H H CH
/ \

c - -O O- S~i H3|F{
/ \

VI

conjugated system for the other possible structure, 
indicated by formula VI, would be similar to that of 
biscinnamylidenethylenediimine. The observed 
absorption maxima arising from these conjugated

Fig. 4.— Ultraviolet, absorption spectra of bisbenzoyl- 
acetone-l,2-propylenediimine and metal chelate compound:
---------- , ligand in methanol; ---------- , Cu(II) chelate in
methanol.

systems were reported as 247 and 281 van, respec
tively.10 The identity of the position of the absorp
tion band of bisbenzylideneethylenediimine and of 
the 243-244 van band of the ligands indicates that 
the location of the phenyl rings is the one indi
cated by the formula V.

It also has been reported that, of the two ab
sorption maxima of the enol form of benzoylace- 
tone, the 310 van band was related to the conjugated 
chelate ring of the enol form, whereas a 247 m/x 
band was due to the aromatic ring which is con-

(10) L. N. Ferguson and G. E. K. Branch, J. Am. Chetn. Soc., 66 , 

14G7 (1944).

X (mM).
Fig. 5.— Ultraviolet absorption spectra of bistrifluoro- 

acetylacetoneethylenediimine and metal chelate compound:
---------- , ligand in methanol; —----------, ligand in O.liV NaOH;
---------- , Cu(II) chelate in methanol.

jugated with the unsaturated ketone.11 This 
offers further evidence for the origin of the shorter 
wave length band of the ligand.

With regard to the main absorption band of bis- 
benzoylacetoneethylenediimine, a bathochromic 
shift of 40 m^ is observed when one goes from 
benzoylacetone to bisbenzoylacetoneethylenedi- 
imine. The size of shift is about the same as was 
observed in the case of bisacetylacetoneethylenedi- 
imine, and this bathochromic shift can be similarly 
explained by the different strengths of hydrogen 
bonded conjugate chelate rings between the simple 
diketone and the corresponding compound in which 
the hydrogen bond involves a basic nitrogen atom. 
The double maxima in the ligands derived from 
benzoylacetone are not so clear as in the case of 
acetylacetone derivatives. However, these double 
maxima may also be explained on the basis of vi
brational fine structure, since a similar change of 
absorption intensities was observed in sodium hy
droxide solution.

The absorption spectra of metal chelates of these 
ligands are quite different from those of the free 
ligands. For the metal chelates of bidentate lig
ands such as acetylacetone and salicylaldehyde, 
two kinds of absorption bands were observed: 
weak bands in the visible or near ultraviolet re
gion which are characteristic of the central metal 
ions, and very strong bands in the ultraviolet re
gion which are related with the ligands.12 The ab
sorption bands of the metal chelates under investi
gation can be classified in a similar manner. An 
absorption band in a region of 540-575 ra/j. for the 
Cu(II) chelates, and two bands near 350 and 570 
van for Ni(II) chelates involve the'central metal 
ions. However no corresponding band is observed

(11) E. S. Levin, Bull. acad. sci. U.S.S.R., ser. phys., 11, 413 (1947).
(12) K. Sone, J. Am. Chem. Soc., 76, 5207 (1953).
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for the Pd (II) chelate, for which the first band 
appears at 340 m/r.

The crystal-field approach to the prediction of 
low-intensity “ forbidden”  absorption bands of the 
transition metal complexes, carried out with con
siderable success by Bjerrum, et al.,13 was not at
tempted in this investigation, in view of the greater 
complexity and lower symmetry of the metal 
chelates of the tetradentate Schiff bases.

In a recent investigation on bisacetylacetone-
(13) J. Bjerrum, C. J. Ballhausen and C. K. Jorgensen, Acta 

Chem. Scand., 8, 1275 (1954), (and later papers).

Cu(II) by paramagnetic resonance absorption,14 
it was proved that the metal and ligand were in
volved in rather strong 7r-bonds. Bisacetylacetone- 
ethylenediimine-Cu(II), as well as the corre
sponding Ni(II) chelate, would have similar 7r- 
bond character, and the high degree of resonance 
in the chelate rings including the central metal 
ion would be responsible for the considerable change 
in the ultraviolet absorption spectra when one 
goes from the ligands to the metal chelates.

(14) B. R. McGarvey, T his Journal, 60, 71 (1956).

THE HEATS OF COMBUSTION OF SUBSTITUTED TRIAZOLES, TETRAZOLES 
AND RELATED HIGH NITROGEN COMPOUNDS

B y  M a r y  M. W illiam s , W illiam  S. M cE w an  and  R onald A. H en ry
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The heats of combustion of some 36 substituted triazoles, tetrazoles and related high nitrogen compounds have been deter
mined. The number of moles of nitric acid formed during the combustion process was found to be a function of the square 
root of the product of the heat of combustion and the number of nitrogen atoms present. Several new tetrazole compounds 
including the cis and trans isomers of 1,1'-dimethyl- and l,l'-diethyl-5,5'-azotetrazole, are described.

The heats of combustion (He) of a number of tet
razoles were reported by McEwan and Rigg1 in 
1951. Since that time the heats of combustion of a 
number of additional compounds have been deter
mined. The samples were prepared as part of a 
study on preparation and properties of high nitro
gen compounds and only in a few cases specifically 
for heat of combustion determinations. For this 
reason the amount of material available limited 
the number and size of samples to be run on a given 
compound.

Some of the triazoles did not burn cleanly or 
completely. Carbon deposits were found on the 
bomb wall after combustion; and increasing the 
oxygen pressure, decreasing the sample size or addi
tion of benzoic acid did not always correct this 
tendency.

A number of azotetrazoles were prepared in 
order to have a series of compounds for combustion, 
which would contain more than one nitrogen- 
nitrogen double bond in the molecule per tetrazole 
ring. 5-Tetrazolylazo-(N)-piperidine met this re
quirement but like some of the tri azole derivatives 
could not be burned cleanly. Compounds such as
3-(5-tetrazolylazo)-butanone-2, 3-(5-tetrazolylazo)- 
pentanedione-2,4, etc., also were made for this pur
pose; but some uncertainty exists, because of 
tautomerism, as to whether the compounds are 
present in the azo or hydrazo forms. Oxidation of
1- or 2-alkyl-5-aminotetrazole with sodium hypo
chlorite furnished the corresponding 5,5'-azotetra
zoles; with the 1,1'-dimethyl- and the 1,1'-diethyl- 
5,5'-azotetrazole, both the cis and the trans iso
mers were ultimately isolated and characterized. 
With the 2,2'-dialkyl-5,5 '-azotetrazoles only one 
isomer (probably the cis) was recovered.

Smooth combustion of some of these 5,5'-azo-
(1) W. S. McEwan and M. W, Rigg, / .  Am. Chem. Soc., 73, 4725 

(1951).

tetrazoles derivatives was also very difficult. 
The compounds would detonate (audible sound on 
ignition and shattered crucible) and deposit par
tially burned material on the bomb wall. Another 
apparent complication was noted: the heat of
combustion of frans-l,l'-dimethyl-5,5'-azotetrazole 
seemed to increase with the age of the material (as 
much as 12 to 15 kcal. per mole in about four 
months time) although the melting point remained 
constant. The average heats of combustion for 
both the cis and the trans forms of 1,1'-dimethyl- 
5,5'-azotetrazole are given in Table I. Although 
an energy difference should exist between the 
cis and trans forms, the large deviations and lack of 
precision make any difference meaningless. Simi
lar difficulties were encountered with the isomers 
of l,l'-diethyl-5,5'-azotetrazole. A total of six 
samples were burned; of these only one burned 
cleanly enough to merit calculation. This single 
value of 1078 kcal. per mole was obtained on the 
more stable cis form.

An original intention in this work was to com
pute a set of standard bond energies applicable to 
high nitrogen compounds. Difficulties in ob
taining compounds of unambiguous structure, in ob
taining heat of sublimation values for all com
pounds, and the bulk of the data to be presented 
have caused this portion of the work to be de
ferred for later publication.

Materials
Tetrazole Derivatives.— 5-Dimethyl- and 5-diallyl-amino-

tetrazole were synthesized by the method of Garbrecht and 
Herbst.2 The former compound melted at 237-239° dec. 
after four recrystallizations from water; the latter at 96- 
97° after five recrystallizations from benzene (calcd. eq. 
wt., 165.20; found, 165.24).

l-Allyl-5-aminotetrazole (four times recrystallized from 
ethyl acetate, m.p. 128.5-129.5°), l-methyl-5-aminotetra-

(2) W. L. Garbrecht and R. M, Herbst, J. Org, Chem., 18, 1003 
(1953).
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T a b l e  I

Combustion Data
Samp. ÌVHNO3 -A  He — Ai?e(av.) — AHi

Compound Formula Mol. wt. wt. iVsamp. kcal./mole
5-Aminotetrazole CHsNs Rigg and McEwan1 246.20 ±  0.56 -4 9 .6 7

N— NH
1 ^>c n h 2

N— N

l-Methyl-5-arninotetrazole C 2H 5N5 99.100 1.1215 0.213 405.14 405.16 ±  .11 -4 6 .2
N— N— CHs 0.9201 .220 404.89
1 ^>CNH2 1.0258 .221 405.20

1.0743 .219 405.42
N— N

2-Methyl-5-aminotetrazole C2H5Ns 99.100 0.8520 .224 408.99 409.30 ±  .49 -5 0 .4 0
H3C— N— N .7134 .229 410.39

:^ c n h 2 .5686
.6132

.235

.229
410.52
408.11

N = IÌ 1.0223 .224 408.51

5-Methvlaminotetrazole c 2h 5n 6 99.100 0.5926 .237 406.61 407.31 ±  .47 -4 8 .4 1
N— N— H .8878 .225 407.12

^>CNHCH3 .7785 .232 408.20

N— N

l-Methyl-5-methylaminotetrazole c 3h 7n 6 113.126 .9722 .267 569.45 569.09 ±  .70 -4 7 .8 2
N— N— CH3 1.0489 .259 568.68

)> c n h c h 3 1.0614 .262 569.13

N— N

5-Dimethylaminotetrazole c 3h 7n 5 113.126 0.7821 .275 564.41 564.95 ±  .54 -4 3 .6 8
N— N— H .6945 .324 565.49

^>CN(CH8)2
N— N

l,3-Dimethyl-5-iminotetrazole nitrato CsHsiSTeOs 176.142 .5447 .584 554.45 554.15 ±  .30 +  1.28
N— N— CHs .5097 .693 553.84

±^ > C = N H 'H N O a
N— N

CHs

l-Allyl-5-aminotetrazole c 4h 7n 6 125.136 .7131 .282 677.83 678.75 ±  .22 -6 3 .4 3
N— N— CH2C H = C H 2 .6327 .276 678.95

\nN H o .7356 .271 678.39
.5859 .274 677.90

N— N 1.1870 .249 679.26
0.9929 .273 679.22

2-Allyl-5-aminctetrazole c 4h 7n 5 125.136 .4208 .275 683.12 682.93 ±  .19 -6 7 .6 1
CH2=CH CH s— N— N .5966 .273 682.74

S C N H ,
N = N

l-Allyl-5-allvlaminotetrazole c 7h „ n 6 165.198 .9346 .342 1117.33 1117.81 ±  .52 -8 3 .7 0
N— N— CH2C H = C H 2 .7959 .351 1118.29

^>c n h c h 2c h = c h .
N— N

S-Diallylaminotetrazole C7H 11N5 165.198 .8066 .305 1118.65 1118.03 ±  .54 -8 3 .9 2
N— N— H .7650 .344 1118.32
1 ^>CN(CH2C H = C H 2)2 .5259

.4986
.356
.352

1117.89
1117.26

N— N

5-Phenylaminotetrazole c ,h ,n 6 161.166 .3246 .282 970.40 970.37 ±  .02 -7 2 .8 9N— N— H .3564 .315 970.35
^>CNHC6H6

N— N

l-Phenyl-5-aminotetrazole c 7h ,n 5 161.166 .5688 .297 971.34 971.78 ±  .40 -7 4 .3 0
N—N— C6H5 .4510 .312 971.42

"̂ >c n h 2 .4612 .318 972.57

N— N
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Compound
¿rans-1,1 '-Dimethyl-5,5 '-azotetrazole 

N— N— CH3 HsC— N— N
•C— N = N — C

N— N
\  II

N— N

cis- 1,1 '-Dimethyl-5,5 '-azotetrazole 
N— N— CH3 H 3C— N — N
I ^>C— N = N —
N— N N— N

2,2 '-Dimethyl-5,5 '-az otetrazole 
H3C— N— N N— N -

| y c — N = N — C<^ I
N = N  N = N

2,2'-Diethyl-5,5 '-azotetrazole 
H5C2— N— N "  ”

^>C— N = N — C<^
N = N  N = N

3-( 5-Tetrazolylazo )-butanone-2 
N— N— H

■CN=N CH( CHs)COCHs

T a b l e  I  ( Continued)
ÌV1-INO3Samp. -A H o — Affc(av.) - AHî

Formula Mol. wt. wt. iVsamp. kcal./mole
c 4h 6n i0 194.168 0.6502« 0.662 767.88 770.49 ±  2.42 -1 8 9 .3 3

. 5892 .525 770.76

.4709 .545 776.73

.3814 .548 776.37

. 8643« .846 765.01

.6685 .572 763.86

.6285 .456 761.32

.5026« .620 770.34

.6315 .470 782.13
C4H6N,o 194.168 .6184 .445 769.69 769.78 ±  0.09 -1 8 8 .6 2

.5884 .397 769.87

c 4h 6n i0 194.168 .4934 .584 762.04 761.51 ±  .53 -1 8 0 .3 5
-c h 3 .4825 .693 761.09

c 6h 10n 10 2 2 2 .22 .3968 .500 1061.39 1062.52 ±  .70 -1 5 6 .6 2
- c 2h 6 .3106 .523 1062.65

.4673 .529 1063.79

c 5h 8n ,o 168.162 .4295 .335 783.42 783.53 ±  .08 -4 0 .0 0
.4691 .340 783.49
.3931 .335 783.70

II /
N— N

N— N—H
(I ^>CN H N =C(CH )aCOCH, 
N— N

3-( 5-Tetrazolylazo )-pentanedione-2,4 
N —N— H
! ^>CN=NCH(COCH 3)COCH, 
N— N

196.172 .6542 .269 837.84
. 60626 .352 841.50
.8126 .256 840.22
.6153 .303 844.29

840.96 ± 1 .3 4  -3 .3 8

H n
N— N
I ^>CNHN=C(COCH 3)COCH3 

N— N
Benzal 5-hydrazinotetrazole 

N— N— H
! \ ,C N = N C H 2C6H5 
N -N
N— N— H I t

I ^>c n h n = c h c 6h 5
N— N

l-Phenyl-5-methyltetrazolec 
N— N— C6H5
I ^C C H s 

N— N
l-Methyl-5-phenjdtetrazole 

N— N— CHS
! D>cc6h 5
N— N

5-Methoxytet.razole 
N— N— H
I ^>COCH3 

N— N
5-Hydroxytetrazole

N— N— H

C8H8N6 188.192 .9505 .317 1130.99 1131.06 ± 0 .1 7  -10 5 .41
.7645 .344 1130.86
.8970 .312 1131.42

C8H8N4 160.176 .7660 .299 1095.07 1094.84 ± .24 -6 9 .1 5
.7179 .329 1094.60

c 8h 8n 4 160.176 .4593 .323 1095.38 1095.53 ± .15 -6 9 .8 4
.4462 .324 1095.68

c 2h 4n 4o 100.084 .4471 .190 341.50 341.25 ± .17 -1 6 .5 1
.3843 .198 341.33
.4611 .190 340.93

OH2N4O 86.058 .6396 .113 163.49 163.88 ± .23 -1 .5 0
.7436 .108 163.54
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T able I ( Continued)
Samp. ÍVHN03 -Atfc — AHc(av.) “ A Hi

Compound Formula Mol. wt. wt. iVsamp. kcal./mole
1,4-Dimethyl-5-tetrazolone c 3h ,n 4o 114.100 0.6325 0.213 479.92 480.42 ±  .50 - 6 .6 9

Ivi— N— CH3 1.0038 .212 480.93
V

/
Q II O

Í'i— Ni
c h 3

5-Cyanotetrazole C2HN6 95.068 0.4745 .145 318.47 318.35 ±  .12 -9 6 .0 9
N— N— H . 50586 .147 318.23

J>CCN
<f— N

1 -( 5-Tetrazoly 1 )-4-guanyltetrazene hydrate C2H8N 10O 188.164 .6282 .455 506.66 506.58 ±  .08 -4 5 .2 0
“ H— N— N-| .7957 .409 507.50

H2N C (N H )N H N H N =N — C<f h 2o
_ 1 i__

1 2-Di-(5-tetrazolyl )-ethane c 4h 6n 8 166.152 .4227 .393 687.21 687.36 ±  .15 -1 0 6 .2 0
N -N — H H— N— N .4157 .348 687.50

^>c c h 2c h 2c ^  ;
vf— N N— N

Hvdrazodicarbamide C2H6N4O2 118.100 . 68526 .152 273.97 273.87 ±  .14 +  119.19
HjNCONHNHCONH, . 3288*' .178 273.53

. 98906 .136 274.19

.7416 .153 273.79
Azodicarbamide c 2h 4n 4o 2 116.084 .9156 .122 253.07 254.83 ±  .25 +  69.91

H2N CON=N CO NH 2 .5936 .106 256.58
Acetamidoguanidine nitrate c 3h 9n so 4 179.142 .8407 .215 471.09 471.55 ±  .55 +  118.04

CH3C0NH NH C(NH )NH 2 H N 03 .240 472.00
l-Acetamido-2-nitroguamdine c 3h 7n 5o 3 161.126 1.2724 .182 474.69 474.99 ±  .70 +  46.28

CH3C0NH NH C(N H 2)N N 02 1.2593 .162 475.28
l-Formamido-2-nitroguanidine c 2h 6n 6o 3 147.100 0.8797 .167 323.75 323.80 ±  .05 +35 .10

H C0NHNHC(NH2)N N 02 .7592 .173 323.85
3-Amino-1,2,4-triazole c 2h 4n 4 84.084 1.0300 .165 343.72 343.10 ±  .47 -1 8 .3 6

H— N— N 1.0962 .159 342.11
■ \ c n h 2 1.1441 .159 343.48

II
-o

-

!
H

3-Amino-1,2,4-triazole nitrate c 2h 5n 5o 3 147.100 0.5470 .172 320.01 318.01 ± 1 .1 7 +  140.89
H— N— N 1.0524 .177 315.95

\ c n h 2-h n o 3 1.0988 .173 318.06

C = N

H
3-Amino-5-methyl-l,2 4-triazole nitrate c 3h 7n 5o 3 161.126 0.5621 .228 467.09 466.68 ±  0.41 +  54.59

H— N— N .5351 .228 466.27
\ C N H S-HN0,

HSC— C = N
3-Nitramino-5-methyl-l ,2,4-triazole c 3h 5n 5o 2 143.100 .6499 .222 465.06 465.67 ±  0.19 -1 2 .7 2

H— N—N .8756'' .256 465.50
^>c n h n o 2 1.1354 .209 465.80

0.8032 .218 465.51
H3C— C = N

3-Nitramino-l,2,4-triazole c 2h 3n 6o 2 129.084 .7148 .190 314.91 317.45 ±  1 .00 -2 6 .8 7
H— N— N .4819 .190 318.47

S cN H N O s .4092 .193 319.48
/  2 .8356 . 196 316.94

H— C = N
Benzal 3-hydrazino-5-methyl-l,2,4-triazole c ioh „ n 5 201.228 .5849 .356 1378.22 1377.87 ±  0.25 -6 1 .6 0

H— N— N .5644 .397 1377.38
I \ c n h n = c h c 6h s .4540 .360 1378.01

HjC— C = N
“ Sample detonated. 6 Benzoic acid added. c Rigg (ref. 1) reported 1096.26 ±  0.07 kcal./mole for —Aifc.

zole (three times recrystallized from water, m.p. 226.5- 33% aqueous ethanol, m.p. 209-210°) and 1-methyl-5-
227.50), 5-methy]aminotetrazole, l-phenyl-5-aminotet- methylaminotetrazole (two times recrystallized from ab
razóle, 5-anilinotetrazole (four times recrystallized from solute ethanol, m.p. 173.5-174.5°) were prepared from
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appropriate thioureas by previously reported procedures.3 
The samples of 2-allyl- and 2-methyl~5-aminotetrazole4 5 
melted at 67-68° and 105.5-106.5°, respectively, after 
several recrystallizations. l,3-Dimethyl-5-iminotetrazole 
nitrate6 was recrystallized three times from absolute eth
anol, m.p. 152.5-153.5°. Benzal 5-hydrazinotetrazole6 
was recrystallized several times from acetic acid; m.p. 235- 
236° dec.

l-Allyl-5-allylaminotetrazole was made in 82% yield 
from 1,3-diallylthiourea by the procedure outlined in ref. 3. 
After three recrystallizations from diethyl ether (1 ml. per 
g.) the compound melted at 4 8 .5 -4 9 .5 ° .

Anal. Calcd. for C7H hN6: C, 50.89; H, 6.71; N, 42.40. 
Found: C, 51.09; H, 6.69; N, 41.89, 42.62.

1.2- DiaUyl-3-aminoguanidine hydroiodide, an inter
mediate in the above preparation, melted at 126-127°, after 
recrystallization from absolute ethanol.

Anal. Calcd. for C7H15N 4I: C, 29.80; 5.36; I, 44.98. 
Found: C, 29.77; H, 5.35; 1,44.86.

1.2- Di-(5-tetrazolyl)-ethane.—-A procedure described by 
Mihina and Herbst7 was employed. A solution consisting 
of 8.81 g. (0.11 mole) of succinonitrile, 16.5 g. (0.23 mole) 
of sodium azide, 16.8 g. (0.28 mole) of acetic acid and 35 
ml. of isopropyl alcohol was heated in a sealed ampule at 
150° for 52 hours. The contents of the cooled ampule were 
dissolved in aqueous ethanol, filtered and evaporated to 
dryness under reduced pressure. The residue was redis
solved in water, treated with 30 ml. of concentrated hydro
chloric acid, and re-evaporated to dryness under reduced 
pressure. This residue was then extracted with two 100-ml. 
portions of 95% ethanol, and the extracts evaporated. 
This crude product was dissolved in 200 ml. of hot acetoni
trile, filtered, cooled, and the compound removed by filtra
tion; 8.6 g. (51.8% ); m.p. 218-220°. One recrystalliza
tion from 400 ml. of acetonitrile plus 150 ml. of absolute 
ethanol raised the m.p. to 233-234° dec. Two recrystal
lizations from isopropyl alcohol finally yielded 2.0 g. of com
pound decomposing at 245-247°.

Anal. Calcd. for C4H6N8: C, 28.91; H, 3.64; eq. wt., 
83.08. Found: C ,28.87; H, 3.74; eq. wt., 85 39.

Recrystallized samples of 5-cyano-, 5-hydroxy- and 5' 
methoxytetrazole, generously supplied by K . Hattori and 
E. Lieber, Illinois Institute of Technology, were used as 
received. The sample of l,4-dimethyl-5-tetrazolone, also 
supplied by Hattori and Lieber, was purified by two low 
pressure sublimations. The purified l-(5-tetrazolyl)-4- 
guanyltetrazene hydrate8 was furnished by S. Patinkin.

l-Phenyl-5-methyltetrazole, made by7 the method of 
Dimroth and DeMontmollin,9 was recrystallized twice from 
ethyl acetate, m.p. 97-98°. The isomeric l-methyl-5- 
phenyltetrazole10 was recrystallized three times from water,
m.p. 104-105°.

The 2,2 '-diethyl-5,5 '-azotetrazole.— 2-Ethyl-5-aminotet- 
razole (28.8 g., 0.255 mole) was dissolved in 200 ml. of 
water and treated all at once with 380 ml. of 5%  sodium 
hypochlorite solution (0.255 mole). The solution was stirred 
for several hours at room temperature, then allowed to 
stand overnight at 5°. The product was removed by fil
tration, washed with a small volume of cold water, and 
recrystallized from 25% aqueous ethanol. The yield of once 
recrystallized compound was 17.8 g. (63% ); orange needles, 
m.p. 110-111°; Amax 293 mM (25%  GdROH), « 14,370.

Anal. Calcd. for CeHmNio: C .32.43; H, 4.54; N, 63.04. 
Found: C, 32.6; H, 4.56; N, 62.33.

l,l'-D iethyl-5,5'-azotetrazole was prepared in 29%  yield 
from l-ethyl-5-aminotetrazole3 by the same procedure as 
above. After one recrystallization from 25% aqueous eth

(3) W. G. Finnegan, R. A. Henry and E. Lieber, J. Org. Chem.. 
18, 779 (1953).

(4) R. A. Henry and W. G. Finnegan, J. Am. Chem. Soc., 76, 923 
(1954).

(5) R. A. Henry, W. G. Finnegan and E. Lieber, ibid., 76, 2894 
(1954).

(6) J. Thiele and J. T. Marais, Ann., 273, 144 (1893).
(7) J. S. Mihina and R. M. Herbst, J. Org. Chem., 15, 1082 (1950).
(8) S. H. Patinkin, J. P. Horwitz and E. Lieber, J. Am. Chem. Soc., 

77, 562 (1955).
(9) O. Dimroth and G. DeMontmollin, Ber., 43, 2907 (1910).
(10) E. K. Harvill, R. M. Herbst E. C. Schreiner and C. W. Rob

erts, J. Org. Chem., 15, 662 (1950).

anol, the rosettes of very fine orange needles decomposed at 
118-119°.

Anal. Calcd. for CsHioNio: C, 32.43; H, 4.54; Found: 
32.46; H, 4.56.

This product was ultimately separated into two isomeric 
compounds by repeated fractional crystallizations from 
25% ethanol: (1) a less soluble fraction; small bright yel
low needles, m.p. 129-130° dec.; Amax 375 m/i (25%  C2H6- 
OH), e 9,230.

Anal. Calcd. for CeHioNjo: C.32.43; H, 4.54; N, 63.04. 
Found: C, 32.84; H, 4.59; N, 62.29.

(2) A more soluble fraction; large, flat orange needles, 
m.p. 168-169° dec.; Am0x 3C3-304 m,u (25%  C2H6OH), e 
13,480.

Anal. Calcd. for C6H ioN k,: C, 32.43; H, 4.54; N, 
63.04. Found: C, 32.22; H, 4.62; N, 63.16.

The low melting isomer is considered to be the trans 
compound since its ultraviolet absorption spectrum is al
most identical with that for the trans l,l'-dim ethyl-5,5 '- 
azotetrazole (see below).

2,2'-Dim ethyl-5,5'-azotetrazole was made in a similar 
manner from 2-methyl-5-aminotetrazole; orange needles 
after recrystallization from water; m.p. 170-171° dec.

Anal. Calcd. for C4H6N10: C, 24.74; H, 3.12; N, 72.14. 
Found: 0 ,24.48,24.88 ; H, 2.79, 3.27; N, 72.48.

l,I'-D im ethyl-5,5'-azotetrazole was obtained as bright 
yellow needles, decomposing at 149-150°, when the fol
lowing procedure was employed. Recrystallized 1-methyl- 
5-aminotetrazole (10 g., 0.10 mole) was slurried with 100 
ml. of water. Aqueous sodium hypochlorite solution (150 
ml. of 5% , 0.1 mole) was added with good agitation during 
2.5 hours; the stirring was continued for one hour. The 
solution, after dilution with 50 ml. of water, was heaced to 
boiling to complete the reaction and to dissolve the pre
cipitated azo compound. After the solution had been fil
tered and cooled to room temperature, the compound was 
removed and dried. The yield was 5.6 g. (58% ). Recrys
tallization from water did not change the decomposition 
temperature. Single crystal X-ray patterns indicated that 
this compound had a center of symmetry11; primarily on 
this basis the trans configuration is assigned. An aqueous 
solution of this form showed a maximum absorption in the 
ultraviolet spectrum at 372 ran; e 9,220.

Anal. Calcd. for C4H6Ni(): C, 24.74; H, 3.12; N, 72.14. 
Found: C, 24.72; H, 3.19; N, 72.78, 72.93.

The trans compound also exists in a polymorphic form; 
short, yellow prisms, m.p. 162-163° dec.; 372 m/i
(H20 ) , e 9190. Admixture with the low melting trails 
form did not depress the melting point.

Anal. Calcd. for C4H6Ni0 C, 24.74; II, 3.12; N, 72.14. 
Found: C, 24.73; H, 2.81; X , 72.50.

Attempts to convert this yellow form to an azoxy com
pound by heating with glacial acetic acid-30 %  hydrogen 
peroxide gave a product which melted at 183-184° dec., 
after recrystallization from water as orange, flat needles. 
Admixture with the starting compound lowered the melting 
point to 120-130°. However, the analyses did not indicate 
an azoxy compound but rather an azo compound. This 
orange form is more soluble in water than the yellow form 
and the maximum absorption in the ultraviolet spectrum 
of an aqueous solution occurs at 301-302 ran, e 12,970. The 
cfs-configuration is assignee tentatively. The trans form 
can also be converted quantitatively (based on the com
plete disappearance of the absorption peak at 372 m/j and 
the appearance of the peak at 302 m/i) to the cis form by 
allowing an aqueous solution of the former to stand for sev
eral days in sunlight.

Anal. Calcd. for C4HflNi«: C, 24.74; H, 3.12; N, 72.14. 
Found: C, 24.66, H, 3.17; N, 71.16.

Stolle, et al.,n reported 182° dec. for the melting point of 
1,1 '-dimethyl-5,5 '-azotetrazole.

3-(5-Tetrazolylazo)-pentanedione-2,413 was recrystallized 
twice from 50% aqueous ethanol and once from ethyl ace
tate; m.p. 163-164° dec.

3-(5-Tetrazolylazo)-butanone-213 after two recrystalliza-
(11) Private communication from J. II. Bryden of this Laboratory.
(12) R. Stolid, K. Ehrmann, D. Rieder, H. Willie, II. Winter and F. 

Henke-Stark, J. prakt. Chem., 134, 282 (1932).
(13) Unpublished work of R. A. Henry and L. D. Dyer.
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tions from ethyl acetate-ethanol (2 :1 ) melted at 175.5°.
5-Tetrazolylazo-(N)-piperidiiie.— 5-Aminotetrazole mono

hydrate (4.85 g.) was diazotized according to the procedure 
of Biilow11; after 20 minutes 4 g. of piperidine in 15 ml. of 
water was added all at once. The resulting solution (pH ~  
4) was stirring for 25 minutes at 0-5°, then allowed to stand 
overnight at 0°. A white solid began to separate after five 
minutes and gradually increased in amount with the stand
ing. The solid was removed by filtration and washed with 
two 15-ml. portions of cold water. The yield of air-dried 
product (m.p. 110-115°) was 6.6 g. (77.7% ). Two re
crystallizations in the following manner raised the melting 
point to 126-127° (vigorous decomposition): 150 ml. of
water was heated to 65°, the compound was added with 
rapid stirring to assist the dissolution, and the solution was 
filtered into a flask cooled in an ice-bath. If the water is 
too hot or too much time is taken to effect the recrystal
lization, considerable decomposition with gassing occurs.

Anal. Calcd. for C6H „N 7: C, 39.77; 11,6.12; N, 54.11; 
eq. wt., 181.22. Found: C, 40.09; H, 6.03; N, 53.82; 
eq. wt., 182.9, 181.8.

Guanidine and Triazole Derivatives.— Hydrazodicarb- 
amide, made by the method of Leboucq,15 was recrystal
lized twice from large volumes of water; m.p. 248°. Azo- 
diearbamide16 was made by oxidizing the hydrazo compound 
with potassium dichromate in sulfuric acid solution; recrys
tallization from water yielded small orange prismatic 
needles decomposing between 225-230° (depends on rate of 
heating).

1-Acetamido- and l-formamido-2-nitroguanidine17 after 
three recrystallizations from water decomposed at 195° and 
190-191°, respectively. 3-Nitroamino-5-methyl-l,2,4-tri
azole17 and 3-nit:-amino-l,2,4-triazole17 prepared from the 
preceding amides, were also recrystallized three times from 
water; m.p. 206-207° dec. and 221-222° dec., respectively. 
Formamidoguanidine nitrate was recrystallized three times 
from 95% ethanol; m.p. 144-145° (reported18 143°); 
whereas the homologous acetamido compound was recrystal
lized twice from absolute ethanol; m.p. 145.5-146.5° (re
ported19 142-143° (dec.)).

3-Amino-5-methyl-l,2,4-triazole was purified as follows. 
The crude compound was dissolved in absolute ethanol, de
colorized with charcoal, filtered, cooled to 0° and treated 
with two volumes of diethyl ether. After several days at 
0°, the crystalline material was removed and recrystallized 
twice from dioxane and finally from ethyl acetate. The 
resulting fine white needles melted at 151-152°; reported19 
148°. The corresponding nitrate was recrystallized twice 
from absolute ethanol to give a product melting at 176- 
177° (reported19 171°).

3-Amino-l,2 ,4-triazole from Fairmount Chemical Co., 
after decolorization with charcoal in ethanol, was recrystal
lized three times from dioxane; m.p. 156-157°, reported18 
159°. The nitrate was recrystallized three times from 95% 
ethanol; m.p. 180.5-181.5°, reported18 174° dec.

Benzal 3-hydrazino-5-methyl-l,2,4-triazole20 was re
crystallized from 30% ethanol; m.p. 266°; reported by 
Thiele and Manchot,18 263°.

Experimental Details
An isothermal precision combustion calorimeter 

of local construction was used, calibrated with 1-g. 
samples of Bureau of Standards benzoic acid 39 g. 
Nineteen calibrations were made during the period 
in which these samples were run. The heat capacity 
of the calorimeter and the standard deviation was
2274.98 ±  0.35 cal./°. Other experimental details 
may be summarized as follows:

a. The calorimeter is completely surrounded 
by a constant temperature bath which is con
trolled to ±0.002°.

(14) C. Billow, Ber., 42, 442B (1909).
(15) J. Leboucq, J. Pharm. Chem., 5, 531 (1927).
(16) J. Thiele, Ann., 271, 127 (1892).
(17) R. A. Henry, J. Am. Chem. Soc., 72, 5343 (1950).
(18) J. Thiele and W. Manchot, Ann., 303, 33 (1898).
(19) J. Thiele and K. Heidenreich, Ber., 26, 2598 (1893).
(20) E. Lieber, S. Sohiff, R. A. Henry and W. G. Finnegan, J. Org. 

Chem., 18, 218 (1952).

b. The same weighed quantity of water (± 0 .1  g.) 
is used in the calorimeter in each determination.

c. Temperature measurements were made with 
a platinum resistance thermometer and a Leeds and 
Northrup G-2 Mueller bridge to ±0.0003°.

d. A 360-ml. Parr double valve oxygen bomb 
was used. The electrodes of the bomb were modi
fied to make more reliable and reproducible contacts 
with the fuse wire. The bomb was flushed twice 
with 25 atm. of oxygen and then filled to 30-31 
atm. with oxygen.

e. The ignition system consisted of 90 v. d.c. 
through 4 to 6 cm. of 0.004 mil platinum wire which 
carried 0.0012 to 0.0024 g. of fuse paper.

f. One ml. of water was placed in the bomb 
before ignition.

g. Samples were in the form of V 2 inch diameter 
pellets.

h. A very thin walled platinum crucible 
weighting 2 to 3 g. was used.

i. Provision was made for either heating or cool
ing the calorimeter so that adjustment of the 
calorimeter temperature at time of ignition with 
respect to bath temperature could be made easily.

Corrections Applied
Heat transfer between the calorimeter and the 

constant-temperature bath is determined for each 
experiment by measuring the rate of temperature 
change before igniting the sample and after the 
reaction is complete. The time and resistance are 
recorded on a Gaertner four-channel chronograph. 
One channel records the time in seconds. The next 
channel records a code corresponding to a re
corded thermometer resistance by means of a key 
switch. The third channel records the time at 
which the sample was fired. By following the 
temperature-time curve after firing and obtaining 
a second constant rate after the completion of the 
reaction the thermal-leakage coefficient and the 
heat of stirring are obtained by the solution of two 
equations of the form

AT/At = (Q X K) +  W
where dT/dt is the change of temperature with re
spect to time in the calorimeter; Q the thermal 
head, is the difference between the bath tempera
ture and the calorimeter temperature; K  is the 
thermal-leakage coefficient and W  is the rise in 
temperature produced through stirring.

The thermal-leakage coefficient for the calori
meter was approximately 4.6 X  1C%5 degree/sec. 
and the correction to be applied was determined by 
graphical integration of the resistance vs. time 
curve. The temperature rise from stirring W  was 
approximately 1 X 1(R6 degree/sec. The average 
time from ignition to the final rate period was 500 
seconds. A 10% deviation in the K  value obtained 
was considered sufficient reason for disqualifying 
the result obtained on that particular determina
tion.

Very small strips of ashless filter paper were 
threaded on the ignition wire as an igniter for the 
samples. The heat of combustion of the paper was 
found to be 4032 ±  2 cal./g. on 6 determinations. 
The energy to the ignition wire was measured by a 
special watt meter and varied from 0.1 to 0.3 cal.
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A correction for unburnt carbon was rarely used 
as there is always some uncertainty as to whether 
the unburnt residue is carbon, unburnt sample or 
some intermediate product. After the heat of 
combustion measurements were made, the cru
cible was removed from the bomb, dried and 
weighed. The crucible was then heated to red 
heat, cooled and weighed again. A loss in weight 
of 0.0002 g. or less was neglected. A loss in weight 
of 0.0003 to 0.0009 g., when visual inspection 
showed a thin black film, was treated as carbon 
and the heat of combustion correction of 7830 cal./ 
g. was made. If a loss in weight of 0.0010 g. or 
more occurred the result was discarded.

The minimum and maximum amounts of water 
present in the bomb after completion of the reac
tion were calculated for the type of samples burnt 
in order to determine the dilution of the HN03 
formed. The molar ratio o: HN03 to H20  varied 
from 1/24 to 1/40 from which the heat of forma
tion of HN03(aq) from H20, N2 and 0 2 was com
puted as 15.07 kcal./mole. The number of moles 
of HN03 formed was determined by thoroughly 
washing the interior walls of the bomb after each 
combustion and titrating the wash water to a 
phenolpht.halein end-point with 0.1 N  NaOH solu
tion.

The heat of solution of C02 was taken as 4050 
cal./mole and the Washburn21 figure of 0.004 was 
taken as the amount of C02 going into solution. 
The heat of combustion was corrected to 25° and 
1 atm. pressure by use of the standard Washburn 
corrections. The heats of formation (Hi) of C02 
and H20(1) were 94.052 and 68.317 kcal./mole, 
respectively. The results are given in Table I. 
The standard deviation of the heat of combustion 
in kcal./mole also is listed.

Nitric Acid Corrections.— Inspection of the ac
cumulated results of the nitric acid determination 
of these combustions leads one to the conclusion 
that for cases where a nitric acid determination 
has not been made a correction can be estimated. 
The number of moles of nitric acid formed ( V h n o s ) 
by the combustion of Ns moles of CaHbOcNd may

(21) E. W. Washburn, J. Research Natl. Bur. of Standards, 10, 525 
(1933).

be calculated by use of the equation
A W  =  0.0045(ff„ X  d)1 A X  V .

where the heat of combustion (Ha) is measured in 
kcal./mole and d is the number of gram-atoms of 
nitrogen per formula weight. This equation repre
sents the best straight line through 100 experimental 
points of a log-log plot. The average deviation of 
the experimental data from this equation, when 
converted to the per cent, error produced in the 
nitric acid correction, was 0.05%.

Three definite exceptions were noted in which 
the experimentally determined number of moles of 
nitric acid was significantly higher than the calcu
lated value: (1) when the sample detonated, (2) 
when the sample was burned with an auxiliary 
material, and (3) when the sample was in the 
form of a hydrate (only one hydrate was burned 
so it is not definitely known whether this is a 
general exception or not). Only those samples 
which were definitely known to have detonated are 
marked. In material cf the type burned it is 
possible that on numerous occasions a low order 
detonation occurred and there was no visible evi
dence when the bomb was opened after combus
tion.

It is felt that the nitric acid correction for com
bustion experiments of other laboratories will fol
low the general form of this equation; however, 
the constant may be a function of specific combus
tion apparatus employed. Sufficient data from 
other laboratories are not available to check this 
point.

The heats of combustion given in this paper have 
been corrected using the experimentally determined 
amount of nitric acid. The maximum deviation 
between the experimental correction and the calcu
lated correction was 12 cal. This equation makes 
it possible to compute a nitric acid correction when 
none has been made and to adjust heat of combus
tion values for varying heats of formation of H N 03 
when sufficient experimental data are not avail
able.

Acknowledgment.—The assistance of William G. 
Finnegan in preparing and purifying some of the 
samples is appreciated.
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Initial rates of adsorption are measured for CO, CO« and N2 on films prepared by evaporation from the metals Ba, Sr, 
La, Ti, Zr, Nb, Ta, Cr, Mo, W, Mn, Fe and Ni. While all metals absorb CO at a high rate of more than 2500 cm.3/see. 
cm.2, these metals behave in different ways when adsorbing N2. Two groups can be distinguished, one of which, consisting 
of metals in the center of the periodic table, has a high rate for N2, while the other one, consisting of metals located on the 
sides of the table, has a rate for N 2 which is less than I  cm.!/sec. cm.2. The quantities adsorbed are about twice as large for 
carbon monoxide as for nitrogen. Both these quantities increase considerably if the temperature is raised above a critical 
value which ranges from 150 to 200° for Ba-CO and Ti-CO. This increase is believed to be due to the onset of surface 
migration. On titanium and tungsten, nitrogen may be adsorbed subsequent to carbon monoxide while the reverse proce
dure is not possible.

1. Experimental Procedure.— The method described in a a number of transition metals. Experimental improvements
recent publication1 and illustrated in Fig. 1 has been im- --------------------
proved further and measurements have been extended to (l) S. Wagener, T his J o u k n a i., 60, 307 (1950).
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mainly consisted of the introduction of a bakable gas injec
tion valve and cf a copper foil trap as described by Alpert. 
These improvements made it possible to obtain a pressure of 
10-9 mm. after only one hour’s bake at 400°.

Metals were investigated as films obtained by evaporation 
from helices. The glass on which the films were formed 
was cooled to about —20° during evaporation. The pres
sure at the end of the evaporation period was 10-8 mm. or 
less.

The gases used were carbon monoxide, carbon dioxide and 
nitrogen. If not indicated otherwise, measurements were 
done at room temperature.

0.1 0.2 0.3
C, lu/cm.2

Fig. 2.— Rate of adsorption of carbon monoxide as a func
tion of adsorbed quantity (1. at 1/x) (pp =  5 X  10~5 mm., 
F =  45 cm.3/sec.): Ni, 0.058 m g./cm .2; Mo, 0.046 m g./ 
cm.2; Ti, 0.044 m g./cm .2; Ba, 0.045 m g./cm .2

2. Rates of Adsorption.— Some of the results 
obtained with carbon monoxide are illustrated in 
Fig. 2. The metals investigated were Ba, Sr, 
La, Ti, Zr, Nb, Ta, Cr, Mo, W, Mn, Fe and Ni. 
All these give similar curves, beginning with an 
initial rate which is higher than 2500 cm.3/sec. cm.2

Different results, such as illustrated in Fig. 3. 
were obtained for nitrogen. With one group of 
metals the initial rate for nitrogen was of the same

0.02 0.04 0.06 0.08 0.10 
C, W orn.2

Fig. 3.— Rate of adsorption of nitrogen as a function of 
adsorbed quantity (pp =  5.25 X  10-s mm., F — 45 cm .3/  
sec.).

order as that for carbon monoxide while with a 
second group this rate was less than 1 cm.3,/sec. 
cm.2. Details of the classification into these two 
groups will be seen from Table I. Evidently the 
metals adsorbing nitrogen at a high rate are all 
located in the middle part of the periodic table 
while those adsorbing at a low rate are located on 
the two sides.

As discussed in the first paper (ref. 1, p. 571), 
the values measured for the initial adsorption rates 
may be used for deriving approximate values of the 
sticking probability. It follows, therefore, that 
the sticking probability for nitrogen on the metals 
in the outside columns (normal type in Table I) is 
1/10,000 as large as that for carbon monoxide, 
while it is about the same as for carbon monoxide 
on the metals in the center columns (italic type in 
Table I). The low sticking probabilities which 
were measured for nitrogen cannot be due to con
tamination of the films. This is evident from the 
fact that films, adsorbing nitrogen at a low rate, 
were found to adsorb carbon monoxide at a high 
rate if exposed to this gas subsequently.

T able I
Classification of Metals According to their Initial 

Rate of Adsorption for Nitrogen"
II III IV V VI VII VIII

Ti Cr Mn Fe . Ni
Sr Zr Nb Mo
Ba La Ta W

“ Italic type, high rates for CO and N2 (>2500 cm .3/sec. 
cm.2; normal type, high rate for CO low rate for N 2 (<1 
cm.3/sec. cm.2).

Although these rates, measured for nitrogen ad
sorbed on films, are low by our standards, they 
still are considerably higher than the rates deter
mined for adsorption on powder catalysts. From
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investigations by Emmett and Brunauer2 and by 
Zwietering and Roukens,3 rates of about 0.01 cm.3/  
sec. can be derived for nitrogen on iron powder 
(measured at temperatures between 200 and 400°). 
Since these rates refer to surface areas of prob
ably many cm.2, division by this surface area will 
give values which are certain to be much smaller 
than those measured for nitrogen in the present 
investigation.

A slow adsorption of nitrogen on iron was also 
observed by Beeck and Wheeler.4

Results obtained with carbon dioxide adsorbed 
on barium and titanium are essentially the same 
as those with carbon monoxide.

3. Interpretation of “Rate versus Quantity” 
Curves.— In Fig. 2 and 3, the scale of the abscissa 
can be converted from hi/cm.2 to monolayers of 
gas adsorbed, if an assumption is made on the 
number of sites available for adsorption. Let us 
assume that every surface atom of the film gives an 
adsorption site and that the surface atoms are 
equally spread over the main crystallographic 
planes 001, Oil and 111 (0001 and 0011 for the 
hexagonal lattice). Then the number of fu which 
may be adsorbed as a monolayer on 1 cm.2 of the 
apparent surface area is given by the values in 
Table II.

Table II
Quantity of gas adsorbed as a 

monolayer on 1 cm.2 of apparent 
Meta surface area, 1,u
Ba 0.011
Ni .046
Mo .027
Ti .035

In Fig. 2, the quantities of gas, corresponding to 1 
monolayer, have been indicated as crosses on the 
respective curves. It will be seen that while the 
first monolayer is adsorbed on Ba, Mo and Ti, the 
rate remains high (>1000 cm.3/sec. cm.2). This 
agrees with the results obtained by Becker6 for 
adsorption of nitrogen on tungsten.

This result also shows that the greater part of 
the curves for Ba, Mo and Ti in Fig. 1 (that on the 
right hand side of the crosses) refers to adsorption 
on the internal surface area. The difference in 
shape between the curves for barium on one hand 
and those for molybdenum and titanium on the 
other, therefore, is due to differences in the con
figuration of the pores interconnecting the indi
vidual parts of the internal surface.

4. Quantities of Gas Adsorbed.—These quan
tities, as derived from the curves in Fig. 2 and 3, are 
given in Table III.

If comparing the two gases (making allowance 
for the difference in film weight), it will be ob
served that much less nitrogen than carbon mon
oxide is adsorbed in all cases. With titanium the 
adsorbed quantity of nitrogen is about one-half 
of that of carbon monoxide. This appears to con
firm the view that nitrogen is'adsorbed as atoms

(2) P. IT. Emmett and S. Brunauer, J. Am. Chem. Soc., 56, 35 
(1934).

(3) P. Zwietering and J. J. Roukens, Trans. Faraday Soc., 51, 178 
(1954).

(4) O. Beeck and A. Wheeler, J. Chem. Phys., 7, 031 (1939).
(5) J. A. Becker, Advances in Catalysis, VII, 136 (1955).

T a b l e  III
C a p a c it y  o f  A d so r p tio n  f o r  D if f e r e n t  M e t a l - G as  

C o m b in a t io n s0
Initial rate 

of ad-

Metal Gas
deposit,

m g./cm.2
cm.8/sec.

cm.2
Capacity in lg/cm .2 

C 50 Ci Co.i
Ba CO 0.045 3500 0.19 0.20

n 2 .039 0.3 0.10
Ti CO .044 120C0 .11 .15

n 2 .034 30C0 .040 .063
co2 .030 4300 .095 .13

Mo CO .046 35C0 .12 .14
n 2 .052 2700 .044 .055

Ni CO .058 4500 .037 .040
° Here Cm, Cs or CVi are t ie  quantities of gas which are 

adsorbed until the rate falls to 50, 5 or 0.1 cm .3/sec. cm .2, 
resp.

while carbon monoxide is adsorbed as molecules.
The results given in the previous table do not 

agree with those by Trapnell6 according to whom

0.02 0.04 0.06 0.08 0.10
C, Ips/cm.2

Fig. 4.— Influence of temperature of adsorbent on adsorp
tion of nitrogen on barium (p„ =  5.25 X I0~5 mm., F =  
45 cm.3/sec.).

the quantity adsorbed should increase with the 
melting point of the material. On the contrary, 
barium with its comparatively low melting point 
was always found to adsorb larger quantities of 
carbon monoxide than all the other metals in
vestigated. This different result may be due either 
to the different type of gas (Trapnell used hydrogen 
and oxygen) or, more likely, to the fact that Trap
nell employed the conventional method in which 
adsorption is measured up to an ultimate rate 
which is very much lower than the ultimate rates 
of our measurements (50 or 5 cm.3/sec. cm.2).

5. Adsorption of One Gas Subsequent to the 
Other.—These results are shown in Table IV for 
titanium.

As indicated in the first line, nitrogen was ad
sorbed first until the rate had fallen to about 1 
cm.3/sec. cm.2 Subsequent to this, carbon mon
oxide still could be adsorbed with an initial rate of 
750. The quantity of carbon monoxide adsorbed 
was comparable to that of nitrogen adsorbed 
previously. In the reverse experiment, however 
(second line of the table), no appreciable amount of

(6) R. M. W. Trapnell, Trans. Faraday Soc., 51, f i l l ]  36S (1955).
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T a b l e  IV
E x p o s u r e  o f  T it a n iu m  D e po sits  to  T w o  G a s e s , O ne 

S u b se q u e n t  to  th e  O t h e r , 0.040 M g ./C m.2 Ti
First gas Second gas

Rate Rate Ca
Initi Capacity Initi pacity

Type ally End Ce Ct„t“ Type ally Cb
n 2 3500 1.3 0.070 0.104 CO 750 0.059
CO 10000 0.6 .167 .19 n 2 0.9 0
“ Ctot is the total quantity of gas adsorbed at the end of 

the resp. measurement. Rates in cm.3/sec. cm.2; capaci
ties in 1/i/cm.2

nitrogen could be adsorbed subsequent to ad
sorption of carbon monoxide. Similar results were 
obtained with tungsten.

This result appears to show that a surface on 
which carbon monoxide molecules are adsorbed,

0.1 0.2 0.1 
C, 1/x/cm.2

Fig. 5.— Influence of temperature of adsorbent on adsorp
tion of carbon monoxide on titanium (pp =  5 X 10” * mm., 
F =  45 cm.3/sec.)

-2 0 0  -1 0 0  0 +100 +200 +300
Temp., °C.

Fig. 6.— Increase of quantity of carbon monoxide ad
sorbed on barium with temperature of barium (AC gives 
the increase in adsorbed quantity obtained when the tem
perature is raised from that of liquid nitrogen to the value 
indicated by the curves).

is saturated and that no bonds are left which are 
available for adsorption of another gas. On the 
other hand, adsorbed nitrogen atoms are too 
small to interfere sterically with the chemisorption 
of carbon monoxide.

6. Influence of Temperature of Films.—The
influence of temperature on the low rate adsorption 
of nitrogen is illustrated in Fig. 4. There is an 
increase in rate with temperature indicating that a 
measurable activation energy is required for ad
sorption. The values measured for this activa
tion energy show a rather wide spread, ranging 
from 2 to 4 kcal./mole for Ba-N2.

With high rate adsorption the activation energies 
are immeasurably small, but another phenomenon 
then is observed, that of restoration of the rate, 
produced by an increase in temperature. This is 
illustrated in Fig. 5 for titanium-carbon monoxide. 
The rate, after having fallen to a low value, can be 
restored to a high value again, by increasing the 
temperature. Correspondingly, the adsorbed quan
tity increases with temperature. The percentage 
increase obtained when the temperature is raised 
from 30 to 200° is seen from Table V. The increase 
becomes less in the sequence Ba-Ti-M o.

T a b l e  V

P e r c e n t a g e  I n c r e a se  in  C a p a c it y , W hen  T e m p e r a t u r e  
Is R a ise d  from  30 to  a b o u t  200°

Carbon monoxide 
Metal Cso Cs

Nitrogen
Cb 0 Cb Co-l

Ba 49 86
Ti 14.5 26.5
Mo 0 .0  0.6

0 28
Not measured

6

If the increase in capacity is plotted as a function 
of temperature (see Fig. 6), one sees that there is a 
critical temperature below which the increase is 
slow and above which it is rapid.

As pointed out in the first article,1 the rapid in
crease is believed to be due to the onset of surface 
migration. According to Fig. 6 and Table V, this 
onset occurs at about 150° for carbon monoxide on 
barium but above 200° for carbon monoxide on 
molybdenum. This temperature range agrees 
with that observed by Gomer7 by means of the 
field emission microscope for adsorption of oxygen 
on tungsten.

7. Conclusions.—Frequently the hypothesis has 
been made that chemisorption is due to unfilled 
energy levels in the d-band.8 The evidence put 
forward in this paper shows that the number of 
unfilled or filled levels in this band also fixes the 
rate at which this chemisorption occurs. Evi
dently, in the case of nitrogen, a high rate is ob
tained only if the number of filled levels has a 
medium value.

In conclusion the author wishes to express his 
renewed appreciation to Dr. J. P. Cels and Mr. E. 
Palsha for their assistance.

Appendix
The units used for the adsorption rates in this 

paper are volume per sec. as opposed to the conven
tional units expressed in weight per sec. or molecules

(7) It. Gomer in, Advances in Catalysis, VII, 93 (1955).
(8) B. M. W. Trapnell, “ Chemisorption,”  Academic Press, New 

York, N. Y., 1955, p. 153.
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per sec. Reasons for the choice of these units were 
given in the first paper (p. 567). For converting 
these units into the conventional ones, equation 1 
of the first paper may be used. According to 
this the rate expressed in conventional units is 

E =  (?ps =  F(pp -  pa) 
or for G >  >  F  and pp »  ps

R =  Fpp (in I;»/sec. or cm.3 X (mm. pressure)/sec.

The values of F and pv are indicated in each of the 
figures concerned or in the respective captions. 
The pressure ps surrounding the adsorbent may in 
each instance be easily calculated from the values of 
G, pp and F  given in the figures and their legends.

SEDIMENTATION EQUILIBRIUM OF FLEXIBLE CHAIN MOLECULES1
By L. M a n d e l k e r n , L. C. W i l l i a m s  a n d  S. G. W e i s s b e r g

National Bureau of Standards, Washington 25, D. C.
Received July 26, 1966

The thermodynamic theory of sedimentation equilibrium is reviewed with special emphasis on solutions of flexible long 
chain molecules. The analyses indicate that the weight average molecular weight of this class of solutes, irrespective of the 
molecular weight heterogeneity, can be obtained in a straightforward manner only in ideal solutions. The molecular 
weight of a monodisperse polymeric solute in a non-ideal solution can in principle also be obtained from this type of experi
ment but with a great deal more difficulty. However, if the solute is polydisperse and the solution non-ideal, theory indi
cates that no reliable molecular weight average can be determined at present from experiments performed in the equilib
rium ultracentrifuge. To investigate some of these conclusions it is first demonstrated that ideal solution of flexible chain 
molecules over a wide range of concentrations and of molecular weights can be achieved in the equilibrium centrifuge. For 
this initial study polyisobutylene was chosen as the polymer and ethyl ra-heptanoate as solvent. Determination of the 
critical consolute temperature as a function of molecular weight indicated that ideal behavior could be attained at 34°, the 
temperature at which the sedimentation equilibrium experiments were carried out in a Svedberg ultracentrifuge. After 
the molecular weights were determined from these experiments, measurements were also made in a good solvent, isooctane, 
and the methods and difficulties involved in interpreting such data are discussed.

Introduction
The equilibrium ultracentrifuge was one of the 

earliest instruments developed to study the thermo
dynamic behavior of solutions of macromolecules. 
In principle, from an analysis of the mass distribu
tion of solute along the length of the centrifuge cell, 
one can obtain information as to the molecular 
weight of the solute (or the average molecular weight 
if it is polydisperse) as well as information about 
deviations from ideal behavior. For thermody
namically ideal solutions a simple and exact anal
ysis exists so that experimental results can be 
properly interpreted.2 However, though all solu
tions must behave ideally as infinite dilution is ap
proached it is usually experimentally impracticable 
to work at the extremely low concentrations re
quired with solutions of macromolecules.

The introduction of the necessary corrections 
for non-ideality that are required to properly inter
pret experiments performed with solutions of 
flexible chain molecules is extremely difficult. The 
concentration of a single solute species in equi
librium in a centrifugal field will increase as the dis
tance from the center of rotation increases. As 
the solute concentration increases, so must the mag
nitude of the correction for deviations from ideality. 
If the non-ideality correction is expressed as a 
power series expansion in concentration, it is a 
priori difficult to tell, except for initially very dilute 
solutions, how many terms will be adequate. For 
a heterogeneous solute the situation is further 
complicated by the fact that both the mass and the 
distribution of molecular weights will vary along 
the length of the cell. Recent theoretical and ex-

(1) Presented in part at the 128th American Chemical Society 
meeting, Minneapolis, Minn., Sept. 11-16, 1955.

(2) T. Svedberg and K. O. Pedersen, “ The Ultracentrifuge,”  Ox
ford, 1940, p. 48.

perimental studies3'4 on the thermodynamic prop
erties of solutions of chain molecules indicate that 
the non-ideality corrections will depend very 
markedly on molecular weight heterogeneity. 
Thus for this situation the necessary corrections 
will be further complicated.

A large majority of the experimental results re
ported6'”7 for long chain molecules have involved 
good solvents where the non-ideality corrections 
are severe. To interpret these results the various 
investigators have of necessity been forced to 
make certain arbitrary assumptions. It has been 
assumed that only the second virial coefficient need 
be considered, and further that the virial coefficient 
is independent, both of molecular weight and molec
ular weight distribution. The consequences of 
these assumptions in determining the molecular 
weights of long chain flexible molecules are con
sidered in this paper. The deviations from ideality 
can, of course, be minimized by performing the ex
periments in poorer solvents. For the more com
pact macromolecules, such as the globular pro
teins, the deviations from ideality are not too 
severe in the accessible concentration range. Such 
systems will not be considered here.

On the other hand, it is now well known that 
ideal behavior can be attained for solutions of long 
chain flexible molecules over a wide range of solute 
concentrations by an appropriate choice of solvent 
and temperature. Under these conditions, com

es) P. J. Flory and W. R. Krigbaum, .7. Chem. Phys., 18, 1080 (1950).
(4) W. R. Krigbaum and P. J. Flory, J. Am. Chem. Soc., 75, 1775 

(1953).
(5) K. E. Van Holde and J. W. Williams, J. Polymer Sci., 11, 243 

(1953).
(6) M. Wales, J. W. Williams, J. O. Thompson and R. H. Ewart, 

T h is  J o u r n a l , 52, 983 (1948).
(7) M. Wales, F. T. Adler and K. E. Van Holde, ibid.. 55, 145

(1951).



272 L. M andelkern, L. C. W illiams and S. G. W eissberg Vol. 61

monly call the “ 9 temperature”  or “ Flory tem
perature,”  the second and all higher virial coeffi
cients vanish for all molecular weights and molec
ular weight distributions. This situation arises 
because at the 0 point the net interaction between 
segments of a pair of polymer molecules is zero so 
that molecules can freely overlap. These condi
tions are analogous to the Boyle point of a real gas, 
and therefore polymer solutions obey van’t Hoff’s 
law.8 The rather important theoretical reason for 
performing sedimentation equilibrium experiments 
under these conditions has already been empha
sized and the contributions that might result from 
experiments conducted in such a manner have been 
indicated.9 The main purpose of this paper is to 
demonstrate experimentally that ideal solution be
havior can be achieved in the equilibrium ultra- 
centrifuge for solutions of long chain molecules 
over a wide range of molecular weights. Thus the 
theoretical difficulties in interpreting the experi
mental data are circumvented. It will be shown 
that under these conditions the analyses of the ex
perimental data are extremely simple, both for 
homogeneous and heterogeneous solutes, and that 
many of the original objectives that led to the de
velopment of vhe instrument by Svedberg might be 
realizable for solutions of long chain molecules.

Experimental Details
Materials.— The polyisobutylene fractions used in this 

study were obtained from two samples of commercially 
available whole polymer supplied by the Esso Standard Oil 
Company. Fractions A and F were obtained from the whole 
polymer designated as B-100 by fractional precipitation 
with acetone of an initial 0.5%  solution in benzene, following 
the procedure described by Flory .10 Fractions B, C, D  and 
E were obtained from the whole polymer having the desig
nation LMS. Fraction C was the first fraction obtained by 
the single precipitation of a 1 % benzene solution; fractions 
B, D and E were obtained by further separation of the sec
ond fraction. Tire above letter designation of the fractions 
is merely for convenience in the subsequent discussion, and 
does not reflect the order in which they were obtained. 
For the present study no special effort was made to obtain 
sharp fractions. The viscosity average molecular weights 
of the fractions used are given in Table I and were deter
mined from intrinsic viscosity measurements in benzene at 
24° where the relation [17] =  10.7 X  10-4 M"1/ 2 has been 
shown to be valid.11

The solvents used, isooctane and ethyl n-heptanoate. 
were of reagent grade and used as received.

Precipitation Temperatures.— The precipitation tempera
tures of solutions of the polymer fractions in ethyl ra-hep- 
tanoate were obtained following the experimental procedure 
described by Shultz and Florv.12 For this system it is 
important that drying columns be attached to the precipita
tion tubes in order to obtain reliable results. Precipitation 
temperatures reproducible to ± 0 .1 ° were obtained, and 
when plotted against concentration for each fraction the 
curves pass through the expected maximum. The maxi
mum temperature in this plot is the critical consolute tem
perature.

Ultracentrifuge.—A modified Svedberg equilibrium ultra
centrifuge, manufactured by LKB Produkter (Sweden), 
was used in this investigation. The modifications of the 
standard instrument have been described previously.13 Four 
different solutions can be studied at the same time without

(8) P. J. Flory, “ Principles of Polymer Chemistry,”  Cornell Uni
versity Press, Ithaca, N. Y ., 1953, p. 529 and 532.

(9) Ref. 8, p. 307.
(10) P. J. Flory, J. Am. Chem. Soc., 65, 372 (1943).
(11) T. G Fox and P. J. Flory, ibid., 73, 1909 (1951).
(12) A. R. Shultz and P. J. Flory, ibid., 74, 4760 (1952).
(13) M. Wales, P. G. Sulzer and L. C. Williams, J. Research Natl.

Bur. Standards, 50, 69 (1953).

the loss of any accuracy. The rotor of this instrument was 
immersed in a thermostat maintained constant to within 
±0 .007°. For the systems studied here, equilibrium could 
be attained in four to fourteen days depending, of course, on 
the concentration, molecular weight and solvent used. 
The scale line displacement method was used, reference runs 
being made at each speed with each of the cells filled with 
pure solvent. The scale line displacements, Z, were meas
ured from the reference lines using a Mann comparator 
having an accuracy of ± 1  p. A synchropulsed Strobolux 
light source, appropriately filtered to isolate the 5460 A. 
line, was used.

The scale line displacement is related to the index of re
fraction gradient dn/dx along the length of the cell by the 
relation

Z =  Gab dn/dx

where G is the scale magnification factor obtained by direct 
measurement of the scale and scale photograph, a is the 
optical path length through the solution of a given cell, 
and b is the optical distance from the scale to the center of 
the cell. The index of refraction gradient is related to the 
concentration gradient of the solute in the cell by the rela
tion

dc/dx =  (dn/dx)/(dn/dc)

For dilute solutions of polyisobutylene in isooctane the value 
of dn/dc has been reported6 as 1.42 X  10-3 (g ./d l .) -1. 
For polyisobutylene in ethyl n-heptanoate dn/dc. was meas
ured at 34°, using a Phoenix Differential Refractometer 
and is 1.04 X 10“ 3 (g ./d l.) -1. To obtain the partial specific 
volume of this polymer in ethyl n-heptanoate at 34°, densi
ties of dilute solutions were measured using a calibrated 
pycnometer and a semi-microbalance. The partial specific 
volume was calculated from these data by the method of 
intercepts as described by Lewis and Randall,14 and was 
1.106 cm.3/g .;  the density of the solvent at this temperature 
is 0.8563 g ./cm .3 For polyisobutylene in isooctane at 25°, 
the quantity of interest (1 — vp) is 0.272.6

The scale line displacements were plotted against x, for 
about 20 to 30 values of x for each experiment and a smooth 
curve drawn through the data from the meniscus to the 
bottom of the cell. The necessary integrations of the Z 
against x curves to obtain the molecular weights (see Dis
cussion) were performed numerically using Simpson’s rule.

Discussion and Results

General Theory.—The analysis of the eq u ili
brium state attained by a solution in the ultra- 
centrifuge represents a special case of heterogeneous 
equilibrium in a force field. In this case the field 
can be described by the centrifugal potential <f> 
which assumes a definite value at each point x, the 
distance outward from the center of rotation. We 
shall consider a multicomponent solution com
posed of one solvent component designated by the 
subscript l, and r — 1 chemically identical poly
meric solute components designated by the indices
2,3, . . . ,r. The criterion for equilibrium is that for 
each of the components the total potential must be 
uniform throughout the force field. Thus at point 
x

d/xi«1' +  M i d^w =  0 ( 1 )

there being r such equations, one for each com
ponent. In equation 1, is the chemical poten
tial of species i at point x, and M, is the molecular 
weight of this component. By applying standard 
thermodynamic methods as described by Pedersen2 
and Goldberg18 one obtains the relation that

(14) G. N. Lewis and M. Randall, “ Thermodynamics,”  McGraw- 
Hill Book Co., New York, N. Y., 1923, Chapter IV.

(15) R. J. Goldberg, T h is  J o u r n a l , 57, 194 (1953).
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Mi (1 — a2x da =  Y.
4 = 2

( W d t f k ) (*)T.»K,...Ni...NtdlVk<*> (2)
N j *  N k

In equation 2, v£x) is the partial specific volume of 
component i at point x, p(I) the density of the solu
tion at point x, IVk the mole fraction of component 
k and the centrifugal potential d h a s  been re
placed by its equivalent—w2x dx where o> is the an
gular speed of rotation.

In order to discuss the behavior of polymer solu
tions in the equilibrium ultracentrifuge it will be 
convenient to express the results obtained above 
in terms of the osmotic pressure at point x. This 
can be accomplished by multiplying both sides of 
equation 5 by the number of moles of component 
i at point x ,  and summing over all polymer species. 
Then

T

Y ,  n ^ M i  (1 — v<-x)p W )  ca2x  d x  ~  
i=2

r r
Y  Y  ^ i(a:)( ^ i / ^ k)^T,p,N2...Ni...NrdiVk(*) (3)
i = 2 k ~ 2

N j jp  N k

the assumption being made that the partial specific 
volume is independent of molecular weight. By 
use of the relation

W(*) -  o> ■ =-*■ (*) Pi« (4)

and the Gibbs-Duhem relation in the form
r

Y  ni<*>(cW dAh)w T.p =  0 (5)
t = 1

there is obtained

Y  (m^Mi/nd^V^Xl-v^p^Wx ( ^ ) _1 = (dir/3c)<*>

( 6)
where /i/*'05 is the chemical potential of pure solvent 
at point x, is the osmotic pressure at point a;, and 
cx is the concentration at point x expressed as 
grams of solute per unit volume of solution. The 
expression

r
Y  n-^M i/niWfiW
i  =  2

is equal to the number of grams of solute per unit 
volume of solvent at x. In dilute solution this 
quantity can be set equal to cx. The error intro
duced is insignificant so that equation 6 can be 
written as

(1 — v(’ )pw ) u 2x c x/ {d c / d x )z = (dir/dc)1 (7)

Equation 7 is a general relation describing the 
equilibrium of a dilute solution in the ultracentri
fuge. It is applicable to ideal as well as non-ideal 
solutions irrespective of the polydispersity of the 
solute. However, in interpreting the behavior of 
such solutions it is convenient to consider sep
arately the problems involved in treating ideal and 
non-ideal solutions.

Ideal Solutions.— Over the concentration
range in which a solution is ideal, van’t Hoff’s law 
is obeyed so that

where M n<x} is the number average molecular weight 
of the solute at x. For the special case of a single 
component solute equation 7 becomes

dcx/dx =  [(1 -  »<*>p(I)) <o'x/RT] CjM  (9)
which can be written in the alternative form as

-ffu(IW (d c /d z )w  =  RT/M  (9-1)

As Goldberg16 has pointed out a close analogy ex
ists between equations 9 and 9-1 and the expres
sion relating the excess turbidity of a polymer solu
tion at zero angle and infinite dilution to the poly
mer molecular weight. The significant difference 
between the expressions is that in the light scat
tering case the equation is applicable to the solu
tion as a whole; while for sedimentation equilib
rium it is only applicable at point x.

For a multicomponent solute
r

(dcx/ch)* =  Y  dcix/dz =  
i ~ 2

r
[(1 -  o*x/RT] Y  CiJWl (10)

i = 2
Since the weight average molecular weight at x, 
M wx is defined as

r
y cixM\jcx
i  =  2

we obtain the result that
=  [1727(1 -  fl<*>pW)a>x] (d c jd x )cx (11)

Equation 11 gives the weight average molecular 
weight at point x, while the quantity of interest is 
the weight average molecular weight of the poly
mer. This quantity can be obtained by integrat
ing equation 11 over the length of the centrifuge 
cell, taking cognizance of the fact that a sector 
shaped cell is used.16 Thus for the weight average 
molecular weight of the polymer

f X h  /  ( * X b
M w = f MvxXCxdx /  I xcxdz (12 )

a/ XO/ j ft/ Xo,
where the limits of integration represent the ex
tremities of the cell, xa being the meniscus position 
and x\, the bottom of the cell. If the necessary 
integrations are performed using equation 11 the re
sult is

i*Xb
M w =  [21777(1 -  ip )«2] [ l /c 0(zb2 -  s a2)l I (dc/dz)dxJ Xa.

(13)
where M w is the weight average molecular weight 
of the solute and c0 is the initial solution concen
tration in the centrifuge cell. In performing the 
integration we have assumed that v and p are in
dependent of x and hence of polymer concentration 
and of pressure; these assumptions would appear 
to be adequate in dilute solutions.

Equation 13, valid only for ideal solutions, ex
presses the weight average molecular weight in 
terms of directly measurable quantities. The 
term (dcx/dx) is directly related to the scale line 
displacements and the necessary integrations can 
be performed either numerically or graphically. 
The M w calculated from equation 13 should be the

(16) T. Svedberg and K. O. Pedersen, “ The Ultraeentrifuge,”  
Oxford, 1940, p. 7.*■(*> =  (RT/MnW)c, ( 8)
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same for different initial polymer concentrations, 
alleviating the necessity of making any arbitrary 
and hazardous extrapolations of the data to infi
nite dilution. Thus, if ideal solution behavior can 
be achieved in the ultracentrifuge, M w can be very 
simply determined without reference to whether 
the solute is monodisperse or polydisperse, or to the 
nature of the polydispersity. The determination 
of M w in the ultracentrifuge independent of total 
concentration and over a wide composition range 
can be taken as a sufficient criterion that ideal solu
tion behavior has been achieved.

The attainment of ideal behavior for a given 
polymer involves the appropriate selection of sol
vent and temperature. This choice is not un
limited since the operation and design of the centri
fuge itself impose certain restrictions. The tem
perature selected must, of course, lie within the op
erating range of the instrument. The solvent- 
polymer system must be such that the term (1 — 
vp) is not so small as to make the rate of sedimen
tation too slow. Also the inherent lack of precision 
in measuring a small (1 — vp) would be reflected 
in inaccurate molecular weights. Finally the in
dices of refraction of the polymer and solvent must 
differ appreciably so that the scale line displace
ment method can be used to measure the concen
tration gradient along the length of the cell. 
Though these conditions appear formidable they 
are not too difficult to fulfill. We have selected 
for our initial study the system polyisobutylene as 
polymer and ethyl n-heptanoate as solvent. We 
shall describe how the “ 9 temperature”  or ideal 
solution conditions can be determined independent 
of the sedimentation equilibrium experiments and 
discuss the results of such experiments when per
formed under these conditions.

According to thermodynamic theory of polymer 
solutions the critical miscibility temperature, Tc, 
of a binary polymer-solvent system depends on 
molecular weight according to the following rela
tion12

1 /r .  =  (I /O ) [1 +  (1 /fc ) (1 /X 'A  +  1 /2X )] (14)
when X  is the ratio of the molar volume of the 
polymer to that of the solvent; i.e., the number of 
segments per polymer chain, i/a is an entropy 
parameter, and 9 is the critical miscibility tem
perature for polymer species of infinite molecular 
weight, being defined as the maximum temperature 
for the coexistence of two liquid phases. At the 
temperature T =  9, it has been shown theoreti
cally8 and verified experimentally17’18 that poly
mer solutions of any molecular weight behave 
ideally. That is, van’t Hoff’s law is followed at all 
concentrations, for all molecular weights and molec
ular -weight distributions. Thus the conditions 
for ideal solution behavior can be obtained from 
studies of the dependence of Ta on M. From such 
studies the 9 temperature can be deduced.11'12 
In Table. I the values of Ta for fractions of poly
isobutylene in ethyl n-heptanoate are given and the 
data are plotted in Fig. 1 according to the sugges
tion of equation 14. A linear plot results and 9 is

(17) W. R. Krigbaum and P. J. Flory, J. Am. Chem. Soc., 75, 5254 
(1953).

(18) W. R. Krigbaum, ibid., 76,  3758 (1954).

found to be 33 ±  1° which is in very good agree
ment with the previous estimate of Fox and 
Flory.11

T a b l e  I
C r it ic a l  M is c ib il it y  T e m p e r a t u r e  o f  P o l y iso b u t y l e n e  

F r a c t io n s  in  E t h y l  to-H e p t a n o a t e
Fraction M t Mvr Tc, °C.

D 78,500 85,000 5.0
B 268,000 278,000 16.2
E 215,000 15.6
A 560,000 588,000 22.6
F 2,830,000 28.3
C 131,000

Exploratory experiments utilizing the equilib
rium ultracentrifuge were performed with this 
system in the temperature range of 32-34° and as 
a result of these measurements the 9 temperature 
was taken as 34°. The imposition of 9 conditions 
does not prevent the attainment of sedimentation 
equilibrium in a reasonable length of time; five to 
twelve days were usually required for the system 
studied here. Sedimentation equilibrium experi
ments were then made under these conditions with 
four of the polymer fractions over a Made initial 
concentration range for each. Weight average 
molecular weights were calculated from the data 
by means of equation 13 and the results are sum
marized in Table II. These calculations are, of 
course, performed without any regard to the poly
dispersity of the sample. For each of the frac
tions, the values of M w that are obtained are in
dependent of the initial concentration of polymer. 
The absolute value of the molecular weight of each 
fraction must of course reflect the uncertaintjr in 
the factor (1 — lip). Since for the system under 
consideration this quantity is equal to 0.053, a 1% 
error in the determination of ¥  can result in a 10% 
error in the molecular weight. However, any cor
rections from this cause would be uniformly ap
plied to all molecular weights.

T a b l e  II
Mw  Calculated from E quation 13 for F ractions of 

PIB in  E thyl ?i-H eptanoate at  3 4 .0 °
CO, g . / d l . Mw CO, g . / d l . Mw

Fraction A Fraction C
0.122 604,000 0.5011 133,000

.122 594,000 .8150 130,000

.229 583,000 .9696 133,000

.308 578,000 1.1695 128,000

.381 582,000 —

av. 131,000 ± 1 ,0 0 0
av. 588,000 ±  4,000'

Fraction B Fraction D
0.269 272,000 0.605 84,400

.302 279,000 0.879 83,400

.425 278,000 1 236 87,000

.555 276,000 1.5116 83,000

.636 282,000 1.8178 86,000
2.0600 85,700av. 278,000 ± 2 ,0 0 0 2.3882 85,000

av. 85,000 ±  500

The deviation of molecular weights of each of 
the fractions at different concentration is small and
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well within the experimental error. These results, 
obtained under 0 condition, are the theoretically 
expected ones and satisfy the condition for ideal 
solution behavior. For ideal solution the deter
mination of the weight average molecular weight is, 
from a theoretical point of view, extremely simple. 
Extrapolation to infinite dilution is unnecessary 
since the molecular weight can be determined from 
an experiment involving only a single concentra
tion. The thermodynamic analysis which allows 
the molecular weight to be calculated is almost 
exact; the only approximations are those pertain
ing to the solution concentration which introduce 
negligible error. Experiments performed in this 
manner yield absolute weight average molecular 
weights. Thus when sedimentation equilibrium 
experiments are performed under these conditions 
important and useful unambiguous information can 
be obtained. Though attainment of ideal be
havior in the equilibrium centrifuge has only been 
demonstrated for a specific polymer-solvent system 
at an appropriate temperature there is no reason 
to expect that similar studies cannot be carried 
out with other polymer-solvent systems. If more 
heterogeneous polymeric solutes are studied under 
these conditions, then higher molecular weight 
averages could be obtained by methods of analysis 
previously described.16'19 In practice, the deter
mination of the higher molecular weight averages, 
such as M z and M z+1, require accurate values of 
the scale line displacement at the extremities of the 
cell. The optical system used with the centrifuge 
does not allow the direct determination of Z at xa 
and Xb; these quantities are usually determined by 
extrapolation.20'21 For very polydisperse solutes 
this fact makes the reliable determination of the 
molecular weight averages greater than M w diffi
cult even under ideal conditions, but does not pre
vent the determination of M w.

Non-ideal Solutions.—The results that have been 
obtained under “ 0 conditions”  can be immedi
ately used to investigate the applicability of this 
experimental technique to the study of non-ideal 
solutions. In discussing the sedimentation equilib
rium of non-ideal polymer solutions it is advisable 
to divide the discussion into two portions: One 
part deals with the problem of a monodisperse 
solute while the other portion considers the case 
where the solute is heterogeneous with respect to 
molecular weight.

For these purposes it is convenient to expand the 
osmotic pressure, at point x in the centrifugal field, 
in virial form. Thus

O /cO * =  RT  [dn<*> +  T 2u)Cx +  A^->cx +  . . .] (15)

If we consider first a monodisperse solute, then 
A\ can be set equal to 1/M and the superscript x 
can be omitted from the higher virial coefficients 
since the molecular weight will be uniform through
out the entire centrifuge cell. Equation 15 can 
also be written in an alternative form3

(19) M. Wales, T h is  J o u r n a l , 52, 235 (1918).
(20) T. Svedberg and K. O. Pederson, "The Ultracentrifuge," 

Oxford, 1940, p. 319.
(21) J. B. Nichols and F. D. Bailey, Chapter X III in “ Physical 

Methods of Organic Chemistry," Vol. I, Part I, Edited by A. Weiss- 
berger, Interscience Publishers, New York, N. Y., 1949.

Fig. 1.— Plot of the reciprocal of the critical temperature 
against the molecular size function of equation 18 for poly
isobutylene fractions in ethyl w-heptanoate.

(x /c ,)*  =  (RT/M) [1 +  r 2c * +  r,&* +  . . . . ]  (16)

where Ih = M A Z and r 3 = M A Z. Relating the 
third virial coefficient to the second by the expres
sion22 r 3 = gi y  we obtain the following relation 
valid at any point x for a single solute component
((1 — vp)oi2x/RT)cx/{àcx/àx) =  (1 /M )[1  +  2r2cx +

3< ?IW  +  . . .] (17)

In good solvents g will have the value of about one 
third so that equation 17 becomes
((1 — vp)u2 x/RT) Cx/(dcx/dx) = ( 1 / A f ) [ [ l  +  r 2cx] 2

(18)

Thus if dcx/dx and cx are known as a function of x, 
a point by point analysis can be made of a single 
experiment and the molecular weight and virial co
efficients obtained.23 By appropriately integrat
ing the experimentally determined (dcx/dx) against 
x curve, the values of cx can be obtained. How
ever, extremely accurate values of dcx/dx  are re
quired for this purpose and the conditions of the ex
periments must be such that low values of dcx/dx 
are avoided, otherwise the quantity of interest 
cx/(dcx/dx) will be unreliable. A further difficulty 
presents itself in that one does not know a 'priori 
how many terms in the virial expansion need be con
sidered. In light scattering or osmotic pressure 
measurements, solutions sufficiently dilute can be 
studied so that the consideration of only the first 
three virial coefficients is usually adequate. How
ever, in the equilibrium ultracentrifuge, for com
parable initial concentrations, the mass of solute 
distributes itself along the length of the cell so that 
the concentration near the bottom of the cell may 
be two to three times the initial concentration. 
Thus at each point in the cell a different number of

(22) W. H. Stockmayer and E. F. Casassa, J. Chem. P h y s 20, 1560
(1952).

(23) Alternatively equation (17) can be integrated over the length 
of the centrifuge cell and the molecular weight and virial coefficients 
determined from the resulting equations.



276 L. M andelkern, L. C. W illiams and S. G. W eissberg Vol. 61

virial terms will have to be considered. If these 
theoretical and experimental difficulties could be 
overcome, then the possibility exists that from a 
single observation one can obtain the same infor
mation utilizing the equilibrium ultracentrifuge 
that is obtained only after a series of measurements 
at different concentrations using other techniques, 
such as light scattering and osmotic pressure.

The appropriate expression for the sedimentation 
equilibrium of a heterogeneous solute can be ob
tained by using relations developed by Flory and 
Krigbaum3 in treating the similar situation in light 
scattering. Thus, for a polydisperse non-ideal 
solute equation 17 can be written as
[(1 -  vpW x/RT ] [c*/(dcx/ds)] =  1/lffwx +  2 d 2'<*>cx +

• ■ • (19)
For a heterogeneous solute the coefficient A 2 is not 
identical with A 2, the coefficient appropriate to os
motic pressure measurements. It has been theo
retically predicted3 and experimentally substanti
ated4 that both these coefficients depend on molec
ular weight and molecular weight heterogeneity, 
though each in a different manner. Equation 19 
is only valid at point x, and to determine the weight 
average molecular weight of the sample the inte
gration indicated by equation 12 must be per
formed. However, since the distribution of molec
ular weights must vary with x, the term must 
in general also vary with x. Thus to perform the 
necessary integration, the dependence of A 2,(-x) on 
molecular weight and molecular weight distribu
tion must be specified. However, the present 
theoretical and experimental understanding of the 
thermodynamic behavior of polymer solutions, 
does not allow the appropriate expression to be for
mulated in any tractable form. Hence, the neces
sary integration to obtain the weight average molec
ular weight of the polymer under these experi
mental conditions cannot be accomplished. From 
these considerations we conclude that unambig
uous information cannot be obtained from a study 
of the sedimentation equilibrium of a non-ideal solu
tion of polydisperse long chain molecules.

It has been suggested that the condition that 
A 2 must vary with molecular weight and molec
ular weight distribution can be relaxed. Thus 
procedures have been developed for treating the 
sedimentation equilibrium of non-ideal polydis
perse polymer solutions by assuming A 2 is inde
pendent of x in these cases. Under these conditions 
equation 19 can then be written as19

l /A f  °w* =  1 / J f „  +  2A/cs (20)

where M °wx represents a “ molecular weight”  at x, 
calculated as if the solution behaved ideally at this 
point, i.e., the molecular weight calculated accord
ing to equation 13. Following the treatment of 
Williams and Van Holde6 equation 20 is written as 

= M ° „ / ( l  -  2A'2cxM\A (21)
If the denominator is expanded in a power series 
M wx =  M °„  [1 +  2A\ M \ xc* +  AA2m \ xcJ  +  . . . ]

( 22 )

By multiplying each term in equation 22 by cxx dx 
and integrating over the extremities of the centri
fuge cell there is obtained

1/M\ S  1 /Mw +
2A2 r Ç

Co/2 (Zb2 -  Za2) M V  U *

/ »
~~ A f V c x 3z  d x

M ° vr2CxZX ckcj X

Z b

pzbJ Xa.
M ° v f2cx2x  d z

1 +  2A2 rJ  Za

rJ Xa

1 (23)
Af °w2cx2z dx

M °„cs dz

By assuming that the term in the brackets is ap
proximately unity Van Holde and Williams6 ob
tained

1 / M \  =  1 /Mw + 2 At
Co2 (Zb2 -  X,2)M °W* 

x b
M°w2cx2x dx (24)PJ  X

or
1/Af°w =  1/M ff +  2 A oc'd (25)

or where c'o is a new concentration variable defined 
as

/
* x b

M °w2cAx Ax
Xa.

For the concentration and molecular weights stud
ied here c '0 exceeds c0 by about 15 to 30%. In this 
procedure only the second virial coefficient has 
been considered and its dependence on molecular 
weight and molecular weight distribution has been 
neglected. Furthermore, the series expansion of 
equation 21, which leads to equation 22, tacitly as
sumes a low value of the virial coefficient, since 
effectively only the second term is retained. On 
the other hand- equation 25 offers the advantage 
that the weight average molecular weight of the 
solute is very simply expressed in terms of quanti
ties readily obtainable from the experimental data. 
It is thus important to assess the validity or limita
tions of this analysis. To study this point, sedi
mentation equilibrium experiments were under
taken using a good solvent, isooctane, with the 
same polymer fractions previously studied under 
“ 0 conditions.”

The data obtained from these studies are shown 
in Fig. 2 where according to equation 25 the recip
rocal of MZ is plotted against c'. When the data 
are plotted in this manner straight lines result and 
if the analysis is correct the intercept at c '0 =  0 
should represent the reciprocal of the weight aver
age molecular weight. However, the horizontal 
dashed lines in this figure represent the results ob
tained for the same polymers under ideal solution 
conditions (the data of Table II), where the actual 
molecular w-eight is, of course, independent of con
centration. The molecular weights obtained in the 
good solvent and the “ 0 solvent”  differ by about 
25% in the higher molecular weight range. As the 
true molecular weight decreases this discrepancy 
becomes less and for a molecular weight of 85,000 
the two results are virtually identical. Thus for 
low molecular weights, where the deviations from 
ideality will be less severe, the above analysis seems 
to be adequate. We therefore conclude that the 
suggested method of treating non-ideal solutions, 
equation 25, would be inaccurate except when ap
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plied to solutions of low molecular weight solutes. 
Other methods15'19 suggested to treat this problem 
are similar in principle to the one just described and 
offer no substantial improvement in results.

The difficulties involved in treating the sedi
mentation equilibrium in good solvents can be 
realized if results with the same solute in good sol
vents and under ideal solution conditions are 
treated as though they behave as ideal two com
ponent system.6 Lansing and Kraemer,24 starting 
with equation 12, have derived an expression that 
is applicable to an ideal two co?nponent system. 
Their results are
In (Z/x) =  In {Z/x\  +  (M ( 1 -  vP)^/2RT) (x 2 -  xl)

(26)
Thus for an ideal two component solution a plot of 
In (Z/x) against x~ should be linear and the slope is 
directly related to the molecular weight. It has 
already been shown that weight average molecular 
weights can be determined unambiguously from 
equation 13 without having to assume that the 
solute consists of only one species. Thus a plot 
according to equation 26, of the data obtained un
der 0 conditions will yield information as to the 
polydispersity of the solute since the slope at any 
point x is representative of the molecular weight, 
calculated as though the solute were monodisperse. 
For the experiments involving polyisobutylene in 
ethyl n-heptanoate at 34° straight lines should re
sult if the fractions are monodisperse; deviations 
from linearity will be due solely to polydispersity. 
Once information regarding the polydispersity of 
the solute is obtained, treatment of experiments 
performed in isooctane according to equation 26 
should yield qualitative information as to the effect 
of deviations from ideality on the apparent molec
ular weight. It must be realized that non-ideal 
behavior will give an apparent molecular weight 
at any point which will be less than the true molec
ular weight of the solute.

Representative data obtained in both ethyl n- 
heptanoate and isooctane for two different con
centrations of each fraction are plotted in Fig. 3 
according to equation 26. For illustrative pur
poses, apparent “ ideal molecular weights”  were 
calculated from the slopes at two points, the 
meniscus and at the bottom of the cell. These re
sults are summarized in Table III. For fraction 
A straight lines result in these plots for the experi
ments performed under 0 conditions (Fig. 3a). 
Since the slopes of these lines yield a molecular 
weight of 570,000, which is in excellent agreement 
with that previously deduced from equation 13, we 
can conclude that this sample is monodisperse as 
far as observations in the equilibrium ultracentri
fuge are concerned. The results for the same solute 
in isooctane are given in Fig. 3a, and curves with 
gradually decreasing slopes are obtained, indicating 
that the “ apparent”  ideal molecular weight is con
tinuously decreasing. The initial apparent molec
ular weight is about 460,000 and gradually de
creases to about 200,000. These observations can 
be explained by the fact, that the concentration in
creases as the distance from the center of rotation

(241 W. D. Lansing and E. O. Kraemer, J. Am. Chem. Soc., 57, 

1369 (1935).

lines for same fractions in ethyl n-heptanoate at 34°.

increases. Since the non-ideality contribution to 
the total potential at any point is greater, the

T a b l e  I I I

A p p a r e n t  I d e a l  M o l e c u l a r  W e ig h ts  as D e d u c e d  fro m  
F ig u r e  3 A ccording  to  E q u a tio n  26“

Fraction
A (a) Meniscus 

Base

In ethyl n- 
heptanoate 34°

570,000

Isooctane,
25c

460.000
193.000

(b) Meniscus 
Base

578,000 470.000
206.000

B (a) Meniscus 
Base

296,000 272,0C0 
163,0C0

(b) Meniscus 
Base

306,000 268,OC0 
159,000

D (a) Meniscus 
Base

63,000
173,000

60,500

(b) Meniscus 
Base

60,000
173,000

59,000

“ (a) Results at lower concentration, (b) Results at 
higher concentration.

greater the concentration, it will increase with in
creasing x. Therefore the apparent ideal molecular 
weight must be continually decreasing. The non
ideality contribution is appreciable in this case and 
these results illustrate the difficulties in trying to 
determine the true molecular weight from experi
ments in good solvents by calculating apparent 
ideal molecular weights at finite concentrations 
even when polydispersity complications are absent. 
Since fraction A behaves as a monodisperse solute, 
then the true molecular weight and higher virial 
coefficients should be obtainable from the experi
ments in isoôctane by use of equation 17 or 18. 
Unfortunately in these experiments, the scale line 
displacements at the low values of x were relatively 
small. Although this presents no difficulty in 
evaluating integrals of the type
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Fig. 3.— Plot of log (Z/x) against x 2. a for fraction A, in ethyl n-heptanoate at 34° O ; upper curve Co =  0.229 g ./d l.; 
lower curve, Co =  0.122 g./dl. in isooctane at 25° • ; upper curve Co =  0.214 g ./dl.; lower curve Co =  0.118 g./dl. b for 
fraction B, in ethyl n-heptanoate at 34° O ; upper curve c0 =  0.555 g ./dl.; lower curve Co =  0.302 g./dl. In isooctane at 
25° • ;  upper curve c0 — 0.285 g./dl.; lower curve c0 =  0.235 g./dl. c for fraction D, in ethyl n-heptanoate at 34° O ; 
upper curve Co =  0.879 g./dl.; lower curve Co =  0.605 g./dl. In isooctane at 25° • ; upper curve c0 =  0.778 g ./d l.; lower 
curve Co =  0.614 g./dl.

for use with equation 23, it is extremely difficult 
to obtain accurate values of the ratio cx/(d cx/da;) 
as a function of x, which is required for the correct 
evaluation of M  and T2 according to equation 18.

Similar results are obtained when the data for 
fraction B, M w 278,000, are treated in this manner 
(Fig. 3b). Although under “ 0 conditions”  the 
data can be fitted by a straight line, the molecular 
weight calculated from the slope of this line is 
slightly higher than the true molecular weight; 
the curve is probably slightly concave upward, in
dicative of a small amount of polydispersity. In 
the good solvent the data can be interpreted as for 
fraction A.

The results for fraction D, plotted in Fig. (3c), 
are quite different. For experiments in ethyl n- 
hept.anoate at 34° straight lines do not result which 
can only mean that the solute is polydisperse. 
The “ apparent ideal molecular weights”  vary from
60,000 to 173,000, the higher molecular species oc
curring at the higher values of x, i.e., in the direc
tion of sedimentation. The weight average molec
ular weight of this sample is 85,000 which is con
sistent with the above observations. In the good 
solvent, surprisingly enough, straight lines do re
sult and give an apparent molecular weight of
60,000. For this polydisperse solute at the higher 
x values, with its greater solute concentration and 
greater concentration of higher molecular -weight 
species, the deviations from ideality are sufficient 
to give the same apparent ideal molecular weight 
that is obtained at lower values of x where for the 
lower molecular weight species and concentrations

involved the deviation from non-ideality should not 
be severe. However, even though straight lines 
are obtained when the data in a good solvent are 
treated in the manner described, the apparent molec
ular weight obtained is still appreciably lower than 
that obtained by the correct method.

Conclusions
From the preceding discussion and consideration 

of experimental results it is clear that ideal solu
tion behavior of flexible chain molecules can be at
tained in the equilibrium ultracentrifuge. An 
unambiguous and simple analysis can then be 
made of the experimental data. Thus the weight 
average molecular weight of a polymeric solute can 
be obtained without regard to its heterogeneity. 
The heterogeneity of a polydisperse polymeric 
solute is then describable by the relations pre
viously developed.6

The difficulties of treating such experimental 
data obtained in non-ideal solution have been dis
cussed and the inadequacies of the present em
pirical method of treatment have been indicated. 
On the other band for a monodisperse polymeric 
solute, the possibility exists that the equilibrium 
centrifuge could be an important tool in studying 
the thermodynamic behavior of polymer solu
tions.28 Verification of this latter point must 
await further experimental investigation.

N ote  A dded  in  P r o o f :— Recent theoretical considera
tions of the thermodynamics of dilute polymer solutions by 
Orifino and Flory25 26 indicate the possibility that the tempera
ture at which the second virial coefficient vanishes might

(25) M. Wales, J. Applied Phys., 22, 735 (1951).
(26) T. A. Orifino and P. J. Flory, presented before 130th Meeting 

of the American Chemical Society, Atlantic City, N. J., September, 
1950.
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depend slightly  upon the polym er m olecular w eight. Such 
an effect would not, however, significantly alter any of the 
m ajor conclusions of this paper, which are concerned w ith 
much greater deviations from  id ea lity .

A c k n o w le d g m e n t .—The authors wish to ac
knowledge very interesting discussions with H. 
Leaderman on this subject.

THE SOLUBILITY OF BONE MINERAL. II.12 PRECIPITATION OF NEAR
NEUTRAL SOLUTIONS OF CALCIUM AND PHOSPHATE

By B asil  S. Str ates , W. F. N eum an  and  G eorge J. L evinskas

From the D iv ision  o f Pharmacology, D epartm ent o f R ad ia tion  Biology, School o f M edic ine and D en tis try . U niversity o f Rochester,
Rochester, N ew  Y ork

Received August 2, 1956

T h e precipitation  of solutions of calcium  and phosphate has been studied in th e region of near n eu trality. A ll results were 
expressed as the a c tiv ity  product, ffica++ X ® h p o i - .  I t  w as necessary to  exceed the K ap of CaH PCh -2H20  (2.7 =f 0.3 X 10-7 at 
25°) to in itiate  p recip itation  in the absence o f seeding m aterials, b u t the degree of required supersaturation varied  w ith pH  
and tem perature. A t  p H  6.9 or higher, th e solid which first form ed exhibited a  m olar C a / P  ratio of u n ity  b u t rap id ly  hy
drolyzed to  h yd ro xy  ap atite. B o th  ap atite  crystals and collagen fibers were successful seeding m aterials, inducing"solid 
form ation betw een the p oin t of spontaneous precipitation. I t  w as concluded th a t serum is norm ally undersaturated, ®ca++ 
X CtHPor, in the absence of the solid phase b u t supersaturated w ith respect to bone m ineral (h ydroxy ap atite). T h e physio
logical im plications of th is conclusion are indicated.

The solubility of calcium phosphate precipitates 
in the region of neutral pH has been the subject of 
intensive investigation for many years. This re
search interest is founded on the reasonable prem
ise that an accurate knowledge of calcium phos
phate solubility is prerequisite to an understand
ing of the biochemistry of bone formation and 
metabolism.

Despite the importance of the subject and de
spite frequent critical reviews of the literature3“ 12 
no general concept has been brought forth that has 
received wide-spread acceptance. A recent re
view113 supported the premise that the solubility 
product constant, K sp, of CaHP04-2H20  governs 
the stability of solutions of calcium and inorganic 
orthophosphate— actually a restatement of an old 
suggestion by Shear and Kramer.13 On this basis, 
normal serum is under saturated (vide infra). On 
the other hand, the same review stated that, on 
theoretical grounds, basic calcium phosphate, (hy
droxy apatite), the mineral phase stable at phys
iological pH, cannot exhibit a fixed K ap. This lack 
of a fixed K sp has since been established experi
mentally with dissolution data proven to have been 
derived from equilibrium conditions.14 Unfor-

(1) Taken in part from the Masters Thesis of Basil S. Strates, June, 
1956, The University of Rochester.

(2) This paper is based on work performed under contract with the 
United States Atomic Energy Commission at the University of 
Rochester Atomic Energy Project, Rochester, New York.

(3) W. D. Armstrong, Ann. Rev. Biochem., 11, 441 (1942).
(4) M. J. Dallemagne, Ann. Rev. Physiol., 12, 101 (1950).
(5) S. Eisenberger, A. Lehrman and W. D. Turner, Chem. Revs., 26, 

257 (1940).
(6) D. M. Greenberg, Ann. Rev. Biochem., 8, 269 (1939).
(7) H. C. Hodge, Conference on Metabolic Interrelations, Trans

actions of the 3rd Conference, 1951, p. 194.
(8) C. Huggins, Physiol. Rev., 17, 119 (1937).
(9) M. A. Logan, ibid., 20, 522 (1940).
(10) (.a) F. C. McLean, Ann. Rev. Physiol., 5 ,  79 (1943); (b) P. D. F. 

Murray, ibid., 9 ,  103 (1947).
(11) (a) W. F. Neuman and M. W. Neuman, Chem. Revs., 5 3 ,  1

(1953); (b) C. Ragan, Ann. Rev. Physiol., 14, 51 (1952).
(12) J. Sendroy, Jr., Ann. Rev. Biochem., 14, 407 (1945).
(13) M. J. Shear and B. Kramer, J. Biol. Chem., 7 9 ,  147 (1928).
(14) G. J .  Levinskas and W. F. Neuman, T h i s  J o u r n a l , 5 9 ,  164 

(1955).

tunately, the solubilities observed, however vari
able with changing conditions, never approached 
the levels of calcium and phosphate observed in 
normal sera (vide infra). On this basis, normal 
serum is supersaturated.

To clarify this seemingly paradoxical conflict of 
data, a series of investigations was performed on 
the formation of precipitates of calcium and phos
phate in vitro under approximately physiological 
conditions.

Experimental
Reagents and Preparations.— All materials were dis

solved in CCVfree, boiled, distilled water, the apparatus of 
Levinskas14 16 being employed to maintain all transfers and 
aliquoting under an atmosphere of C 0 2-free nitrogen. 
K H 2PO4, CaCl2 and KC1 were “ Baker Analyzed”  Reagent 
salts dried at 110° before use. DiethylSarbituric acid 
(Mallinckrodt Chemical Works) was shown by speetro- 
graphic analysis (courtesy D r. L . Steadman) to be nearly free 
of contaminating cations. Maleic acid was obtained from 
Fisher Scientific Company. The hydroxy apatite prepara
tion has been described previously.14-16 Gelatin (Eastman 
Organic Chemicals) was repeatedly dialyzed against dilute 
disodium Versenate and distilled water to remove inorganic 
cations. Fibrin was prepared by agitating with a test-tube 
brush, fresh jugular blood from a dog. The fibrin threads 
adhering to the brush were washed repeatedly with Ver
senate solutions and distilled water. Collagen fibers were 
reconstituted from a 0 .0 4 %  acetic acid solution of calf tail 
tendons.17 One per cent. KC1 precipitated the fibers which, 
upon electron microscopic examination (courtesy D r. L . 
Peachey), appeared to have normal collagen structure with 
normal spacing (640 A .) .

Methods and Procedures.— Phosphorus was analyzed by 
the method of Fiske and SubbaRo w18; calcium by the method 
of Sobel and Hanok .19

All solutions were buffered with a final concentration of 
0.02 M  barbital for p H ’s 7.8, 7.4 and 6.9 and 0.01 M  maleic 
acid at pH 6 .2 . Ionic strength was maintained at 0.165  
with KC1. The order of addition of solutions was always 
K H 2P 0 4, buffer, K CI, CaCI2 and CHCL (5 m l./I . to inhibit

(15) W. F. Neuman, Atomic Energy Report, UR-238 (1953).
(16) W. F. Neuman, T. Y. Toribara and B. J. Mulryan, J. Am. 

Chem. Soc., 75, 4239 (1953).
(17) F. O. Schmitt, C. E. Hall and M. A. Jakus, J. Cell Comp. 

Physiol., 20, 11 (1942).
(18) C. H. Fiske and Y. SubbaRow, J. Biol. Chem., 66, 375 (1925).
(19) A. E. Sobel and A. Hanok, Proc. Soc. Exptl. Biol. Med., 77, 737 

(1951).
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Fig. 1.— The determination of the precipitation point: 
open circles represent solutions initially at pH 7.4 ; solid 
circles at pH  € .9 ; dotted circles at pH 6 .2 ; temperature 
25°.

(x I0"7 )

Fig. 2.— The effect of pH and temperature on the point of
spontaneous precipitation.

bacterial growth.14) The mixed solutions were sealed in 
flasks, under nitrogen, with paraffin and parafilm.

In these studies, the flasks were shaken gently for 10 days 
at 25 =F 2 ° .  While no claim is made that equilibrium was 
attained in every instance, it was shown that a steady state 
was achieved with CaHPOv2Hff) as the solid phase by com
parison with longer equilibration periods. Actually the 
question of attainment of equilibrium is somewhat irrelevant. 
Here, the aim was to establish conditions for solid formation. 
It is conceivaole that, by some slow nucleation process, 
precipitates might ultimately appear in solutions that had 
stood more than 10  days, but such a process could hardly be 
of physiological significance because of its slow kinetics.

After equilibration, the precipitates were allowed to settle 
overnight and the supernatant fluid either centrifuged or 
filtered. Centrifugation was done on a Spinco Model L  
Ultracentrifuge, 80,000 X  g.li Later, it was found more 
convenient to filter the supernatant solutions through molec
ular filter membranes (Millipore paper 450 m/i pore-size). 
Aliquots of the filtered or centrifuged supernatants were 
taken for duplicate analyses of calcium, phosphate and pH  
(Beckman pH meter). The composition of precipitates 
was deduced by the difference between initial and final 
concentrations.

Activity corrections were taken from Levinskas23 (70»++ 20

=  0 .36 , Y H , P o r  =  0 .62 , y h p o . -  =  0.23) and the pKu of 
H 3P 0 4 was assumed to be 7 .1 9 .21 N o corrections were neces
sary for complexing of calcium by barbiturate ions but 
complexing by maleic was calculated from the formation 
constant, K., given by Schubert and Lindenbaum22 using 
the dissociation constants of German, et al.23

Results
Determining of K ep CaHP04-2H20 .— Expressed 

as an activity product, values given in the literature 
for K sp CaHP04-2H20  range from 2.1924 to 4 X 
10~7.25'26 Accordingly, an attempt was made to 
redetermine the solubility product under the con
ditions of our experiments. These data, assembled 
in Table I, give an average value of 2.7 X 10 ~7, in 
reasonable agreement with published values.

The Point of Spontaneous Precipitation.— A 
series of experiments was performed to determine 
the product, ftca++ X ttupor, at which spon
taneous precipitation occurred. Typical results 
are given in Fig. 1. In Fig. 2 the effect of varying 
pH and temperature on the precipitation point is 
illustrated. Only at pH 6.2 did the final solution 
products stabilize to give a constant value. At the 
more alkaline pH’s the final product was low and 
variable. Because, in these instances, the pH fell 
precipitously despite the presence of buffer, it ap
peared that the solid phase was undergoing rapid 
hydrolysis to a more alkaline substance.

This interpretation was confirmed by a study of 
the time course of the change in the solid phase.

T a b l e  I

T h e  Kbp o f  C a H P 0 6-2H20  a t  25°  
Precipitation experiments

Initial
[Ca], [P total ],

M  X 10~4 M  X 10”4 Final pH

Final 
[Ca + +],
M  X 10 ~4

Final 
Ptotal ].

M X 10-*
,̂Ca + + X 

UjHP04-
(X  10 "9

123 4 2 .9 6 .0 2 123. 4 3 .6
101 5 1 .5 5 .8 7 8 6 .6 37.1 2 .71
7 2 .0 7 2 .9 5 .8 7 5 5 .5 5 6 .8 2 .6 9
49 .1 107. 5 .9 0 3 2 .6 9 1 .3 2 .7 3
4 0 .9 129. 5 .9 9 2 7 .5 116. 3 .5 4

Dissolution experiments
Initial

[Cal 
M  X 
10-4

[Ptotal]
M X 
10-4

CaHPO.-
211,0.
g./lOO
ml.

Final
pH

Final 
[Ca + +], 

M  X 
10~4

Final
[Ptotal ],
M  X 
10 “4

r?c . + + X
(X

i o - ’>
0 .0 0 .0 0.1 6.56 30.5 29 2.55
0 .0 129 .1 6.18 12.3 132 2 .56

49.1 .0 .1 6.36 61.0 16.8 2 .23
0 .0 .0 .3 6.56 30 .6 2 8 .4 2 .52
0 .0 129 .3 6.19 13.3 131 2.80

49.1 .0 .3 6 .38 65 .9 17.1 2 .48
Av. =F S. Dev. =  2.38 =F 0.34 X  10~7

The Time Course of Solid Phase Conversion.—
A series of solutions having ffica++ X ® h p o , -  above 
the precipitation point were mixed and, at varying 
time intervals, the solid which formed was isolated 
for analysis or X-ray examination. In all cases 
irrespective of pH the solid exhibited a Ca/P ratio

(21) L. F. Nims, J. Am. Chem. Soc., 55, 1946 (1933).
(22) J. Schubert and A. Lindenbaum, ibid., 74, 3529 (1952).
(23) W. L. German, A. I. Vogel and G. H. Jeffrey, Phil. Mag., 22, 

790 (1953).
(24) Tennessee Valley Authority, Phosphorus, properties of the ele

ment and some of its compounds, Chem. Eng. Rept. No. 8, 1950.
(25) M. J. Shear and B. Kramer, J. Biol. Chem., 79, 125 (1928).
(2G) L. E. Holt, Jr., V. K. LaMer and H. B. Chown, ibid., 64, 509

(1925).(20) G. J. Levinskas, Thesis, Univ. of Rochester, 1953.
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T able II

X - R a y  A n a ly sis  of C a lc iu m  P h o sph a t e  P r e c ip it a t e s

Solutions buffered with barbital acid, filtered through molecular filters, and precipitates dried by lyophilization; samples 
No. 3 and 4 further lyophilized for two hours. Initial concentration of pH  6.18 and 6.90 samples 1.1 X  10-2  M  P and 6.4 X  
10-3 M  Ca; initial concentration of the pH  7.40 sample 5.3 X  10~3 M  P and 3.2 X  10-3 M  Ca. The X -ray  analysis was 
performed by the Eastman Kodak Research Laboratories through the courtesy of Dr. R. L . Griffith.

Sample
no.

Initial
pH

Time after 
mixing

Molar Ca/P 
in ppt.

C a llP O
2H,0

Estimated composition (X-ray analysis), % 
Hydroxy Amorphous 
apatite

KC1

1 6 .18 24 hr. 1 .0 2 60 0 0 ?

2 7.4 0 48 hr. 1.60 0 1 o o 0 0

3 6.90 10  min. 1 .1 9 0 20 60 20

4 6.90 25 min. 1.4 0 0 60 30 10

5 6.90 3 hr. 1.4 0 0 50 20 30
6 6.90 24 hr. 1 .4 4 0 85 10 5

of about unity immediately after mixing. Only 
at pH 6.2 did the solid remain stable and form 
visible crystals. At the more alkaline pH’s the 
Ca/P ratio rapidly rose. These data are given in 
Fig. 3.

T a b l e  III

P r e c ip it a t io n  Se e d in g  o f  C a l c iu m  P h o sph a t e  M ix t u r e s

Solutions buffered at pH 7.4. Mixtures equilibrated 10 
days at 25°, filtered through molecular filters, and ashed. 
Initial calcium and phosphorus concentration just below 

point of spontaneous precipitation.
Final concn.

Liquid phase Solid
Amount, P, Ca, phase

m g./ M  X M X  molar Degree
Compd. added cc. 1 0 -4 10-4 Ca/P of pptn.

None (control) . . .  3 3 .2  2 0 .0
Apatite 3 .0  2 0 .6  1 .49  1 .47  7 +
Apatite 3 .0  2 1 .0  1 .0 4  1 .75  8 +
Gelatin 3 .0  3 4 .0  1 9 .5  .....................
Fibrin 3 .0  3 2 .6  2 0 .2  .....................
Collagen 3 .0  2 9 .6  1 3 .0  1 .43  1 +

Selected samples upon X-ray examination con
firmed the analytical data suggesting a rapid con
version of the solid to hydroxy apatite at pH 6.9 or 
higher. These data are given in Table II.

Seeding Experiments.— It was of interest to 
determine what agents might induce crystalliza
tion by seeding solutions above the K sp CaHPOu 
2H20  but below the precipitation point. Accord
ingly, a preliminary experiment was performed, 
the results of which are given in Table III.

As expected,27 the addition of hydroxy apatite 
crystals quickly catalyzed the separation of more 
solid phase. Fibrin and gelatin had no effect. 
Surprisingly, collagen, obtained from a tissue which 
does not normally calcify, did induce some crystal
lization.

Discussion
There is some question whether one may general

ize from any single set of experiments. However, 
in these studies specific ion effects were minimized 
by expressing results in terms of ion activities. To 
this extent the data may be translated in physio
logical terms provided the normal thermodynamic 
ion product ®ca + + X  ®iipo4- in serum is estab
lished. McLean and Hastings23 provided the only 
direct measurement of the ionized calcium of serum 
using the frog heart method. Their value of 1.3

(27) W. F. Neuman, Metab. Interrelations, Josiah Macy, Jr., Foun
dation, 2nd Conf., 1950, p. 42.

(28) F. McLean and A. B. Hastings, J. Biol. Chern., 108, 285 (1935).

mM/l. is in agreement with recent unpublished 
calculations29 based on studies of ultrafiltrates 
of normal human sera.30 This concentration, con
verted to activity, multiplied by the ® h p o . -  from 
Levinskas20 (assuming a normal total inorganic 
HPOv" of 3.5 mg. % ) gives 1 X 10~7 as the thermo
dynamic product of normal serum.

1.2
pH 6.18 i

o(/>
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1.6

I I
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Fig. 3.— Variation of the C a /P  ratio of the solid phase with 
time after mixing.

The present data, therefore, indicate that serum 
is undersaturated but only in the absence of solid 
phase. The activity product of normal serum must 
be increased by a factor of three for spontaneous 
precipitation to occur. This is in agreement with 
the experience of a number of investigators.31-34

On the other hand, the data presented here also 
show that CaHP04-2H20  is not stable above pH 
6.9 and therefore hydroxy apatite governs the 
solubility equilibrium when solid -phase is present. 
This, too, is in agreement with earlier studies.113

(29) W. F. Neuman, “ The Physical Chemistry of Bone,”  Chicago 
Univ. Press, to be published.

(30) A. R. Terepka and T. Y. Toribara, unpublished results.
(31) D .  M. Greenberg and C. E. Larson, T h i s  J o u r n a l , 43, 1139 

(1939).
(32) T. Hopkins, J. E. Howard and H. Eisenberg, Bull. Johns Hop

kins Hosp., 91, 1 (1952).
(33) M. Laskowski, Biochem. Z., 265, 401 (1933).
(31) F. C. McLean and M. A. Hinrichs, Am. J. Physiol., 121, 580 

(1938).
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It would appear that the age-old question con
cerning whether serum is undersaturated, saturated 
or supersaturated can be resolved only by reference 
to the presence or absence of solid phase.

In the absence of solid phase, serum is under
saturated. It is below the point of spontaneous 
precipitation. In the presence of solid phase, it 
appears to be supersaturated since dissolution ex
periments at pH over 7 have never attained an ac
tivity produce ®ca + + X  ®HPOi_ equalling that ob
served in normal serum.14

Space does not permit an adequate discussion of 
the many literature reports in relation to this inter
pretation but it is the authors’ opinion that there 
exists virtually no disagreement.113

The conclusion that serum is normally super
saturated (since solid phase is always present) with

respect to [Ca++] and [HP04=] has important 
physiological implications. In the first place, 
some cellular mechanism must be postulated by 
which such a supersaturated condition can be 
maintained in vivo. Secondly, the driving force of 
the mineralization process in calcification is easily 
seen to be present in serum itself. Given a “ seed” 
crystal the supersaturated serum will spontaneously 
carry it to full mineralization. Thirdly, some ac
tive mechanism must be present in the gut wall to 
permit the absorption of calcium against an ion- 
gradient.

The first of these three corollaries already has 
been established.36 The second and third corol
laries are under study.

(35) W. F. Neuman, H. E. Firschein, P. S. Chen, B. J. Mulryan 
and V. DiStefano, J. Am. Chem. Soc., 78, 3863 (1956).

STANDARDIZATION OF N.M.R. HIGH RESOLUTION SPECTRA
By J. R. Z immerman and M. R. Foster 

Magnolia Petroleum Company, Field Research Laboratories, Dallas, Texas
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An accurate method for referencing high resolution nuclear magnetic resonance spectra with respect to an external stand
ard is described. Mathematical expressions are developed for determining chemical shift errors and effective line broadening 
arising from imperfections in a glass coaxial spinning system. W ith a properly designed precision system, errors in chemical 
shifts arising from tube imperfections can be reduced to less than 1 part in 10s. The magnetic field at the immediate vicinity 
of a nucleus is discussed in terms of the applied external field, susceptibility corrections, shape of sample and intermolecular 
association effects. Several experiments are discussed which illustrate molecular association in alcohol-water and in normal 
hexane-benzene mixtures and the corresponding necessity of exercising extreme caution in the use of internal reference 
standards.

Introduction
High resolution spectroscopy involves the study 

of narrow line resonances—the fine structure phe
nomena of nuclear resonance arising from the elec
tronic environment of nuclei. These narrow line 
resonances are usually described in terms of such 
measurable quantities as chemical shifts1-'3 and J- 
coupling splittings.4'6 Because of the small separa
tions of multiple narrow line resonances, high res
olution spectroscopy is more often restricted to 
low viscosity liquids or gaseous samples, rather than 
solids.

Chemical shifts of resonance lines are field de
pendent and arise because the magnetic field at the 
nucleus is in general different from the applied 
external magnetic field. Any such difference can 
arise from either intermolecular or intramolecular 
effects or both. In the intramolecular sense, line 
separations or shifts are evident because of differ
ences in the effective electron distribution about 
the nuclei being studied. Intermolecularly, these 
differences are derived from several causes, such 
as (a) intermolecular interactions, (b) exchange 
rate phenomena between different chemical en
vironments and (c) bulk sample susceptibilities. 
J-Coupling splitting of resonance lines is an intra-

(1) W. D. Knight, Phys. Rev., 76, 1259 (1949).
(2) W. D. Dickinson, ibid., 77, 736 (1950).
(3) W. G. Procter and F. C. Yu, ibid., 77, 717 (1950).
(4) II. Gutowsky, D. McCall, C. Slichter and E. McNeil, ibid., 82, 

748 (1951).
(5) E. L. Hahn and D. E. Maxwell, ibid., 84, 1246 (1951); 88, 1070 

(1952).

molecular, field independent, effect arising from an 
indirect interaction between the nuclear moments. 
The magnitude and multiplicity of this splitting 
depends on the number of nuclei involved and the 
types of chemical bonds separating the nuclei. 
The general reasons previously advanced in order 
for chemical shift and J-coupling phenomena to 
occur clearly suggest why high resolution spectros
copy has become an important tool for struc
tural analysis and characterization of chemical 
systems.

As the number of chemical applications has in
creased, there has been an ever increasing refine
ment in observations which has pointed out the 
needs for better instrumentation, for higher reso
lution instruments, for proper corrections for 
small effects not necessarily related directly to the 
specific problem, and for more accurate measure
ments of resonance line positions. If an accurate 
quantitative analysis of electron distributions about 
nuclei in different molecular species is desired then 
appropriate procedures for standard line reso
nance comparisons must be adhered to. It is this 
problem of standardization of nuclear magnetic 
resonance high resolution spectra which forms the 
basis of this paper.

At the present time several laboratories, both 
academic and industrial, are already reporting in
tricate structural resonance lines separated by ap
proximately one part in 100 million of the total 
applied magnetic field. One ultimate objective in 
n.m.r. chemical analysis is, of course, to be able to
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standardize such small differences from one molecu
lar species to another. Both internal and external 
standardization procedures have been widely used 
for several years. However, now with the increased 
resolution and stability of the spectrometer systems, 
differences in measurements from separate research 
laboratories are often common and sometimes even 
contradictory in qualitative deductions. In some 
instances differences of referenced chemical shift 
measurements exceed by more than ten times the 
reported deviations of the measurements. The 
importance of a proper referenced resonance line 
procedure for n.m.r. high resolution applications to 
chemical analysis has rapidly become apparent.

Chemical Shifts.—The precessional frequency of 
a nucleus when subjected to a magnetic field is 
given by the relation u> =  yHn, where w is the angu
lar precessional frequency, y  is called the gyromag- 
netic ratio and is a property of the particular nu
clear species, and where Hn is the magnetic field at 
the nucleus. The magnetic field applied externally 
to a sample compound is generally not the field Hn 
at the immediate vicinity of the nucleus. Likewise 
the local field at the vicinity of a particular mole
cule is generally not equal to the field Hn. It is the 
small differences in magnetic field, of course, that 
occur at the nuclei within the molecule that give 
rise to basic chemical shifts.

In a molecular system, the local field at the vi
cinity of a particular molecule is made up of the
macroscopic field H  in the bulk sample plus con
tributions arising from the total magnetization M  
of the system. If one assumes that the contribu
tion of the molecules outside a physically infinitesi
mal sphere surrounding the molecule in question 
is the total contribution arising from any magneti
zation M  of the system, then by the method of 
Lorentz, the local field at the vicinity of the par
ticular molecule is given by H  +  47tM /3. This 
assumption, of course, neglects any contribution to 
the local field of the molecule from molecules in
side the infinitesimal sphere. In instances where 
intermolecular interactions involve the electron 
distribution about the nuclei being investigated, 
this assumption no longer holds.

In principle one would like to study the chemical 
shifts of nuclei within an isolated molecule. With a
macroscopic field H existing in the molecular
sample, the magnetic field Hn at a particular nu
cleus might for convenience of discussion be writ
ten in the form

H n =  (Ho -f- hi +  ho -L ho -)- hî) ( 1 )

where H0 is the applied external magnetic field,
and where Ha +  hi is the macroscopic field H  in the
sample. The quantity hi is dependent on the 
shape of sample holder and the bulk susceptibility
of the sample and the sample holder, hi is the con
tribution due to magnetization external to the
Lorentz sphere; i.e., hi = 4 t M /3. In the case of

spherical samples, the contribution (hi +  L>) is
— > — >

zero; while for a cylindrical sample (hi +  h2) =
( — 27t/3 )k H o, where k is the volume susceptibility of
the sample. h3 is an intermolecular interaction effect,
and hi is the intramolecular chemical shift in an 
isolated molecule. In instances where a strong 
intermolecular association does occur between cer
tain chemical groups of a chemical species but
does not occur with other groups, the quantity ht 
can become an important factor. In a monomolec- 
ular species sample the question may arise re
garding the relative importance of measuring shifts 
either when the molecule is isolated or when it is 
associated with its neighbors. But in a mixture of 
molecular species, erroneous conclusions can re
sult regarding chemical shift measurements if
proper allowance for variations of either the h3

—  ̂ >
factor or combination of h3 and hi factors is not 
made.

Internal Standardization.—An internal stand
ardization procedure amounts to dissolving a small 
amount of the known reference standard into the 
sample. There are two specific advantages for 
using an internal reference standard: (a) simultane
ous sweeping of the field or frequency spectrum for 
the unknown sample and reference standard and
(b) the susceptibility corrections ht and h. in 
expression (1) are presumably common to both the 
reference and sample molecular systems. In the 
measurement of chemical shift differences between 
nuclei in a liquid system of a single molecular 
species, only the quantities h3 and hi are factors for 
consideration. If a small amount of the reference 
standard can be dissolved into the system without 
affecting the h3 and hi components of either the 
reference or unknown species, then one could con
clude that an internal referencing procedure for 
comparing other molecular species would be satis
factory. However, this is not generally a valid 
assumption; and molecular association effects 
can, in many instances, contribute to effective 
chemical shift variations in magnetic field by as 
much as several parts in ten million.

A common example of this effect is observed when 
using water as an internal standard in ethyl alcohol. 
In Fig. 1 is shown a plot of the position of the 
internal water line with respect to the hydrogens 
of the methyl group as a function of the concentra
tion of water. This chemical shift of the water 
line in comparison with pure water can vary as 
much as 11 sec.-1 in 40 X 106 sec.-1 (~2.6  milli- 
gauss).6

It might be argued from Fig. 1 that so long as one 
uses small concentrations (<10%  by volume) of 
water as an internal reference standard, then such a 
procedure would be satisfactory. In Fig. 2 one 
sees that this argument is not sound. Here the 
position of an internal water line with respect to 
the methyl group in n-propyl alcohol is plotted as a

(6) I. Weinberg, J. Fitch and J. Zimmerman, Bull. Am. Phys. Soc., 1, 
92 (1956).
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function of the concentration of water. Although 
this plot in Fig. 2 points out some excellent uses for 
nuclear magnetic resonance applications, the use 
of water as an internal standard without proper 
corrections for the effect of hydrogen bonding is an

improper standardization procedure which can 
lead to serious errors in chemical shift measure
ments.

In measurements made at very low concentra
tions of water (1% or less) in n-propyl alcohol, the 
resonance position of the isolated water is shifted 
approximately 15 sec.-1 with respect to a pure 
water resonance line. At these low concentrations 
of water, the difference in resonance line positions 
between the “ isolated”  water in n-propanol and the 
“ isolated”  water in ethanol is approximately 4 
sec.-1 in 40 X 106 sec.-1 (~ 1  milligauss).7 It is 
apparent from these data that one must not only 
anticipate large chemical shifts because of hydro
gen bonding or association of reference species but 
also must take into account that differences in as
sociation between the reference and unknown mole
cules can be appreciable— differences dependent 
on the unknown molecular species.

In liquid mixtures where large electric dipolar 
fields exist, strong molecular associations as those 
described above are usually predicted by the chem
ist by means other than n.m.r. Rather large shifts 
in electron density about certain chemical groups 
in such instances are not surprising. In the field of 
hydrocarbon chemistry, however, molecular species 
with strong electric dipole moments are not com
mon. On this basis, there is a certain amount of 
logic in assuming that strong interaction effects 
(molecular association) between molecular species 
which might alter the effective electron density any 
appreciable amount in comparison with hydrogen 
bonding would be negligible. The question that 
arises, then, is whether internal standardization is 
appropriate in general for liquid hydrocarbon 
chemical shift measurements.

Benzene, because of its single sharp resonance 
line characteristic and its highly solvent behavior, 
has been used rather freely in the petroleum indus
try as an internal n.m.r. reference standard. In 
Fig. 3 the chemical shift between the benzene line 
and the major n-hexane line components are plotted 
as a function of the concentration of the reference 
standard (benzene). These results appear to verify 
the assumption that benzene would make a good 
internal standard in this instance; i.e., the shift be
tween the n-hexane groups and the benzene group 
remains approximately constant.

If the position of the benzene and n-hexane 
groups are measured with respect to an external 
reference standard, the result is shown in Fig. 4. 
It is true that both groups shift in unison with re
spect to the external standard as expected from 
Fig. 3. However, the total shift in going from 
100% n-hexane to 100% benzene is approximately
13.5 sec.-1 (precessional frequency ~ 4 0  X 106 
sec.-1); and the shift is toward higher magnetic 
field values. In expression 1, one notes that if the
variation of h3 and kA effects are negligible then the 
only shift should be due to susceptibility differ
ences between benzene and n-hexane. Such a 
correction amounts to a shift of only about 4 sec.-1 
and is toward lower magnetic field strengths. 
Hence, one must conclude that not only is the

(7) I. Weinberg, J. Fitch and J. Zimmerman, to be published.
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susceptibility shift much too small to account for 
the measured shift of 13.5 sec.-1, but also is in the 
wrong direction.

A few conclusions summarizing the benzene- 
normal hexane mixtures as related to standardiza
tion are as follows: (a) The resonance line posi
tions of pure benzene and benzene “ isolated”  in n- 
hexane differ by approximately 18 sec.-1 (b) The 
pure benzene hydrogens have a greater effective 
magnetic field shielding than do the hydrogens 
of the isolated benzene molecule, (c) The inter
action effects which affect electron density about 
the hydrogen nuclei and which presumably are de
rived from the magnetic anistotropy of the x- 
electron structure of the benzene molecule arise not 
only between like molecular species (benzene- 
benzene) but also between unlike molecular species 
(benzene-n-hexane). (d) Such interaction phenom
ena can sometimes account for even greater 
electron density distortions of hydrogen groups than 
are observed in strong dipolar mixtures such as 
alcohol-water systems.

The use of benzene as an internal reference stand
ard for n.m.r. chemical shift measurements, 
without proper corrections for interaction shifts, 
easily can lead to serious erroneous interpreta
tions of data. Internal reference standards, es
pecially in liquid hydrocarbon systems, must be 
considered with extreme caution.

External Standardization.— External standardi
zation procedures for studying n.m.r. chemical 
shifts have two very distinct advantages over 
internal procedures in the case of pure chemical 
systems such as A.P.I. hydrocarbon standards. 
Measurements can be made without the pollution 
of the pure grade system and without introducing 
intermolecular effects arising from the presence 
of the reference standard compound. In terms 
of the magnetic field expression 1 for Hn, the h3 and 
hi contributions to the field at the vicinity of the 
nuclei of the reference standard remain constant, 
and the corresponding contributions are fixed for 
the pure sample compound. Specifically, one can 
write for the fth sample and the sth reference stand
ard that

and
H ni =  (Hm E hn E h-2i E hn E ha)

Hns = ( / /  os E hiB E hïa E hs s E hiä)

The quantity (h3i +  ha) — (/¿.3s +  /¿4s) is now a 
fixed quantity; and if the bulk effect differences
(Hoi T  hn -f- /i2i) — (H0s T  /¿is +  /¿2s) can be cal
culated or eliminated experimentally, then an ac
curate evaluation of chemical shifts is possible. 
It is true that association effects of a monomolecu- 
lar species are not separable from “ isolated”  molec
ular chemical shifts, except by an independent 
experiment; but this is also true in the case of 
internal reference standard procedures. By exter
nal referencing, at least the quantities (/¿3s +  /¿4s)
and (ha +  ha) are independent of one another.

The primary objection in the past to external 
referencing has been the problem of being certain

that both reference and unknown systems are 
subjected to a common external magnetic field,
i.e., that Hoi =  H0s■ Since independent measure
ments of the magnetic susceptibilities either are
available or can be obtained readily, the differ- 

—̂ —■> —̂ —>
ence quantity (hn +  /¿2i) — (/¿is +  /¿2s) is an easily 
calculated correction.

Various methods of external standardization 
have been used by n.m.r. investigators. Most of 
the reported measuring techniques have involved 
obtaining independent sweeps of the spectra of the 
reference and unknown samples. With sufficient 
data for a proper statistical analysis, this procedure 
has been generally a good and widely used one for 
presentation of chemical shift measurements. 
The lack of a technique for simultaneous sweeping 
of reference and unknown samples does seriously 
limit the accuracy of line separation measure
ments; nevertheless, a few laboratories have re
ported accuracies to within one part in 107 by this 
method.

More recently procedures have been described 
which incorporate the principle of the simultaneous 
sweep. The basic problem is to be able to have 
both the reference and unknown samples in the 
same field H0. The obvious advantage of simul
taneous sweep is to be able to use side-band modu
lation techniques8 of the spectra by superposing 
the side-band of one resonance upon the funda
mental of another resonance. Chemical shifts can, 
in principle, be measured to an accuracy of a few 
parts in 109.

One group of investigators9 has approached this 
condition of placing both the reference and un
known samples in the same field Ho by separating 
the sample and the reference compounds by a thin 
glass membrane across a 5 mm. Pyrex glass tubing 
sample holder. The thickness of the membrane, 
of course, limits the accuracy of the Ho assumption. 
Also any symmetry in the glass membrane can dis
tort the magnetic field so that Hoi H0s. This 
asymmetric flux pattern was reportedly averaged 
out by rotating10 the cell at a speed great enough 
to average out the inhomogeneity arising from the 
membrane. The reported reproducibility of meas
urements of this method is within plus or minus 1 
sec.-1 at a Larmor frequency of 30 X  106 sec.“ 1. 
It should be emphasized that mere rotation of an 
asymmetric flux pattern does not assure that Hoi 
be equal to H0s; i.e., the two samples will not neces
sarily be subjected to the same effective average 
external magnetic field. A detailed clarification of 
this remark will be given later in this paper.

An Accurate Method for External Standardiza
tion.— We have been able to perfect a spinning 
external standardization procedure which encom
passes simultaneous sweeping of reference and un
known samples and which does assure that H0i = 
H0s to better than 1 part in 10s. Any sharp line refer
ence standard may be used at the convenience of the 
observer. Side-band modulation techniques of the 
system are utilized, and the ultimate limitations

(8) J. Arnold and M. Packard, J. Chem. Phys., 19, 1608 (1951).
(9) J. Shoolery and B. Alder, ibid., 23, 805 (1955).
(10) F. Bloch, Phys. Rev., 94, 496 (1954).
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of accuracy of this system are determined by the 
width of the resonance lines, the field sweep rate 
and the accuracy of the modulating audio oscil
lator.

The mechanics of this method is simply a spin
ning coaxial system of two precision glass tubes.11 
The sample to be studied is placed in the inner 
tube; the reference standard is placed in the an
nular region between the outer diameter of the 
inner tube and the inner diameter of the outer tube. 
Such a procedure can be dependable only if proper 
precautions are taken for averaging the asymmetric 
flux fields in the sample and reference regions. 
Both a theoretical and experimental evaluation of 
this external standardization procedure have been 
completed successfully.

To evaluate the proposed standardization pro
cedure it is necessary to determine the field in 
the region occupied by the standard and the sample 
being studied. For mathematical purposes the 
problem is idealized if one regards the tubes as in
finitely long and if one assumes that the field ap
proaches the constant vector H0 as the distance 
from the tubes becomes infinite. The problem is
then to determine the magnetic field H  =  H0 +  hi 
which satisfies the following conditions: (a) curl
H =  0, (b) div H  =  0, (c) the normal component 
of nH is continuous at each interface, (d) the tan
gential component of H  is continuous at each inter
face, and (e) H =  H0 as the distance from the tubes 
becomes infinite. Conditions (a) and (b) imply 
the existence of a potential satisfying =  0 and 
H = 'V $ .

Fig. 5.— C oaxial system  for standardization.

The Ideal Case.— If the tubes are circular and 
concentric and if H0 is perpendicular to the axis 
of the tubes, then the problem is a simple one in two 
dimensions. The coordinate system is chosen as 
shown in Fig. 5. The numbered regions from 1 to 
5, respectively, are the sample, the glass wall of 
the inner tube, the standard, the glass wall of the 
outer tube and the unbounded region filled with 
air. The field in the ith region is given by

H x(r,9) =  [d i — (i?i/)-2)oos 20] (2)

and
Hy (r,0) = [ - (B i /r 2)sin 29] (3)

where Ay and By are given to the first order in the 
susceptibilities by the expressions

Ay =  [1 -  7 2( «  -  m6)]Ho (4)

By =  v / ~ E  a*i [w +i -  /.j] H0 (5)
3  =  1

i >  1
m is the permeability in the fth region and a; is the 
radius of its outer boundary. It should be noted 
that By is of first order in the susceptibilities and 
so also is the ^-component of the total field. The 
magnetic field strength is therefore Hx(r, 6) to first 
order.

Particular interest centers on the first and third 
regions in Fig. 5. In the first region Bi =  0; hence 
the field strength is constant and equal to

Hy =  [ 1  -  7 > ( m  -  M 5 ) ] f f o  ( 6 )

In the third region the field strength is given by
Hi =  f l  — 7 s(m3 — Ms) — [ai2(M2 — Ml) +

« 22(ms -  M2)] 72 (l/r2)cos 26} Ho (7)
In the absence of rotation not all the molecules 

experience the same field. In fact, the field at the 
point (r, 6) can be written

Ho = < F 3> av +  Ai73(a22/r 2)cos 26

where
AH 3 =  — [7 2(mi — Ml) +  ii22(M3 — M2 )] (7/n/2a32j

If a normalized field variable t is defined by t =  
(Hz — < i /r3>av)/(Ajff3), there is some interest in 
calculating the number of molecules n(t)dt for 
which this field variable lies between t and t +  dt. 
If the total number of molecules is Vo, then a plot of 
n(t)/No vs. t yields the curves shown in Fig. 6.

Fig. 6 .— Particle  density vs. field strength (static  system ).

I11 Fig. 6 the parameter k is (a2/a 3) 2- A nuclear 
resonance spectrum obeying this field distribution 
is easily observed experimentally, and the distance 
between peaks can be determined.

If the coaxial system is rotated, the resultant ef
fect is to average over 6. Therefore, in the third 
region, Fig. 5

<  H-,y> av = [l ~  V=(M3 -  Mb)] Ho(11) Wilmad Glass Company, Landisville, New Jersey. ( 8 )
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A comparison of this result with the average bulk 
field in the first region

< H i > „  =  H i  =  [1  -  V 2( m i -  ( 9 )

shows that the average bulk magnetic field experi
enced by a sample in region 3 is the same field that 
the sample would experience if it were placed in 
region 1 in the ideal case.

Effects of Imperfect Tubing.— In order to in
vestigate the effect of imperfections in the glass 
tubing, standard perturbation techniques may be 
applied. The radius of the outer boundary of the 
¿th region can be written as r;(0) =  cii +  «¡(0), 
where £¡(0 ) is assumed to be so small that [ t i ( 0 ) ] 2 is 
negligible. The potential function is

0 i(r,0) =  [-4 ¡r +  (B i/r )]  cos 9 +  V-, (r,6) (10)

where the first term on the right is the potential 
function for the unperturbed problem, and where 
Vi (r, 0) is the contribution due to the imperfec
tions and is of the same order of magnitude as £¡(0).

£¡(0) can be represented by a trigonometric 
series

£i(0) =  VsPOi +  Pki COS — 0fci) (11)
A = 1

and Vi (r,8) can be written as a series of solutions of 
Laplace’s equation in the form

co
V i(r,9 ) =  ^ 2  (tnir“  +  dn,r~n) cos nS (12)

n — 1

+  (cni7”* +  enir~” )sin nd
n =  1

The procedure is to determine the coefficients of the 
V\(rfi) series in terms, of the coefficients pki and <£ki 
subject to the requirement that ^¡(r,0) satisfy the 
boundary conditions to first order.

The result of this calculation is that the additional 
contribution ra(r,9) to the field strength is

co /  4
Vi(r,e) =  -  72 Ho ak~n (/Lik+ 1  -  iik)nrn i

n =  1 \ k =  i
i — 1

Pn+i.k COS [(n — 1)9 — (f>n+i.k] +  E  a ^n (n r~ n~J)
k = l

( p k + l  ~  M k ) p u - l , k  COS [ ( n  +  1 )0  —  (f>n— l .k ]  } ( 1 3 )

Effect of Rotation.—If the tube system is ro
tated at an angular frequency if then expression 13 
may be used to determine the additional field 
strength at a point rotating with the tubing. If the 
coordinates of this point at time t =  0 are (r,0o), then 
the coordinates at time t will be (r,0o +  iff). More
over, since the tubing itself also rotates with the 
angular frequency if, <f>n,k(f) =  <t>n.n(0) +  iff. 
If these values are inserted in expression 13 and 
averaged over time, the following result is ob
tained

4
jji(r,0o) = —Ho ^ 2  &k~2(Mk+i — Mk)p.3,k r  cos [So — <f>3.k(0 )] 

k = i
(14)

Therefore, not even in a rotating system do all the 
particles experience the same average field. The 
reason is that the inhomogeneities in field strength 
arising from imperfections of the tubing are not 
static if the system rotates.

To further emphasize this point, suppose a nor
malized variable f, is defined by

U =  (m/H0) < ^2 ak 2(/“k+l — Hk) P3k cos 03k)
u_*=»

+  ^2 a k _ 2  ( /* k + l  —  P k)P 3k s i l l  03k
_k — i

(15)

The number of molecules experiencing a value of the 
normalized variable U between f and f +  df is 
n(f) df. This field distribution function is shown 
in Fig. 7 for the interior (first) region. For the 
third region the distribution depends upon (a2/a 3) 
and resembles the distributions graphed in Fig. 6.

The first-order effect of imperfections on the 
average magnetic fields experienced by the nuclei 
in regions 1 and 3 under rapid spinning conditions 
may be summarized as follows. In region 1 there 
is an effective broadening of the resonance line 
width with a single maximum (see Fig. 7). In 
region 3 there is a narrow spectral distribution of 
Larmor frequencies similar in shape to the dis
tribution shown in Fig. 6.

NORMALIZED F IE L D  VAR IABLE.
Fig. 7.— Particle density vs. average field strength (spinning 

system).

It should be observed that it is only imperfections 
exterior to a given region which affect that region. 
Moreover, the effect of imperfections in the fth 
boundary decreases as the inverse square of the 
radius of that boundary. It follows that the in
ner surfaces of both tubes in the coaxial system 
must be particularly precise.

Effect of Tilting the Coaxial System.— If a per
fect tube system makes ar_ angle ^  t/ 2 with the 
magnetic field lines, then trie average field strength 
in the fth region can be shown to be 
Hi = [1 -  l/ 2(Mi -  w)] Ho +  Vs sin2/3(pi; -  no)H„ (16) 
where /3 is the complement of the angle between the 
field lines and the axis of the tubing. Hence, there 
is a uniform shift of the average field by an amount
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7 j  sin2/3(jui — /O-Ho ®  72|32(m —  (17)

One might attempt to deduce this result from the 
perturbation theory by assuming that the effect of 
tilting is to distort the circular cross-sections into 
ellipses. If ¡3 is assumed small, this approach re
sults in a field shift of

7«[7rf*(MI _ Ms)Ao]
which depends in the same way on the parameters 
as does the correct result.

It, therefore, seems reasonable that the effect of 
tilting only one of the tubes can be roughly calcu
lated in the same way. This results in the conclu
sion that the average fields in the first and third 
regions are shifted with respect to one another by 
roughly an amount

7 2  0 2(M l —  M3 )H 0 ( 1 8 )

The condition that this displacement be negligible 
together wbh the condition that the broadening 
effects previously considered be unimportant im
poses rather stringent requirements on the preci
sion of the glass tubing to be used in such a coaxial 
system of standardization. The required precision 
can be estimated from the preceding mathematical 
expressions.

Conclusion
The use of internal reference standards does (a) 

permit simultaneous sweeping of the field or fre
quency spectrum for the reference standard and 
unknown sample and (b) make susceptibility cor
rections presumably common to both the reference 
and sample molecular systems. However, errors as 
large as several parts in 10’ in chemical shift values 
for intramolecular hydrogen nuclei can arise from 
intermolecular effects. Hence, internal stand
ardization methods should be used only with ex
treme caution. Chemical shift measurements, 
without quantitative corrections for molecular 
interaction effects, can lead to erroneous inter
pretations of data.

External reference standard measurements of 
pure monomolecular systems can be made (a) 
without polluting the pure system and (b) without 
introducing intermolecular effects arising from the 
presence of the reference standard compound. 
Association effects of a monomolecular species are 
not separable from “ isolated” molecular chemical 
shifts except by an independent experiment but 
this is also true in internal reference standard

procedures. In external referencing for the case 
of cylindrically shaped samples, it is necessary to 
correct for magnetic susceptibilities of the reference 
and sample compounds. It should be emphasized 
that in the case of mixtures proper corrections for 
susceptibilities can become troublesome. The 
validity of simple extrapolation procedures often 
employed to correct for susceptibilities of mixtures 
is questionable. A plot of the position of the methyl 
group in n-propanol-water mixtures with respect 
to an external standard is shown i:i Fig. 8 to illus
trate this point.

The primary problem in the use of an external 
referencing procedure is to be certain that both 
reference and unknown systems are subjected to a 
common effective external magnetic field. An ac
curate spinning coaxial system for external referenc
ing has been developed at our laboratories which 
limits the errors arising from tube imperfections 
to less than 1 part in 108. Any sharp line reference 
standard may be used in this system at the mere 
convenience of the observer. Side-band modula
tion techniques for frequency comparisons are 
utilized. Ultimate limitations of the accuracy of 
this system are determined by the width of the 
resonance lines, the field sweep rate, and the ac
curacy of the modulating audio source. A typical 
spectral display of this external referencing pro
cedure is shown in Fig. 9. Here the external refer
ence standard is water; the sample spectrum is the 
water line in a pyridine-water mixture.

Line broadening in the reference and sample 
compounds due to glass tubing imperfections has 
been considered under both static and spinning 
conditions. Certain line broadening phenomena 
are predicted in theory and observed experimentally 
which cannot be erased by rapid spinning of the 
coaxial system. This is due to the fact that the 
inhomogeneities in field strength due to imperfec
tions of the tubing are not static if the system is 
spinning. The effects of tube tilting have been 
considered to show that the average fields in the 
reference and sample compound regions are shifted 
with respect to one another. Experimental meas
urements show that even in selected standard glass 
stock for the coaxial system, field shifts are often 
as large as 1 part in 107.

The condition that the effects, line broadening 
and average field shifts, be negligible impose rather 
stringent requirements on the precision of the glass
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h
5 C P S

EXTERNAL WATER LINE
WATER LINE IN SOLUTION

No Correction For Susceptibilities
Fig. 9.— Comparison of external reference water resonance with water resonance in pyridine solution.

tubing to be used in such a coaxial system of stand
ardization. However, such a precise coaxial system 
is now readily available to n.m.r. spectroscopists.12 
This external standardization method for nuclear 
resonance spectra does give a practical means of

permitting reliable data exchange between research 
laboratories.

(12) The Wilmad Glass Company, Landisville, New Jersey, has re
cently marketed a precision coaxial glass system which fulfills the re
quirements necessary for accurate chemical shift measurements.
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From low temperature calorimetric measurements, values of the heat capacities in the solid and liquid states and of the 
heats and temperatures of phase changes were obtained for the following compounds: 1-hexene, 1-heptene, 1-octene 1- 
decene, 1-undecene, 1-dodecene and 1-hexadecene. Values of the entropy and other thermodynamic properties of each 
compound were calculated at selected temperatures in the range 10 to 360°K . The thermal behavior of this series of l-olefin 
hydrocarbons is more complex than that of the corresponding series of «-paraffins. B y comparing the entropy values of 
1-olefins with those of the «-paraffins, it was found that 1-undeeene, 1-dodecene and 1-hexadecene crystallize in a state of 
orientational disorder. In 1-hexadecene crystals, virtually complete end-for-end disorder occurs. Because 1-undecene 
and higher 1-olefins do not form perfect crystals, the Third Law cannot be used to calculate absolute entropy values from the 
experimental data for these three compounds. However, the results reported here and elsewhere for the C 5 to Cio hydrocar
bons, inclusive, show that the entropy of these 1-olefins in the liquid state at 298 .16°K . is 0.19 ±  0.02 cal. deg.-1 mole-1  
less than that of the corresponding «-paraffins. Thus, reliable values of the entropy of the higher 1-olefins may be calcu
lated by subtracting 0.19 cal. deg.-1 mole-1 from the entropy value of the corresponding «-paraffin. The experimental and 
calculated entropy values of the l-olefin hydrocarbons from 1-octene to 1-hexadecene are represented within 0 .0 4 %  by the 
equation, a. (liq., 298 .16°K .) =  24.349 +  7.725 N cal. deg.-1 mole-1, where N is the number of carbon atoms in the 
molecule.

Entropy data for selected members of homolo
gous series of compounds found in petroleum are 
determined from low temperature calorimetric 
measurements as part of the program of this Lab
oratory. A recent study of the nine normal par
affin hydrocarbons from n-octane to n-hexadecane1 
showed, for the liquid state, that the increment of 
entropy per CH2 group is constant above n-octane 
(7.725 ±  0.0-1 cal. deg.-1 mole-1 at298.16°K). The 
results of this investigation provided essential data

(1) H. L. Finke, M. E. Gross, Guy Waddington and H. M. Huffman, 
J, Am. Chem. Soc., 76, 333 (1954).

for calculation and comphation of the thermody
namic properties of the normal paraffins through 
n-tetracontane.2'3 Low temperature calorimetric 
studies of selected l-olefin hydrocarbons have been 
made to obtain data needed for similar calculations 
of the thermodynamic properties of the homologous 
series of 1-olefins. Results obtained for the follow
ing compounds are presented in this paper: 1-hex-

(2) W. B. Person and G. C. Pimentel, ibid., 75, 532 (1953).
(3) American Petroleum Institute Research Project 44, “ Selected 

Values of Physical and Thermodynamic Properties of Hydrocarbons 
and Related Compounds,“  Carnegie Press, Carnegie Institute of Tech
nology, Pittsburgh, Pennsylvania, 1953.



290 J. P. M cCullough, H. L. F inke , M. E. G ross, J. F. M esserly and G uy W addington Yol. 61

ene, 1-heptene, 1-octene, 1-decene, 1-undecene, 1- 
dodecene and 1-hexadecene.4 Of the foregoing 
compounds, low temperature thermal data have 
been reported previously for 1-heptene5 only.

The calorimetric investigations described in this 
paper gave, for each compound, values of the heat 
capacity in the solid and liquid states in the range 11 
to 360°K. and values of the latent heats and tem
peratures of isothermal phase changes. From the 
observed data were calculated values of the free 
energy function, heat content function, heat con
tent, entropy and heat capacity of the condensed 
phases at selected temperatures from 10 to 360°K. 
Details of the calorimetric studies and complete 
experimental results are given in the Experimental 
section at the end of this paper.

Discussion of Results
In studies of an homologous series of compounds, 

it is to be expected that physical and thermody
namic properties will vary regularly with molecular 
size. Many regularities were found in the thermal 
properties of the n-paraffins from C8 to C^-1 For 
example, the entropy values in the liquid state were 
found to be linear functions of chain length. Also, 
it was found that each of the odd-numbered com
pounds (C3, Cn, C13 and C15) undergoes an enantio- 
tropic transition in the solid state, while none of 
the even-numbered compounds 'studied exhibits 
such behavior. For the odd-numbered compounds 
the entropies of fusion and transition and the triple 
point and transition temperatures are smooth, 
nearly linear functions of chain length. The en
tropies of fusion and triple point temperatures of 
the even-numbered compounds also are smooth 
functions of chain length. Because the molecular 
structures of n-paraffins and 1-olefins are similar in 
many respects, analogous regularity might be ex
pected for the latter; however, the thermal data 
for the 1-oleiins show much less regularity than was 
found for the n-paraffins. The most important

Number of carbon atoms.
Fig. 1.— The entropy difference between liquid n-paraffins 

and 1-olefins at 298 .16°K . as a function of number of carbon 
atoms. The diameters of the circles represent 0 .1 %  of the 
observed entropy values for each pair of hydrocarbons.

(4) An attempt was made to determine the low temperature thermal 
properties of 1-nonene. Anomalous results were obtained in the melt
ing region, and the study was discontinued. Anomalous results also 
were obtained in a study of the melting point of 3-pentene [S. S. Todd, 
G. D. Oliver and H. M. Huffman, J. Am. Chem. Soc., 69, 1519 (1947)]. 
Reinvestigations of these two compounds are planned.

(5) G. S. Parks) S. S. Todd and C. H. Shomate, ibid., 58, 2505
(1936).

dissimilarity in the results for the two groups of hy
drocarbons is discussed in the following section.

The Entropy of 1-Olefins and the Effect of 
Orientational Disorder in the Solid State.—
Values of the thermodynamic functions of seven
1-olefin hydrocarbons in the solid and liquid states 
are listed in Table VIII of the Experimental section. 
The entropies of the 1-olefins and ?/,-paraffins in the 
liquid state at 298.16°K. are compared in Fig. 1. 
Because of the similarity in molecular structures, 
the entropy of each 1-olefin would be expected to 
differ from that of the corresponding n-paraffin by a 
constant amount for hydrocarbon chains as long as 
these. In other words, the increment of entropy 
per CH2 group should be the same in the 1-olefin 
series as in the n-paraffin series. The results de
picted in Fig. 1 show that from Cs to C ¡0 the entropy 
value of a 1-olefin is 0.19 ±  0.02 cal. deg.-1 mole-1 
less than that of the corresponding »-paraffin, a dif
ference that is constant well within the accuracy 
uncertainty assigned to the experimental data. For 
the On and higher hydrocarbons she difference is 
significantly greater.

In a paper on the thermodynamic properties of 1- 
butene, Guttman and Pitzer6 stated: “ It remains 
to be determined how long a 1-olefin molecule must 
be before random orientation will occur in the crys
tals.”  The end-for-end disorder that is possible in
1-olefin crystals could result in a lesidual entropy 
of It In 2 at 0°K., and the measured entropy would 
be R In 2 less than the true entropy. As shown 
in Fig. 1 the entropy of 1-hexadecene is almost ex
actly R In 2 (1.38 cal. deg.-1 mole-1) less than the 
value that would be expected on the basis of the 
data for the C6 to C10 hydrocarbons. Thus, the 
results of this investigation show that random 
orientation does occur in the crystals of 1-undecene 
and higher 1-olefins. The results suggest that 1- 
undecene and 1-dodecene crystallize in a partially 
ordered state, but that 1-hexadecene crystallizes 
in a state of complete end-for-end disorder.

No evidence was obtained that the results were 
affected by the thermal treatment of the samples. 
It is possible that extremely slow crystallization of
1-undecene would have produced ordered crystals, 
but the procedures actually used always gave par
tially disordered crystals. In one experiment, 1- 
decene was crystallized as rapidly as possible, but 
the thermal properties of the crystals so obtained 
did not differ from those of ordered crystals ob
tained from a slower crystallization.

Because perfectly ordered crystals were not ob
tained in the studies of 1-undecene, 1-dodecene 
and 1-hexadecene, the Third Law cannot be used 
to compute absolute entropy values from the experi
mental data. Therefore, the thermodynamic prop
erties given in Table VIII are not absolute values, but 
are relative to the disordered crystals at 0°K. The 
results obtained for the lower 1-olefins show that re
liable entropy values of 1-undecene and higher 1- 
olefins can be computed by subtraction of 0.19 cal. 
deg.-1 mole-1 from the entropy values of the corre
sponding n-paraffins.

Values of the entropy in the liquid state at 
298.16°K. of 1-olefin and n-paraffin hydrocarbons

(6) L. Guttman and K. S. Pitzer, ibid., 67, 324 (1945).
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from C5 to Ci6 are listed in Table I. The data for 
the n-paraffins and for 1-pentene, 1-hexene, 1-hep- 
tene, 1-octene and 1-decene are experimental values. 
The data for 1-nonene, 1-undecene and higher 1- 
olefins were computed by subtracting 0.19 cal. 
deg."1 mole"1 from the entropy value of the corre
sponding n-paraffin. The entropy values given in 
Table I for the 1-olefins from C8 to Cic, inclusive, are 
represented within 0.04% by the equation 
*Ssatd(liq., 298 .16°K .) =  24.349 +  7 .72 5 V  cal. deg . " 1 m ole" 1

where N  is the number of carbon atoms in the 1- 
olefin chain.

Polymorphism in the 1-Olefin Hydrocarbons.—
In contrast with the behavior of n-paraffins, both 
even and odd 1-olefins exhibit polymorphism, as 
may be seen by inspecting Fig. 2 and Table VIII 
of the Experimental part. Only two of the 1- 
olefins— 1-hexene and 1-octene—do not show poly
morphism. Two crystalline modifications of 1- 
heptene were obtained, and each was studied 
from 11°K. to its triple point. Three of the com
pounds— 1-decene, 1-undecene and 1-dodecene— 
exhibit enantiotropic polymorphism, with first-or
der transitions 8, 6 and 25° below their respective 
triple points. The last compound of this series, 1- 
hexadecene, undergoes a second-order transition of 
the lambda type with maximum absorption of en
ergy about 30° below the triple point.

T a b l e  I

T he  M olal E ntropies in  the L iquid State at  298.16°K. 
of the 1-Olefin  and « -P araffin  H ydrocarbons from 

Ce to C i6, in C a l . D e g . " 1
No.

carbon
atoms l-01efina w-Paraffin AS 6

5 6 2 .7 5  ±  0 20“ 6 2 .92<i 0 .1 7
6 7 0 .5 5  ± 14 7 0 .7 6  ±  0 14“ .21
7 7 8 .3 1  ± 15 7 8 .5 1  ± 157 .20
8 8 6 .1 5  ± 17 8 6 .3 3  ± 17" .18
9 93 .90* 9 4 .0 9  ± 19"

10 101 .58  ± 20 1 0 1 .7 9  ± 20" .21
11 109.31'* 1 0 9 .5 0  ± 22"
12 117 .08" 117 .27  ± 23"
13 124.78'* 124 .97  ± 25"
14 132 .56" 1 32 .75  ± 26"
15 140 .23" 140 .42  ± 28"
16 147 .91" 1 4 8 .1 0  ± 29"

“ T he uncertainty indicated is the estim ated accuracy un
certain ty. b A S  is the difference in observed entropy be
tween a 1 -olefin and the corresponding «-paraffin. c S . S. 
T od d , G . D . O liver and H . M . H uffm an, J .  A m . Chem. 
Soc., 69, 1519 (1947). d R ef. 3, T ab le  lp .  “ D . R . D ouslin  
and H . M . H uffm an, J .  A m . Chem. Soc ., 6 8 , 1704 (1946). 
t  Unpublished datum , this L abo rato ry. " R ef. 1. h Values 
calculated by subtraction of 0.19 cal. d e g . " 1 m ole" 1 from  the 
entropy values listed for the corresponding «-paraffin.

Results were obtained for two distinct poly
morphs of 1-heptene (see Experimental part, Ta
bles II, V and VI), and measurements were made on 
each from 11°K. to its triple-point temperature 
(153.39 and 154.30°K.). The lower melting poly
morph, designated crystals II, was always obtained 
on initial crystallization, and the higher-melting 
form, crystals I, was obtained only by melting 
more than 50% of II and allowing the sample to 
warm to the melting point of I before recrystalliza
tion. The heat of fusion of crystals I is 57 cal.

Fig. 2.— Portions of the heat cap acity  curves (C,at<L vs. T ) 
for 1 -decene and 1 -undecene (2 a), 1-dodecene (2 b) and 1 - 
hexadecene (2c). T h e tem peratures a t  which isotherm al 
phase changes occur are indicated b y  vertical dashed lines.

mole-1 less than that of crystals II, and the heat 
capacity of crystals I is several tenths of a per cent, 
greater than that of crystals II at all temperatures 
below the “ premelting” region.

Calculation of the free energy difference between 
the two forms shows that the higher melting form, 
crystals I, is stable above 137°K., and that the lower 
melting form, crystals II, is stable below this tem
perature.7 No experimental evidence of a transi
tion near 137°K. was found. Evidently, the trans
formation between crystals II and crystals I occurs 
at a detectable rate only if a liquid phase is present.

The entropy of 1-hepoene in the liquid state was 
calculated from data for both polymorphs, and the 
results differed by only 0.06 cal. deg."1 m ole"1. 
Consequently, it is probable that both enantiotropic 
forms of 1-heptene are “ perfect”  crystals.

(7) To minimize the effect of experimental errors on the results of 
this calculation, the observed h 2at capacity and heat of fusion data 
given in the Experimental part Tvere used to calculate the free energy 
of each polymorph relative to the liquid at 160°K.
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The plots of heat capacity, Csatd, as a function of 
absolute temperature, T, given in Fig. 2 show the 
solid-state phenomena observed for the higher 1- 
olefms. In this figure and the following discussion, 
roman numeral I refers to crystals stable at high 
temperatures, and roman numeral II refers to crys
tals stable at Ìow temperatures.8 The transitions in
1-decene and 1-undecene (Fig. 2a) occur isother- 
mally, and the heat capacity data for crystals II of 
these compounds show only slight upward curvature 
below the transition point. The transition in 1-do- 
decene (Fig. 2b) also occurred isothermally, in 
part, but the plot for crystals II shows appreciable 
upward curvature in this case. Also, the mini
mum in the heat capacity curve for 1-dodecene 
crystals 1 is similar in appearance to the high-tem
perature side of a lambda transition. A typical 
lambda transition is shown by the heat capacity 
curve of 1-hexadecene (Fig. 2c).

The isothermal entropies of transition for 1-de
cene and 1-undecene are about 10 cal. deg.-1 
mole-1, but the isothermal entropy of transition of
1-dodecene is only 5.11 cal. deg.-1 mole-1 (Table IV 
of the Experimental part). However, the non-iso- 
thermal entropy increases associated with the 
transitions in 1-dodecene and 1-hexadecene, esti
mated from the abnormal increase in heat capacity 
of these compounds, are 3.7 and 8.3 cal. deg.-1 
mole-1, respectively. These estimates show that 
the total entropies of transition are at least of the 
same order of magnitude for all four compounds. 
Consequently, it is probable that the same changes 
occur during the solid-state transitions in each of 
these 1-olefins, but the portion of the process that 
occurs isothermally decreases with increasing chain 
length. Crystallographic investigations that would 
permit an explanation of the thermal behavior of 
the 1-olefins have not yet been made. It is appar
ent from the results of this study that the regular 
alternation of structure found for the normal par
affins1’9 is not duplicated in the 1-olefins.

A phenomenon termed “ pre ro ta t io n h as  been 
observed in the n-paraffins by means of thermal,1'11 
dielectric constant10'12 and X-ray9 studies. “ Pre- 
rotation” is believed to cause the pronounced in
crease in heat capacity below the melting points of 
n-paraffins,1'11 and such an effect might be expected 
in the 1-olefins. The proximity of the transitions 
and melting points of 1-decene and higher 1-olefins 
might obscure the effect of “ prerotation” for these 
compounds. However, the heat capacity data for
1-hexene, 1-heptene and 1-octene, which do not un
dergo transitions, show no increase that cannot be 
attributed to premelting effects. It must be con
cluded, then, that the phenomenon of "prerota
tion”  does not occur in these 1-olefins to the extent 
that it does in the corresponding n-paraffins. The 
melting points of 1-olefins are low compared to

(8) This system of nomenclature of polymorphic forms is the reverse 
of that used in previous publications from this Laboratory. It is the 
system used in the International Critical Tables and in ref. 3.

(9) A. Muller, Proc. Roy. Soc. {London), A127, 417 (1930); A136, 
514 (1932).

(10) C. P. Smyth, Trans. Faraday Soc., 42A, 175 (1946).
(11) A. R. Ubbelohde, ibid., 34, 282 (1938).
(12) J. P. Hoffman and C. P. Smyth, J. Am. Chem. Soc., 71, 431 

(1949); 71, 3591 (1949); 72, 171 (1950).

those of n-paraffins, and it is probable that the 
crystal lattice of a 1-olefin does not expand suf
ficiently below the melting point to allow “ prerota
tion” to take place.

The Unusual Thermal Behavior of 1-Decene.—
The thermal behavior of 1-decene was more com
plex than is indicated by the results shown in Fig. 
2a. It was possible to supercool the sample 
through the transition at 198.3°K., and below 
190°K., supercooled crystals I transposed to another 
modification designated metastable crystals II. In 
attempts to determine the heat of transition be
tween metastable crystals II and supercooled crys
tals I, the sample rapidly underwent further trans
formation to stable crystals II. The heat capacity 
of metastable crystals II was measured from 11 to 
185°K. These results were uniformly 0.2% higher 
than those for stable crystals II, and they are not 
reported in this paper because the heat of the tran
sition near 190°K. was not determined.

Unusual thermal behavior also was observed 
near the melting point of 1-decene and was believed 
at first to be evidence of polymorphism. As shown 
in Fig. 3a and Table II, two different and reproduci
ble sets of heat capacity values were found be
tween the transition at 198.3°K. and the triple 
point at 206.89°K. The two curves represent the 
heat capacity of crystals obtained directly from the 
liquid, curve IA, and from crystals II, curve IB. 
Two different and reproducible melting point 
curves were obtained, as shown in Fig. 3b, where 
the equilibrium melting temperatures, T, are 
plotted against the reciprocal of the fraction of 
sample melted, l/F. Melting point curves A and 
B were obtained on crystals that correspond to 
heat capacity curves IA and IB, respectively. The 
triple point temperatures obtained by extrapolation 
to l/F =  0 agree within 0.003°.

It is believed that the results obtained near the 
melting point of 1-decene depended upon the ex
tent to which the impurity formed a solid-solution. 
The A crystals were obtained by relatively fast crys
tallization. In a rapid crystallization it is possible 
that differences in the relative rates of deposition 
of impurity and 1-decene would result in crystals 
that contain less than equilibrium amounts of im
purity in solid-solution. 'The impurity would 
then behave effectively as a solid-insoluble impur
ity, giving a more nearly linear melting curve (A) 
and raising the heat capacity curve (IA). On the 
other hand, if the crystals were held in the premelt
ing region (10-20° below the melting point), it 
is possible that the impurity would slowly enter 
into solid-solution. These conditions were met in 
obtaining the B crystals; that is, to effect complete 
transposition to crystals II, the sample was held a 
few degrees below the transition temperature for 
several weeks. If the impurity did go into solid- 
solution in this period, the heat capacity values ob
tained after transposition to crystals I, curve (IB), 
would be lower because the effect of premelting 
would be smaller. Also, the melting point curve (B) 
would be higher and would show definite curva
ture.

Although the foregoing assumptions cannot be 
justified conclusively, a quantitative test was ob
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tained in the application of premelting corrections 
to the heat capacity data. Upper limits for the 
amount of solid-insoluble impurity calculated from a 
straight line through 1/F values 4 and 10 are 0.09 
and 0.05 mole %  for curves A and B, respectively. 
When the heat capacity values for crystals IA and 
IB were corrected for premelting on the basis of 
0.085 and 0.035 mole %  solid-insoluble impurity, 
respectively, the results fell on a single straight 
line, curve IC of Fig. 3a. It is unlikely that data 
for true allotropic crystals could be reduced to the 
same “ corrected” curve by using such reasonable 
values for the amount of solid-insoluble impurity. 
The fact that five experimental values of the heat 
of fusion agreed within the expected accuracy un
certainty (Table V) whether the initial crystals were 
A or B also indicates that A and B are not polymor
phic.13

Experimental
Physical Constants.— T h e  1951 International Atom ic 

W eights14 and the 1951 values of the fundam ental physical 
constants15 were used. M easurem ents of tem perature were 
m ade w ith platinum -resistance therm om eters calibrated in 
term s of the International T em perature Scale16 from  90 to 
4 0 0 °K ., and International Celsius Tem peratures were con
verted to K e lv in  T em peratures b y  addition of 273 .16 °. 
From  11 to  9 0 °K ., tem perature m easurem ents were made 
in term s of the provisional scale of the N ational B ureau of 
S tan dards.17 M easurem ents of m ass, potential and resist
ance were m ade in term s of standard devices calibrated a t the 
N ational B ureau of Standards. T im e m easurem ents were 
m ade w ith an electric stopclock driven b y  50 cycle a ltern at
ing current obtained from  the am plified ou tp u t of a vacuum  
tube precision fork. T h e frequency of the current was con
stan t w ithin ± 0 .0 0 2 % , as determ ined b y  comparison w ith  
tim e signals from  radio station W W V . E n ergy was m eas
ured in term s of international joules and converted to  calories 
b y  the relation, 1 cal. =  4.1833 in t. j .

The Materials.— T h e m aterials used in this investigation 
were A .P .I .  Research sam ples.18 W ith  the exception of 
the sample of 1-hexadecene, the purities of these samples were 
above 99.7 mole % , as determ ined in calorim etric m elting 
point studies described in another p art of this paper. T he 
sam ples were received in sealed am poules w ith  internal 
break-off tips and were transferred to the calorim eter b y  
vacuum  distillations. T h e samples of 1-hexene, 1-heptene 
and 1-octene were dried in the liquid phase w ith  calcium  
hydride. Because the samples of 1-decene, 1-undecene, 1- 
dodecene and 1-hexadecene showed only traces of ice 
“ floaters”  on freezing and rem elting, these m aterials were 
not dried.

The Apparatus.— A ll m easurem ents were m ade in the 
apparatus described b y  H uffm an and co-w orkers.19 In  each

(13) A presentation of somewhat similar results for 1-methylnaphtha- 
lene and ci's-decahydronaphthalene will be given in a forthcoming pub
lication from this Laboratory.

(14) E. Wichers, J. Am. Chem. Soc., 74, 2447 (1952).
(15) F. D. Rossini, F. T. Gucker, Jr., H. L. Johnston, L. Pauling and 

G. W. Vinal, ibid., 74, 2699 (1952).
(16) H. F. Stimson, J. Research Natl. Bur. Standards, 42, 209 

(1949).
(17) H. J. Hoge and F. G. Brickwedde, ibid., 22, 351 (1939).
(18) These samples of API-Research hydrocarbons were made 

available through the American Petroleum Institute Research Project 
44 on the “ Collection, Analysis and Calculation of Data on Properties 
of Hydrocarbons”  and were purified by the American Petroleum In
stitute Research Project 6 on the “ Analysis, Purification and Proper
ties of Hydrocarbons”  from materials supplied by the following labora
tories: 1-hexene, 1-heptene and l-undecene, by the American Pe
troleum Institute Research Project 45 at. the Ohio State University, 
Columbus, Ohio; and 1-octene, 1-decene, 1-dodecene and 1-hexade
cene, by the American Petroleum Institute Research Project 6 at 
the Carnegie Institute of Technology, Pittsburgh, Pa.

(19) (a) R. A. Ruehrwein and H. M. Huffman, J. Am. Chem. Soc., 65, 
1620 (1943); (b) G. D. Oliver, M. Eaton and II. M. Huffman, ibid., 
70, 1502 (1948).

Fig. 3.— T h e heat cap acity  of 1-decene betw een the transi
tion point and triple point tem peratures (3a) and the ob
served m elting point curves (3b).

stud y about 55 m l. of m aterial w as sealed in a copper cal
orim eter th a t contained horizontal, perforated copper disks 
to prom ote therm al equilibration and to prevent settling of 
the solid phase during fusion experim ents. A bout 30 m m . 
helium pressure (at room tem perature) w as left in the cal
orim eter to  prom ote therm al equilibration a t low tem pera
tures.

The Heat Capacities in the Solid and Liquid States.—
M easurem ents were m ade of the heat cap acity  of each 1- 
oleiin in the solid and liquid states in the range 11 to 360 ° K . 
T h e  observed values of heat cap acity  a t saturation pressure, 
Csatd, are recorded in T ab le  I I . T h e  tem perature increm ents 
em ployed in the measurem ents were sm all enough to  ob
v iate  the need of corrections for non-linear variation  of C sa.ta 
w ith  T ,  except as noted in T ab le  II . T h e  precision o f the 
heat cap acity  m easurements was, in general, ± 0 .1 % ,  and 
above 3 0 °K ., the accuracy uncertainty should not exceed
0. 2 % . In some cases, the data  for the heat cap acity  in the 
solid state  m ay be less accurate near phase changes because 
of rapid changes of CAtd w ith  T ,  slow equilibration, or un
certainties introduced b y  the presence of im purity. T h e 
d ata  in T ab le  II have not been corrected for prem elting 
caused b y  im purity.

T w o  crystalline form s of 1-heptene were obtained, and 
d ata  for both forms are listed in T ab le  I I .  C rystals II  were 
alw ays obtained on first crystallizing 1-heptene. C rystals 
I were obtained on ly b y  m elting more than 50 %  of I I ,  after 
which treatm ent the sample warm ed spontaneously to the 
m elting point of I . R ecrystallization  then produced crystals
1. A lthough these crvstals are probably enantiotropic w ith 
a transition point near 1 3 7 ° K ., it was possible to stud y each 
form  from  1 1 ° K .  to its triple point, and no direct evidence 
of transform ation betw een the tw o form s was found except 
in the m elting region.

Em pirical cubic equations were obtained to represent the 
heat cap acity  of each compound in the liquid state. T h e 
constants for these equations are listed in T ab le  I I I .
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T able  II 39 .0 5 3 .39 6 8 .305 8 4 .73 6 .39 3 18.871

T he M oral H eat C apacities of Seven  1-Olefin  H y- 4 2 .5 4 3 .57 2 9 .318 87 .0 8 6 .20 0 19.278

D R O C A R B O N S  I N  CAL. D e G. ~1 4 6 .6 4 4 .63 0 10.441 88 .6 9 6 .94 8 19.524
T, "K.* AT6 CaatclC T, °K .fl ATI C Batd c 51 .39 4 .863 11.710 90 .93 6 .01 9 19.871

1-IIexene 54 .49 5 .866 12.459 93 .12 5 880 20.201
56 .0 0 4 .36 4 12.842 95 .9 0 7 .47 5 20 .6 0 4

Crystals 96.61 8 .085 18.430 60 .03 5 .218 13.780 96.81 5 .739 20 .738
97 .07 5 .57 0 18.536 65 .48 5 .681 14.990 102.88 6 .400 21 .614

11.27 1 .268 0 .566 102.53 5 .349 19.230 70 .94 5 .233 16.079 109.14 6 .13 5 22.471
11.53 1 .172 .611 104.46 7 .619 19.458 76 .39 5 .680 17.121 111.36 5 .21 6 22 .720
12.66 1 .543 .817 104.58 5 .69 4 19.474 82 .2 6 6 .04 8 18.239 115.16 5 .903 23 .310
12.84 1 .466 .858 110.16 5 .482 20.173 88 .35 6 .139 19.320 116.90 5 .86 6 23 .537
14.21 1 .566 1.121 112.33 8 .12 8 20.455 94.81 6 .771 20.303 121.43 6 .63 7 24 .169
14.46 1 .780 1.180 120.26 7 .735 21.454 101.41 6 .442 21.287 123.13 6 .591 24 .382
15.83 1. 365 1 .468 127.41 6 .54 9 22.578 102.05 5 .471 21.326 128.65 7 .802 25.167
16.24 1 .777 1.567 107.42 5 .261 22.124 131.15 10.421 25 .4 7 0
17.61 1 .888 1 .886 Liquid 107.71 6 .158 22.180 141.26 9 .789 27.249
18 .18 2 .09 8 2 .029 112.59 5 .083 22.851
19.59 2 .06 4 2 .39 6 136.19 3 .93 2 36 .8 8 114.17 6 .747 23.083 Liquid
2 0 .32 2 .175 2 .58 2 140.60 4 .89 8 3 6 .8 5 116.89 6 .771 23.464
2 1 .69 2 .123 2 .961 142.88 5 .895 36 .8 5 117.59 4 .92 8 23.547 157.13 4 .337 4 3 .3 8
2 2 .49 2 .17 5 3 .18 8 146.95 7 .79 4 36 .8 6 120.78 6 .481 24.011 161.19 5 .30 4 43 .3 5
2 4 .0 4 2 .569 3 .61 6 148.76 5 .86 2 36 .89 122.45 4 .789 24.218 162.76 6 .912 43 .3 7
2 4 .79 2 .411 3 .830 154.71 7 .73 9 36 .93 123.53 6 .507 24.394 167.36 7 .040 43.41
2 6 .72 2 .78 5 4 .378 159.41 9 .621 36 .95 127.14 6 .247 24.919 169.65 6 .875 43 .4 2
27.63 3 .26 0 4 .642 163.38 9 .59 4 37 .0 0

130.43 7 .295 25.363 177.35 8 .537 4 3 .5 4
2 9 .57 2 .887 5 .190 168.98 9 .53 2 37 .09 138.07 7 .986 26.549 185.86 8 .469 43 .73
30.62 2 .703 5 .502 178.94 1.0.381 37 .2 8 1 Qa on Q OQQ /io Qfi
33 .37 2 .796 6 .283 189.27 10.269 3 7 .5 4

O. Ol/V/ . yo
Ur vs ta s 1 202.65 8 .324 4 4 .2 7

37.03 4 .517 7 .296 199.48 10.150 3 7 .8 8 910 0,1 Q 9,19 a i no
41.21 3 .83 8 8 .392 209 .56 10.027 38 .2 7

AiU. Jit
11.35 1 .135 0 .651 219.14 8 .163 44 .9 9

4 5 .09 3 .93 6 9 .354 219.53 9 .899 38.71 12.09 0 .95 0 .775 227 .26 8.C78 4 5 .4 44 9 .69 5 .259 10.443 229.36 9 .76 8 39.21 12.65 1 .456 .888 235.29 7 .991 4 5 .8 9
53 .8 4 3 .97 8 11.357 239 .50 10.508 3 9 .7 6 13.26 1 .453 1.015 239.81 7 .82 7 4 6 .1755 .02 5 .435 11.607 245.76 10.434 40 .13 14.13 1.511 1.212 243.63 8 .68 8 4 6 .4 258 .70 5 .742 12.366 256.11 10.258 40 .7 8 14.77 1 .617 1.353 248.36 9 .270 4 6 .7364.17 5 .195 13.443 266.29 10.095 41 .4 6 15.70 1 .627 1.566 257.56 9 .144 4 7 .3 769.46 5 .391 14.374 276.71 10.755 42 .2 0 16.41 1.661 1 .746 266 .64 9 .019 48 .0 274.77 5 .22 6 15.258 287 .38 10.571 42 .9 9 17.42 1 .830 1.999 275.60 8 .83 0 4 8 .7 48 0 .24 5 .70 4 16.145 297 .86 10.394 43 .7 8 18.08 1 .678 2 .173 284.43 8 .77 2 49 .4 485 .77 5 .37 0 17.015 308.16 10.217 44 .63
9 1 .37 5 .831 17.798

19.35 2 .011 2 .528 293.14 8 .653 50 .17
19.99 2 .136 2 .709 299.61 4 .279 50 .7 6

1-Heptene 21 .2 7 1 .836 3 .087

Crystals II 22 .13 2 .139 3 .349 1-Octene
23 .33 2 .265 3 .705 Crystals 99.41 8 .40 6 23.153

11.40 1 .164 0 .62 9 24 ,56 2 .717 4 .083 107.40 7 .581 24 .336
11.61 1 .107 .661 25 .7 0 2 .481 4 .444 11.27 1 .195 0 .783 115.69 9 .003 25 .566
12.61 1 .284 .857 27 .3 0 2 .759 4 .962 11.48 1 .123 .831 118.69 6 .18 8 26 .000
12.93 1.613 .906 28 48 3 .061 5 .301 12.52 1 .307 1.073 119.18 6 .16 9 26 .070
14.17 1 .854 1.174 30 .0 7 2 .76 8 5 .801 12.75 1.453 1 .124 124.47 8 .55 9 26 .814
14.57 1 .723 1.259 32 .79 2 .661 6 .656 13.97 1 .598 1.422 124.52 6 .84 0 26.814
15.91 1 .624 1 .556 35 .6 6 3 .07 5 7 .55 4 14.25 1.553 1.495 125.20 6 .822 26 .914
16.30 1 .750 1.645 38 .8 7 3 .34 8 8 .51 8 15.63 1 .704 1.853 125.79 6 .829 26.990
17.81 2 .170 2 .002 42.61 4 .138 9 .614 15.96 1 .852 1.942 131.64 7 .412 27.825
18.49 2 .640 2 .18 7 4 6 .9 4 4 .509 10.814 17.46 1 .950 2 .367 132.28 7 .336 27.901
19.88 1 .966 2 .55 5 51 .58 4 .776 12.020 17.98 2 .18 0 2 .532 132.81 7 .408 27.992
20 .82 2 .026 2 .819 54 .38 4 .672 12.681 19.64 2 .39 4 3 .049 140.32 7 .604 29.032
21.89 2 .04 9 3 .119 54 .9 7 6 .954 12.838 20 .2 0 2 .251 3 .231 140.86 11.033 29 .096
23 .39 3 .10 7 3 .563 56 .13 4 .307 13.126 21 .80 1.921 3 .755 141.97 10.798 29 .246
24.02 2 .209 3 .746 5 9 .3 4 5 .255 13.865 22 .46 2 .25 7 3 .975 148.31 8 .380 30 .148
26 .36 2 .44 6 4 .444 61 .4 9 6 .088 14.358 2 3 .93 2 .31 2 4 .470 150.99 7 .247 30.493
26 .46 3 .02 7 4 .481 64 .8 2 5 .711 15.095 25.01 2 .82 4 4 .833 161.47 13.711 32.459
28 .63 2 .086 5 .128 67 .3 0 5 .522 15.593 2 6 .37 2 .55 4 5 .302
2 9 .23 2 .506 5 .311 73 .03 5 .945 16.694 27 .8 6 2 .87 6 5 .817 Liquid
3 2 .35 3 .731 6 .282 78 .77 5 .531 17.768 2 8 .99 2 .67 5 6 .21 0
35.79 3 .133 7 .332 82.03 6 .37 8 18.366 31 .37 4 .129 7 042 175.43 4 .522 50 .86
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TabuE II (Continued) 127 .60 5 .527 33.075 301 .52 9 .203 72 .16
T, °K.» A Tb Csatd C T, °K.a A Tb Csatd c 133 .58 6 .428 34.126 301 .60 9 .926 72 .17
35 .33 3 .794 8 . 410 180 .40 5.421 50.76 139 .90 6 .229 35.274 311 .79 11 .337 73 .40
39 .03 3 .603 9 .617 182 .90 6.295 50.76 146 .04 6 .050 36.356 323 .04 11 .163 74 .68
43 .04 4 .415 10 .862 187 .61 9.000 50.75 152 .01 5 .886 37.448 334 .11 10 .979 76 .08
47 .65 4 .791 12 .227 196 .58 8.950 50.85 157 .81 5 .735 38.523 345 .01 10 .812 77 .37
52 .57 5 .060 13 .609 205 .50 8.885 51.09 165 .95 6 .090 40.016 355 .75 10 .647 78 .68
55 .02 6 .190 14 .236 214 .35 8.810 51.41
55 .28 4 .748 14 .289 223 .12 8.728 51.82 i -u  naecene

57 .74 5 .273 14 .945 232 .23 9.497 52.35 Crystals i i 131 .74 6..616 36 . 548
60 .50 5 .688 15 .619 241 .67 9.385 52.94 138 .25 6 .399 37 .771
GO.87 5 .504 15 .730 251 .00 9.270 53.60 11 .90 1.733 0.957 143 .36 8 .206 38 .686
G6.35 6 .008 16 .996 260 .21 9.149 54.30 12 .78 1.903 1.157 145 .07 7 .228 38 .994
66 .62 5 .993 17 .066 269 .30 9.029 55.06 13 .62 1.989 1.386 151..42 7 .907 40 .225
72 .12 5 .529 18 .197 273 .38 8.930 55.41 14 .65 1 .952 1.688 152 .18 6 .999 40 .386
72 .38 5 .525 18 .264 278 .27 8.911 55.82 15 .63 2 .210 1.983 159..55 7..753 41 .804
77 .88 5 .997 19 .365 282 .64 9.604 56.24 16 .86 2 .509 2.386 162..51 8 .450 42 .388
83 .69 5 .613 20 .528 287 .12 8.794 56.63 17 .70 2 .030 2.675 167..18 7..503 43. 306
86 .11 6 .312 20 .941 292 .18 9.461 57.12 18 .99 1 .714 3.143 169..93 8. 980 43. 865
89 .53 6 .064 21 .565 300 .80 7.782 57.91 19 .66 1.906 3.398 171..26 9..048 44..158
92 .24 5 .942 21 .999 308 .53 7.690 58.67 20 .94 2..203 3.890 174..57 7. 272 44 .831
95..80 6 .477 22 .573 21 .86 2..505 4.261 178..75 8 .646 45 .705

23 .34 2..611 4.860 180. 14 8..716 46 061
J-JJecene 24..65 3. 057 5.388 181. 74 7..058 46..373

Crystals !II 171 .95 5.921 41.304 26 .02 2..729 5.976 188. 71 8..416 47. 957
177. 79 5.763 42.599 27 .69 3 .027 6.659 137..16 8. 477 50. 024

12 24 1. 315 1. 064 183..47 5.615 43.911 29 .04 3..305 7.240 294. 47 6. 142 52. 081
13..53 1 .197 1. 406 189 .00 5.454 45.429* 32. 28 3..161 8.647 210. 51 5. 949 54. 116
14 .75 1 .278 1 755 193 .67 2.111 46.617* 35..58 3. 420 10.079
15. 24 1..469 1. 881 193 .77 4.078 46.831* 39. 11 3. 649 11.578 Crystals 1
16. 16 1. 538 2. 150 195 76 2.068 47.808* 42. 83 3. 796 13.124
16. 78 1. 633 2. 352 47. 16 4. 847 14.854 218. 45 2. 118 79. 34
17. 75 1. 643 2. 663 Crystals IA 52. 11 5. 061 16.720 220. 54 2. 063 81..75
18. 53 1..867 2 924 54. 68 3. 940 17.653 221. 06 2. 040 82 .74
19. 42 1. 685 3. 231 200. 32 2.159 69.109* 56. 90 4. 515 18.447 222. 52 1. 897 90 22
20. 64 2. 354 3. 668 201. 42 1.766 70.375* 59. 15 4. 995 19.247
21. 36 2. 190 3. 933 202..23 1.672 71.654* 64. 17 5. 057 20.941 Liquid
23. 18 2..714 4. 620 202. 81 2.843 73.528* 69. 48 5. 566 22.560
23. 75 2. 585 4. 830 203. 27 1.954 74.519* 75. 26 5. 993 24.202 227. 24 4. 564 73. 75
25. 97 2. 879 5. 681 203. 84 1.557 77.732* 81. 43 6. 342 25.910 230. 87 4. 839 73. 65
2G. 44 2..788 5. 856 87. 21 5. 213 27.427 232. 19 5. 328 73. 58
28. 89 2..939 6. 801 Crystals IB 92. 30 4. 975 28.603 237. 89 6. 067 73. 64
29..28 2 .875 6 .944 97. 51 5. 448 29.734 244. 69 7. 544 73. 87
31. 99 3. 276 8. 037 201. 22 2.182 68.641* 99. 80 5. 917 30.212 252. 95 8. 971 74. 39
35. 46 3..643 9. 405 201..40 0.956 68.615* 102. 85 5. 233 30.854 261. 88 8. 893 75. 08
39. 21 3 .863 10. 836 201 .55 1.039 68.743* 106. 06 6. 594 31.519 271. 45 10. 251 75 97
43. 35 4..094 12. 385 202.,35 0.944 69.706* 112..51 6. 313 32.838 281. 64 10. 118 77. 00
47. 92 5. 057 14. 036 202..58 1.024 69.908* 118..71 6. 073 34.079 291. 69 9. 983 78 09
53. 20 5..499 15..815 202..63 2.913 70.084* 125..09 6. 694 35.303 301. 60 9. 843 79..28
55. 31 6..332 16..520 203 .28 0.928 71.013* 311. 37 9. 702 80 49
58. 96 6. 025 17. 689 203. 36 2.102 71.523*
61. 27 5. 580 18. 419 203 .58 1.001 71.556* 1-Dodecene

67. 09 6. 048 20. 118 Crystals .II 162. 39 5. 686 47 .293
72. 89 5. 552 21. 654 Liquid 11 .85 1. 029 1.199 162 74 5 639 47..403
78. 25 5..180 23..015 12 .67 1..252 1.477 168 00 5 .531 48 .757
79. 51 5. 098 23. 353 211 .42 5.071 66.03 12..95 1. 195 1.549 173 46 5. 386 50 .232
84. 85 5..590 24..707 216 .28 4.780 65.86 14..07 1. 582 1.945 177. 67 5 .686 51 .292
86. 35 5 .658 25..028 216 .47 5.046 65.85 14 .32 1. 546 1.989 178. 21 6. 831 51. 570
91. 86 5 .372 26 232 221 .06 4.775 65.83 15 .72 1..710 2.476 181. 26 5. 561 52..502
93. 38 5 .117 26 .571 223 .19 8.384 65.85 15 .82 1 .452 2.502 183. 27 5 .514 53. 124
97. 12 5 .144 27 .282 231 .55 8.337 66.06 17 .33 1 .573 3.054 184 93 6. 602 53. 687
98. 88 5 .868 27 . 666 240 .68 9.923 66.50 17 .53 1 .913 3.130 187 .27 6..461 54..548

102. 65 5 .916 28 .392 250 .55 9.821 67.16 19 .09 1 .939 3.732 190 .54 5 324 55 .640
104. 62 5 .618 28. 797 260 .72 10.508 67.98 19 .42 1 .874 3.850 191 .41 6..366 56 .098
110. 13 5 .408 29 .854 271 .16 10.361 68.97 21 .10 2 .098 4.547 195 .77 5.. 136 58 .062
115. 79 5 .918 30 .929 281 .45 10.215 69.99 21 .01 2 .496 4.758 197..64 6..099 59 .036
121. 79 6 . 089 32 . 025 291 .59 10.070 71.06 23 .24 2 .158 5.455 200 .50 4.,991 60 .531
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T able  II ( Continued)
T, °K.« A Tb Csatdc T, °K.a A Tb Csntdc
24. 39 3. 072 5. 964 200.80 4. 935 60. 800
25. 39 2. 133 6. 402 203.59 5. 795 62. 781
27. 46 3. 055 7. 329 204.90 3. 821 63. 865
27. 67 2. 414 7. 415 207.93 4. 606 66. 769
30. 67 3. 354 8. 777
34. 19 3. 683 10. 420 Crystals I
37. 97 3. 865 12. 138
42. 22 4. 631 14. 060 213.72 1. 475 84. 42
47. 00 4. 936 16. 126 215.22 1 519 81. 22
52. 04 5. 142 18. 207 216.74 1. 519 81. 08
55. 38 6. 215 19. 518 218.25 1. 515 81. 25
56. 90 4. 580 20. 117 218.72 3. 938 81. 40
61. 74 e. 509 21. 944 219.76 1. 504 81. 89
67. 92 5. 846 24. 093 221.12 3. 920 82. 43
73. 96 6. 244 26. 014 222.43 4. 751 83. 07
79. 97 5. 782 27. 873 222.62 3. 860 83. 29
85. 95 6. 169 29. 661 224.99 3. 820 84. 98
91. 95 5. 829 31. 246 226.43 3. 746 86. 20
93. 23 6. 174 31. 563 228.74 3. 685 88. 65
97. 85 5. 981 32. 709 230.10 3. 605 90. 21
99. 25 5..870 33. 046

104. 17 6..648 34. 224 Liquid
110. 67 6. 355 35. 714
114. 99 5 .316 36. 736 240.33 3. 830 81. 67
117. 32 6 953 37. 241 244.54 4. 593 81. 58
120 22 5 149 37,.886 247.36 4,,712 81..64
124. 14 6 683 38. 755 249.13 4..580 81..71
130..71 6 .446 40..171 252.07 4..702 81..76
137 .63 7 .406 41 .666 256.01 9 .183 81 .98
144 .91 7 .146 43 .271 265.12 9 .047 82 .61
151 .15 5 .951 44 .679 274.86 10 .430 83 .52
151 .93 6 .907 44 .859 285.23 10 .301 84 .62
157 .02 5 .791 46 .029 295.46 10 .162 85 .87

305.55 10 .026 87 .12

1i-Hcxadecene
Crystals 159.88 8 .434 59 .901

161.36 7 .321 60 .231
11 .92 1 .075 1 .383 164.55 7 .328 61 .208
12 .59 1 .381 1 .617 168.57 7 .085 62 .353
13 .25 1 . 603 1 .863 163.61 9 .032 62 .388
14 .26 1 .989 2 .244 172.63 8 .835 63 .604
14 .81 1 .513 2 .458 175.55 6 .888 64 .485
16 .23 1 .950 3 .032 177.48 8 .699 65 .103
16 .29 1 .451 3 .059 182.55 11 .006 66 .703
17 .81 1 .576 3 .738 186.43 9 .212 68 .000
18 .31 2 .220 3 .954 193.32 8 .363 70 .289
19 .56 1 .918 4 .558 195.74 9 .405 71 .302
20 .82 2 .785 5 .196 200.67 8 .109 72 .999
21 .56 2 . C73 5 .561 205.44 9 .998 75 .060
23 .50 2 . 587 6 . 599 208.62 7 .791 76 .372
24 .04 2 .889 6 .873 215.22 9 .544 79 30rf
26 .18 2 .775 8 .058 217.89 9 .475 80 .25*
27 .11 3 .245 8 . 565 224,52 9 .072 84 .30'*
29 .15 3 . 152 9 .719 227.10 8 . 938 85 .83d
32 .53 3 . 600 11 .710 231.83 4 .273 89 .38*
36 .05 3 .424 13 .781 233.32 8 .513 90 .82''
39 .16 2 ,9"2 15 .595 235.70 8 .269 94 .02'*
42 .66 4 .021 17 . 636 236.01 4 .091 94 .06*
46 .67 4 .003 19 .889 239.97 3 .822 101 .97 *
50 .88 4 .4 :4 22 .199 241.28 7 .414 106 .4*
55 .45 4 .714 24 . 590 243 57 3 .372 118 .5*
55 90 6 .081 24 .812 250 52 1 .741 133 . 12*
61 62 5 . 363 27 .694 250.90 3 . 075 132 .32'*
67 .21 5 .819 30 .277 252.28 1 .775 129 .96''

72 .79 5 .346 32.617 254 .00 3 .1 3 0 129. 20*
78 .36 5 .786 34.896 254 .24 2 .138 129. 20 "
84 .1 2 6 .16 8 37.166 256 .54 2 .46 9 130. 84*
84 .3 3 6 .154 37.267 257.11 3 .0 9 0 131. 32*
90 .1 9 5 .122 39 .318 260 .22 3 .00 2 135. 82
90 .4 5 6 .507 39 .424 263 .10 2 .887 142. 10
9 1 .0 4 7 .265 39.602 265.93 2 .753 150. 13
96 .2 5 7 .00 0 41.253 273.47 2 .14 0 186. 24
97 .12 6 .82 5 41.531
9 8 .09 6 .842 41.835 Liquid

103.52 7 .55 2 43.537
104.40 7 .74 0 43.805 279 .38 3 .4 6 4 114. 15
105.22 7 .40 4 44.044 279.43 3 .46 9 114. 05
111.31 8 .02 6 46.004 280 .09 3 .45 9 114. 17
112.22 7 .90 5 46.262 280 .35 3 .19 3 113 .96
112.44 7 .037 46.272 283 .59 4 .61 7 114 .45
119.55 8 .44 3 48.587 284.11 5 .991 114 .50
119.93 7 .51 0 48.683 284 .98 6 .853 114 .41
127.60 7 .66 4 50.861 285 .38 6 .87 8 114 .48
127.68 7 .983 50 .886 285 .54 6 .147 114 .38
135.63 8 .39 5 53.120 285 .70 8 .37 3 114 .48
143.86 8 .0 6 4 55.389 291 .67 6 . I l l 115 .03
151.78 7 .773 57.577 297.76 6 .068 115 .85
153.92 7 .562 58.134 303 .47 6 .002 116 .62
157.09 7 .587 59.035 303.81 6 .02 7 116 .61

a T is the mean temperature of each heat capacity meas
urement. b A T is the temperature increment of each meas
urement. e Csat,i is the heat capacity of the condensed 
phase at saturation pressure. d These values are corrected 
for the effect of curvature.

T a b l e  III

E q u a tio n s  f o r  t h e  M o la l  H e a t  C a p a c it y  in  t h e  L iq u id  
Sta t e

C»»td(liq.) =  a +  bT +  cT 2 +  dT3, cal. deg.-1 mole-1
No.

carbon Range,
atoms a b c X 10> d X 10« °K.«

6 47.387 -0 .1 5 4 3 7 0.6502 -  0.579 150-310
7 57.770 -  .20286 .8252 -  0 .755 160-300
8 80.470 -  .38451 1.4907 -  1.535 200-310

10 116.962 -  .60967 2.1869 -  2.181 240-360
11 129.669 -  .63665 2.1538 -  1.979 245-310
12 350.670 -2 .8 7 6 6 9.9525 -1 1 .0 0 0 245-305
16 328.58 -2 .0 1 3 1 5.9000 -  5.167 280-310
“ The temperature range in which the heat capacity equa

tion represents the observed data within about ± 0 .0 5 % .

The Heats of Transition and Transition Temperatures.—
Isothermal phase transformations were found to occur in 
1-decene, i-undecene and 1-dodecene. For each compound 
two or more measurements were made of the total enthalpy 
increase over a finite temperature interval (5 -2 0 °)  that in
cluded the transition temperature. To calculate the latent 
heats of transition, the energy absorbed non-isothermally 
was computed from the heat capacity data and subtracted 
from the total energy input. Corrections for premelting 
were applied as necessary. The results of these experiments 
are summarized in Table IV .

T a b l e  IV

T h e  M o l a l  H e ats  an d  E n tr o pie s  o f  T r a n sit io n  an d  
T r a n sitio n  T e m p e r a t u r e s

Compound
T trana.

°Iv.
AiTtrana-

cal.
A .S  trana.

cal. deg. -1
l-Decene 198.3 1900° 9 .58
1-Undecene 217.3 2202 ±  26 10.13
1-Dodecene 212.9 1088 ±  46 5.11
0 The value tabulated is the maximum value from four 

determinations; see text. ‘ The uncertainty indicated is 
the maximum deviation of two results from the mean.
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Relatively good precision was obtained in the measure
ments of the heats of transition of 1-undeeene and 1-dode- 
cene, but poor precision was obtained in the experiments on 
1-decene. The results of four determinations of the heat of 
transition of 1-decene are: 1865, 1874, 1883 and 1903 cal. 
mole-1 . For 1-decene, approximately three weeks was re
quired to effect the transformation of crystals I to crystals 
II , and it is likely that complete transformation was not ob
tained before every determination. For this reason, it is 
believed that the highest value obtained for the heat of 
transition is the most reliable. A  rounded value of 1900 
cal. mole-1 was chosen for the heat of transition of 1-decene.

The transition temperatures listed in Table IV  were de
termined from observations of the temperature of a sample 
as a function of fraction transposed (fraction of sample 
present in the form of crystals I ) . In the studies of 1-decene 
and 1-dodecene true equilibrium was not observed and the 
results were extrapolated with the assumption that the 
equilibration rate was an exponential function of time. The 
results of the experiments are

1-Decene
%  Transposed 
T, °K .

1-Undecene 
%  Transposed 
T, °K .

1-Dodecene 
%  Transposed 
T, °K .

13 27
198.17  198 .24

19 47
216 .96  217 .19

46* 53*
212 .40  212 .42

80* 82* 
198.32 198.29

76
217.30

78*
212.91

The results indicated by asterisks are single points ob
served in the course of separate heat of transition experi
ments.

The Heats of Fusion, Triple Point Temperatures and 
Sample Purities.— The heats of fusion of the seven 1-olefin 
hydrocarbons were determined in the manner described for 
the heats of transition. The results are presented in Table 
V . Four determinations of the heat of fusion of 1-octene 
gave the unusually large spread of values 3641 to 3660 cal. 
mole-1 . This poor precision may have been due to incom
plete crystallization or to formation of partially disordered 
crystals (see Discussion). In either case, the maximum 
value would be most reliable and, for this reason, was chosen 
as the heat of fusion. Poor precision also was obtained in 
three determinations of the heat of fusion of 1-heptene crys
tals II  (3007 to 3021 cal. m ole-1 ). The largest value ob
tained also was chosen for this compound because crystals 
II  tended to transpose to crystals I (with smaller heat of 
fusion) in the region of the melting point.

T a b l e  V

T h e  M o la l  H e a t s  an d  E n t r o p ie s  o r  F u sion  an d  the 
C ryo sco pic  C o n st an t s  of S e v e n  1-O le f in  H yd r o c a r b o n s

No.
carbon
atoms

Tt.f.®,
°K.

Aiîfuaioni
cal.

A-Sfusion, 
cal. 

deg. “>
A,b 

deg. -I
B,c

deg.-1
6 133.39 2234 ±  0d 16.75 0.06318 0.00437
7 (I) 154.30 2964 ±  ld 19.21 .06265 .00396
7 (II) 153.89 3021e 19.63 .06419 .00403
8 171.46 3660e 21 .35 .06265 .00343

10 206 .89 3300 ±  2d 15.95 .03880 .00544
11 223 .99 4061 ±  0d 18.13 .04073 .00563
12 237.93 4758 ±  O'' 20 .0 0 .04229 .00587
16 277.51 7216 ±  4'' 26 .0 0 .04715 .00856
“ The estimated accuracy uncertainty of the values listed is 

± 0 .0 5 ° K .  b A is the first cryoscopic constant, AHtmim/
HT2t.p . c B is the second cryoscopic constant, I /J ’t.p. — 
ACf„8io„ /2 A ff r„5i„„. d The uncertainty indicated is the 
maximum deviation from the mean of two to five deter
minations. “ The value listed is the maximum value from 
several determinations; see text.

T able V I

M elting P oint Summaries for 1-O lefin H ydrocarbons 
Liq., % 1/F  Tobwi 0 Iv. 7'graph. °KA

1-Hexene (impurity =  0.04 ±  0.01 mole %)
11.86  8 .432  133.3370 133.3365
26 .01  3 .84 5  133.3666 133.3674

50 .3 6 ° 1 .986“ 133.3799“ 133.3799
70.59 1 .417 133.3847 133.3837
8 8 .8 0 “ 1 .126“ 133.3857“ 133.3857

100 1.00 133.3865
Pure 0 133.393

1-Heptene (I) (impurity =  0.24 ±  0.05 mole %)
11.38 8 .78 7 154.0303 153.96
2 7 .06 3 .095 154.1725 154.158
5 0 .7 4 “ 1 .971“ 154.2233“ 154.2232
71.26 1.403 154.2439 154.2447
8 2 .3 2 “ 1 .215“ 154.2519“ 154.2519

100 1.000 154.2600
Pure 0 154.298

1-Hcptene (II) (impurity =  0.14 ±  0.1 mole % )

2 1 .0 3 “ 4 .7 6 “ 153.7859“ 153.7859
5 0 .1 6 “ 1 .9 9 “ 153.8470“ 153.8470

100 1.00 153.869
Pure 0 153.89

1-Octene (impurity = : 0.06 ±  0.02 mole % )

10.76 9 .294 171.3808 171.369
25 .5 7 3 .911 171.4212 171.4209
5 0 .5 8 “ 1 .977“ 171.4396“ 171.4396
70.91 1 .410 171.4475 171.4451
9 1 .2 4 “ 1 .096“ 171.4481“ 171.4481

100 1.000 171.4490
Pure 0 171.459

1-Decene (A) (impurity =  0.11 ±  0.02 mole %)
9 .72 10.29 206.6281 206 .60

21 .86 4 .575 206.7662 206.764
4 2 .5 1 “ 2 .35 2 “ 206 .8259“ 206.8259
59 .1 0 1 .692 206.8440 206.8444
7 5 .7 1 “ 1 .321“ 206 .8547“ 206.8547

100 1 .000 206.8637
Pure 0 206.892

1-Decene (B) (impurity =  0.09 ±  0.03 mole % )
11.04 9 .057 206.7373 206 .67
26 .45 3 .781 206.8094 206.797
47.85 2 .090 206.8397 206 .838
51 .68 1.935 206.8461 206.842
52.31 1.912 206.8466 206.843
68.71 1.455 206.8497 206 .854
7 1 .1 3 “ 1 .40 6 “ 206 .8548“ 206.8548
9 0 .5 6 “ 1 .10 4 “ 206 .8621“ 206.8621

100 1 .000 206.8646
Pure 0 206.889

1-Undecene (impurity =  0.04 ±  0.01 mole % )
1 0 .1 2 ' 9 .8S0 223.9144 223.89
24 .3 7 4 .103 223.9500 223.947
4 4 .0 3 “ 2 .2 7 1 “ 223 .9648“ 223.9648
63 .66 1.571 223.9702 223.9715
8 6 .8 8 “ 1 .151“ 223 .9755“ 223.9755

100.00 1 .000 223.9770
Pure 0 223.987

l-Dodeoene (impurity =  0.08 ±  0.04 mole %)
8 .6 7 11.54 237.7961 2.37.71

23 .3 6 4 .281 237.8697 237.85
48 .0 4 2 .082 237.8944 237.891
6 7 .8 2 “ 1 .475“ 237 .9026“ 237.9026
8 7 .5 9 “ 1 .142“ 237 .9090“ 237.9000

100.00 1 .000 237.9117
Pure 0 237.931
“ A  straight line through these points was extrapolated 

to 1/F — 0 to obtain the triple-point temperature, Tt .p . 
b Temperatures read from the straight line of footnote a.



298 J. P. M cCullough, H. L. F inke , M. E. Gross, J. F. M esserly and G uy W addington Vol. 61

For each compound, a study of the equilibrium melting 
temperature as a function of the fraction of sample melted 
was made by the method outlined in an earlier publication 
from this laboratory.20 The results for each compound 
except 1-hexadecene are given in Table V I. The equilib
rium temperatures, Tobsd, were plotted as a function of _ 1 /F , 
the reciprocal o: the fraction of total sample in the liquid 
phase. Except for 1-hexadecene, the triple point tempera
tures, 2 t .p., listed in Table V  were determined by linear 
extrapolations to zero value of 1 /F. If the impurities pres
ent in the samples form ideal solutions in the liquid phase and 
are insoluble in the solid phase the relation between mole 
fraction of total impurity, Ni*, and melting point depression, 
AT — T t .p. — TCbsd, is21

-  ln (l -  N2) =  AAT{\ +  BAT + _____) (1)

where N2 =  N2*/F. The cryoscopic constants, A =  
A-fffusion/Ei^T.P. and B =  1 /7 ’t .P. — ACfusion/2 A /i fusion, 
were calculated for each compound from the values of 
Afffusion and Tt p . in Table V  and values of AChision ob
tained from data in Table V III  (discussed in the following 
section). Values of A and B are included in Table V. The 
impurity values given in Table V I were calculated by ap
plication of eq. 1 in its simplified form (for N2* < <  1), N2* 
=  AF AT.

A  plot of Tobad vs. 1/F  for 1-hexadecene departs markedly 
from linearity, perhaps because the impurity was partly 
soluble in solid 1-hexadecene. The results for 1-hexadecene 
were treated by the method described by Mastrangelo and 
D ornte,22 which takes solid-solution formation into account. 
The calculations are summarized in Table V II . The effect 
of the relatively large amount of impurity on the entropy 
values reported fcr 1-hexadecene is probably insignificant 
because the impurity is most likely an isomeric substance 
with nearly the same thermodynamic properties.

T able  V II

1-Hexad ecen e : M elting P oint Summary“

T t .p . =  277.51 ±  0 .0 5 °K .; impurity =  1.3 mole % ;  dis
tribution coefficient, K  =  0.252. 

l
Liq., % IF +  A7(l -  A)] Tobsd., °K. Scaled., °K.
14.10 2.089 270.896 276.938
25.02 1.677 277.052 277.051
49.70 1.198 277.183 277.183
09.74 0.967 277.242 277.246
89.70 0.810 277.287 277.289

“ Values of T t .p ., K  and sample impurity were
calculated with the aid of expressions given in ref. 22.

Although some of the other 1-olefins showed appreciable 
departure from linearity in plots of T/bad vs. 1/F,  the data 
for these relatively pure samples were not treated by the 
solid-solution method.22 Experience in this Laboratory 
has shown that the solid-solution treatment is best applied 
only to data for relatively impure samples or for compounds 
with low cryoscopic constants. Also, the presence of several 
impurities with different distribution coefficients, is often a 
complicating factor.

The Chemical Thermodynamic Properties in the Solid 
and Liquid States.— The low temperature calorimetric data 
for each 1-olefin were used in calculating values of the free 
energy function, heat content function, heat content and 
entropy in the solid and liquid states at selected tempera
tures between 10 and 360 °K . The values at 1 0 °K . were 
calculated from Debye functions, the parameters for which 
were evaluated from the heat capacity data between 12 and 
2 0 °K .23 The thermodynamic properties above 1 0 °K . were

(20) S. 3. Todd, G. D. Oliver and II. M. Huffman, J. Am. Chem. 
Soc., 69, 1519 (1947).

(21) A. R. Glasgow, Jr., A. J. Streiff and F. D. Rossini, J. Research 
Natl. Bur. Standards, 35, 355 (1945).

(22) S. V. R. Mastrangelo and R. W. Dornte, J. Am. Chem. Soc., 77, 
6200 (1955).

(23) The number of degrees of freedom and characteristic tempera
tures, respectively, of these Debye functions were: 1-hexene, 5 and 
123.1°; l-heptene(I), 5 and 119.1°; l-heptene(II), 5 and 121.1°; 
1-oetene, 5 .' and 113.9C; 1-decene, 6 and 115.5°; 1-undecene, 7 and 
123.4°; 1-dodecene, 6 and 106.0°; and 1-hexadecene, 8 and 113.3°.

calculated from the values for the heats and temperatures of 
phase changes and from increments computed by appropriate 
numerical integration of values Csata read from large scale 
plots of the data of Table I I . The results are recorded in 
Table V III . Corrections for the effects of premelting were 
applied as necessary in computing the “ smoothed”  data in 
this table.

T able  V III

T he M olal T hermodynamic P roperties of Seven  1- 
Olefins in the Solid and L iquid States“

T,
°K.

— (Uaatd —
Ho°)/T,

cai.
deg .'1

(i/satd —
Ho°)/T,

cal.
deg.-1

flaatd — hi 0,
cal.

Nr,it(! .
cal.

• deg.“ 1

Gsatd,
cal.

deg.“1
1-Hexene
Crystals

10 0 035 0.104 1.040 0.139 0.412
15 .116 .339 5.080 .455 1.292
20 .263 .723 14.460 .986 2.499
25 .475 1.217 30.42 1.692 3.892
30 .746 1.781 53.42 2.527 5.315
35 1.066 2.388 83.57 3.454 6.733
40 1.426 3.016 120.64 4.442 8.081
45 1.818 3.649 164.20 5.467 9.330
50 2.235 4.277 213.84 6.512 10.511
60 3.123 5.498 329.8 8.621 12.647
70 4.058 6.653 465.7 10.711 14.464
80 5.018 7.733 618.6 12.751 16.108
90 5.988 8.750 787.4 14.738 17.613

100 6.960 9.701 970.1 16.661 18.899
110 7.927 10.594 1165.3 18.521 20.141
120 8.885 11.440 1372.7 20.325 21.339
130 9.833 12.246 1591.9 22.079 22.503
133.39 10.152 12.512 1668.9 22.664 22.891

Liquid

133.39 10.152 29.259 3902 39.41 36.88
140 11.57 29.618 4146 41.19 36.86
150 13.63 30.10 4515 43.73 36.88
160 15.59 30.52 4884 46.12 36.96
170 17.45 30.91 5254 48.36 37.10
180 19.23 31.25 5626 50.49 37.30
190 20.93 31.58 6000 52.51 37.56
200 22.55 31.89 6378 54.45 37.89
210 24.12 32.18 6759 56.30 38.28
220 25.62 32.47 7144 58.09 38.73
230 27.07 32.75 7533 59.83 39.23
240 28.47 33.03 7928 61.51 39.78
250 29.83 33.31 8329 63.14 40.39
260 31.14 33.60 8736 64.74 41.02
270 32.41 33.89 9150 66.30 41.70
273.16 32.81 33.98 9282 66.79 41.93
280 33.65 34.18 9571 67.83 42.44
290 34.85 34.48 9999 69.33 43.18
298.16 35.81 34.72 10354 70.55 43.81
300 36.03 34.78 10435 70.81 43.96
310 37.17 35.09 10878 72.27 44.76

1-Heptene 
Crystals II

10 0.036 0.109 1.091 0.145 0.433
15 .122 .359 5.389 481 1.357
20 .277 .755 15.102 1.032 2.582
25 .498 1.265 31.62 1.763 4.040
30 .779 1.852 55.56 2.631 5.552
35 1.113 2.490 87.16 3.603 7.085
40 1.488 3.159 126.36 4.647 8.600
45 1.900 3.842 172.90 5.742 9.994
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T a b l e  V III (Continued)

T,

— (Fsutd —
Ih°)/T,

cal.

{ I[¡i'Lt il --
Ih°)/T, 

cal. H, aid  -  Th°, cai.
Ca.atd,

cal.
°K. deg.-■ deg.-1 cal. d egù 1 deg.“ 1

50 2 .340 4 .525 226 .24 6 .865 11.343
60 3 .285 5 .869 352.1 9 .15 4 13.773
70 4 .287 7 .15 4 5 00 .8 11.441 15.901
80 5 .322 8 .36 8 669 .4 13.690 17.822
90 6 .374 9 .51 9 856 .7 15 893 19.572

100 7 .435 10.600 1060.0 18.035 21.078
110 8 .493 11.618 1278.0 20 111 22.484
120 9 .546 12.580 1509.7 22.126 23.858
130 10.589 13.500 1755.0 24.089 25.219
137 11.314 14.123 1934.9 25.437 26.176

137 11.314

Crystals I 
14.564 1995.3 25 .878 26.130

140 11.631 14.817 2074 .4 26 .448 26.529
150 12.682 15.641 2346 .2 28.323 27.852
154.30 13.128 15.990 2467.2 29 .118 28.425

154.30 13.128 35.196

Liquid

5430.7 48 .324 4 3 .3 8
160 14.41 3 5 .49 5678 4 9 .9 0 4 3 .36
170 16.58 3 5 .9 5 6112 52.53 43 .42
180 18.64 3 6 .37 6547 55.01 43 .5 9
190 20 .62 3 6 .76 6984 5 7 .38 43 .8 4
200 22.51 37.12 7424 59 63 44 17
210 24 .3 4 3 7 .46 7867 6 1 .80 44 .5 7
220 26 08 3 7 .80 8315 6 3 .88 4 5 .0 4
230 27 .78 38 12 8768 6 5 .90 4 5 .5 8
240 29 .4 0 3 8 .45 9227 67 .85 46 .1 8
250 30 .9 8 38 .77 9692 69 .75 46 .8 4
260 32 .51 39.09 10164 7 1 .60 47 .5 4
270 33 .9 8 39.42 10643 7 3 .40 48 .2 8
273.16 34 .45 39.52 10796 73 .97 48 .5 4
280 35.43 3 9 .75 11130 7 5 .18 49 .0 8
290 36.82 40.09 11625 76.91 49 .9 0
298.16 37.95 4 0 .36 12035 78.31 50 .62
300 38 19 40.43 12128 78 .62 50 .8 0

10 0 .04 8

1-Oetene
Crystals

0 .1 4 4  1 .438 0 .19 2 0 .56 9
15 .160 .457 6 .859 .617 1.681
20 .354 .942 18.841 1.296 3 .16 4
25 .628 1.552 38 .8 0 2 .18 0 4 .83 2
30 .971 2 .243 67 .2 8 3 .21 4 6 567
35 1 372 2 .985 104.46 4 .357 8 .29 6
40 1 .820 3 .752 150.06 5 .572 9 .923
45 2 .307 4 .523 203 .55 6 .830 11.458
50 2 .823 5 .289 264 .45 8 .112 12.893
60 3 .92 0 6 .778 4 06 .6 10.698 15.503
70 5 .07 2 8 .19 0 573 .3 13.262 17.765
80 6 .253 9 .515 761.1 15.768 19.779
90 7 .446 10.761 9 68 .4 18.207 21.622

100 8 .641 11.928 1192.8 20.569 23.237

110 9 .83 0 13.024 1432.6 22 .854 24.724
120 11.009 14.060 1687.2 25 .069 26.182

130 12.173 15.047 1956.1 27 .220 27.587

140 13.323 15.992 2238.9 29.315 28.978

150 14.45 16.904 2535.6 31 .3 6 3 0 .3 6

160 15.57 17.789 2846.3 33 .3 6 31 .7 6

170 16.68 18.653 3170 35.33 33 .1 6
171.46 16.84 18.777 3219 35 .61 33 .36

171.46 16.84 40 .12

liquid

6879 56 .9 6 50 .94

180 18.80 40.63 7313 59 .43 5 0 .7 8
190 21.01 4 1 .16 7821 6 2 .1 8 50 .7 6
200 23 .1 4 4 1 .64 8329 64 78 50 .9 2
210 25 .1 8 42 .09 8840 67 .27 51 .23
220 27 .15 4 2 .52 9354 69 .67 51 .6 6
230 29 .05 42 .93 9874 7 1 .98 52.21
240 30 .8 8 43 .33 10399 74.21 52 .83
250 32 .66 43 .72 10930 7 6 .38 53 .5 2
260 34 .3 8 44.11 11470 7 8 .50 5 4 .28
270 36.05 4 4 .5 0 12017 8 0 .56 55.11
273.16 36.57 44 .63 12191 8 1 .20 55 .38
280 37 .6 8 4 4 .90 12572 8 2 .58 55 .98
290 39 .2 6 4 5 .30 13136 84 .56 56.90
298 .16 40 .5 2 4 5 .62 13604 86 .15 57 .65
300 40 .80 4 5 .70 13710 86.51 57.83
310 42.31 4 6 .10 14293 88 .42 58.81

1-Decene 
Crystals II

10 0 .050 0 .150 1 .502 0. 200 0 .597
15 .166 .486 7..284 652 1 .812
20 .375 1 .012 20 .245 1. 387 3 .433
25 .671 1 .682 42 06 2. 353 5 .304
30 1 .043 2 .447 73 .39 3 490 7 .228
35 1 . 4S2 3 .274 114 .60 4. 756 9 .232
40 1 .975 4 .138 165 .52 6. 113 11 139
45 2 .513 5 .020 225 .88 7. 533 12 993
50 3 .088 5 .906 295 .29 8. 994 14 747
60 4 .320 7 .656 459 .3 11. 976 18 .022
70 5 .629 9 .348 654 3 14. 977 20 .900
80 6 .982 10 .953 876 .2 17. 935 23..473
90 8..361 12 .482 1123 .3 20. 843 25..853

100 9..752 13 .922 1392 .1 23..674 27 .878
110 11 .143 15 .279 1680,.7 26. 422' 29 .829
120 12 .528 16..571 1988 .4 29 099 31 .70
130 13. 90 17 .804 2314 .5 31. 70 33 .50
140 15..26 18..990 2658 .5 34. 25 35 .28
150 16 61 20..136 3020 36. 75 37 07
160 17..95 21 .252 3400 39. 20 38 .91
170 19 .27 22 .348 3799 41. 62 40. 87
180 20 .58 23 .438 4218 44. 01 43 10
190 21 .87 24 .536 4661 46. 41 45 .59
198.3 22 .94 25 .482 5053 48..42 49 .24

Crystals I

198.3 2 2 .9 4 3 5 .06 5953 58.01 66 26
200 23 .2 4 35 .33 7066 58 .5 7 67.05
206.89 24 .46 3 6 .44 7539 60 .90 70 24

Liquid

206.89 24 .4 6 5 2 .39 10839 76 .85 66 .2 4
210 25 24 52 59 11045 7 7 .84 66 .0 8
220 27 .7 0 5 3 .20 11704 8 0 .90 6 5 .82
230 30 08 53.75 12363 83 .83 65 .99
240 32 .3 8 54.27 13025 86 .65 6 6 .46
250 34 .60 54.77 13693 8 9 .38 67.11
260 36 .7 6 55 26 14368 9 2 .02 67.91
270 38 .86 5 5 .7 4 15051 9 4 .60 68 .85
273.16 39.51 5 5 .90 15269 95.41 69 .1 6
280 40 .89 56.23 15745 97 .13 69 .8 4
290 42 .87 5 6 .72 16448 99.59 70 .89
298 .16 44 .45 57 .12 17030 101.58 71 .78
300 4 4 .80 57.21 17163 102.02 71 .99
310 46.69 57 .7 0 17888 104.40 73 .15
320 48.53 5 8 .2 0 18626 106.74 7 4 .3 4
330 50.33 58.71 19375 109.04 7 5 .55
340 52 09 59 .2 2 20137 111.32 76.76
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T able V III  ( Continued) 100 11.548 16.484 1648.4 28 .032 3 3 .2 2
~ (Ceatd — (//satd 110 13.19 18.113 1992.4 31 .31 3 5 .5 6flo ° ) / T , Ha  ° ) / T , - Osatd*

T, Cal. cal. Hnatd ’ Ha°, cal. cal. 120 14.84 19.663 2359.6 3 4 .50 3 7 .8 4
°K. deg. -i deg.-1 cal. deg.-t deg.~> 130 16.47 21.147 2749 37.61 40 02

350 53.81 59.74 20911 113.56 77 .97 140 18.09 22.572 3160 4 0 .66 4 2 .17
360 55 .5 0 60 .27 21697 115.77 79.21 150 19.69 23.953 3592 4 3 .64 4 4 .4 2

l-Undeoone 160 21.28 25.304 4048 4 6 .58 4 6 .72
Crystals II 170 22.86 26.638 4528 49 .4 9 4 9 .2 7

10 0 .048 0 .14 5 1.447 0 .193 0 .574 180 24.41 27.973 5035 52 .39 5 2 .12
15 .161 .470 7 .057 .631 1.783 190 2 5 .96 29.329 5572 55 .29 5 5 .5 0
20 .366 1.008 20.162 1 .374 3 .522 200 2 7 .50 30.75 6150 58 .25 6 0 .35
25 .663 1.711 42 .7 6 2 .374 5 .550 210 2 9 .04 3 2 .34 6792 61 .3 9 69 39
30 1.045 2 .52 4 75 .7 0 3 .569 7 .653 212.90 29 .49 32 .88 7000 62 .37 7 4 .4 6
35 1.501 3 .41 2 119.42 4 .913 9 8 .28
40 2 017 4 .347 173.88 6 .364 11.943 crystals 1

45 2 .584 5 .307 238 .80 7 .891 14.002 212.90 2 9 .49 37 .99 8089 6 7 .48 8 5 .7 2
50 3 .194 6 .273 3 13 .6 9 .467 15.900 220 3 0 .76 39.41 8670 73 .17 8 1 .75

60 4 .507 8 .186 491.1 12.693 19.541 230 32 .55 41 .39 9519 73 94 8 9 .32

70 5 .909 10.042 7 02 .9 15.951 22.714 237.93 3 3 .99 43 .1 2 10260 77.11 9 7 .3 4
80 7 .366 11.803 944 .2 19.169 25.518 Liquid
90 8 .85 4 13.474 1212.6 22 .328 28.083 237.93 33.99 63 .12 15018 97.11 8 1 .4 6

100 10.355 15.046 1504 5 25.401 30 .2 4 240 34.53 63 .28 15187 97 .81 8 1 .49
110 11.859 16.523 1817.4 28 .382 32 .3 2 250 37.13 64.01 16003 101.15 81 .73
120 13.35 17.924 2150 .8 31 .2 8 34 .3 2 260 39.66 64 .70 16822 104.36 82.21
130 14.84 19.259 2503.6 34 .1 0 36 .2 2 270 42.11 65 .36 17648 107.48 8 3 .0 4
140 16.32 20.537 2875.2 36 .8 5 38 .07 273 16 42 87 65.57 17911 108.45 83 35
150 17.77 21.768 3265 3 9 .5 4 39 .95 280 4 4 .50 66.01 18484 110.51 8 4 .04
160 19.22 22.966 3674 42 .1 8 41 .89 290 46.83 66 .65 19330 113.48 8 5 .18
170 20 .6 5 24.137 4103 4 4 .7 8 43 .8 8 298.16 4 8 .68 67.17 20029 115.87 8 6 .20
180 22 .0 6 25.292 4552 47 .3 5 45 .99 300 4 9 .10 67 .29 20188 116.39 86.43
190 23 .46 26.441 5023 49 .9 0 48 .2 4 310 51.32 67 93 21059 l i t . 25 87 .69
200 24 .8 4 27.592 5518 52 .43 50 .7 5 1 XT l
210 26 .22 28.765 6040 54 .9 8 53.81

l-rlexadecene

217.30 27.21 29.650 6442 56 .8 6 56 .43
Crystals

Crystals I 10 0 .071 0 .212 2 .122 0 .283 0 .841
15 .236 .680 10.207 .916 2 .53 2

217 .30 27.21 3 9 .7 8 8645 6 7 .00 78 .13 20 . 526 1.413 28.265 1.939 4 .78 5220 27.71 40.26 8859 6 7 .98 80 .19
25 .938 2 .345 58.61 3 .283 7 .399223.99 28 .4 4 4 1 .00 9185 69 45 83 .2 8
30 1.459 3 .419 102.57 4 .87 8 10.212

Liquid 35 2 .07 4 4 .602 161.08 6 .676 13.168
223.99 28 .4 4 59.13 13245 87 57 73 .82 40 2 .769 5 .853 234.12 8 .622 16.038
230 30 .01 59.51 13688 89 .53 73 .6 6 45 3 .533 7 .144 321 .4 10.677 18.910
240 32 .55 60.10 14425 92 .66 73 .69 50 4 .35 4 8 .463 423.1 12.817 2 1 .7 1 8
250 35 .0 2 60.65 15164 95 .68 74 19 60 6 .131 11.110 666 .6 17.241 26 .916
260 37.41 61.19 15909 98 .60 74.91 70 8 .04 0 13.703 959.1 21 743 31 .4 5
270 39 .73 61.71 16663 101.45 75 .8 2 80 10.033 16.181 1294.4 26 .214 3 5 .5 6
273.16 40 .45 61.88 16903 102.33 76 .13 90 12.07 18.547 1669.2 3 0 .62 39 .2 5
280 41 .9 8 62.23 17426 104.22 76 .83 100 14.14 20.778 2077.8 3 4 .92 42 .43
290 44 .1 8 62.76 18200 106.94 77 .90 110 16.22 22.889 2517.7 39.11 45 .56
298.16 45 .9 2 6 3 .18 18839 109.12 78 .86 120 18.30 24.910 2989.1 43 .21 48 .6 8
300 46.31 63.28 18985 109.60 79 .0 8 130 20.37 26.850 3490 4 7 .22 51 .55
310 4 8 .4 0 63.81 19782 112.21 80 .3 2 140 22.43 28.715 4020 51 .15 54 .36

1-Dodecene 150 24 .47 30.51 45 .77 54 .99 5 7 .06
Crystals II 160 26 .5 0 32 .2 6 5161 58 .76 59.87

10 0 .065 0 .19 4 1.936 0 .259 0 .765 170 28.51 33 .97 5775 62 .4 8 6 2 .79
15 .214 .610 9 .149 .824 2.221 180 3 0 .50 35 .65 6418 66.15 6 5 .88
20 .470 1 .238 24.752 1 .708 4 .089 190 3 2 .47 37 .33 7093 69 .80 69.19
25 .828 2 .01 8 50 44 2 846 6 .222 200 34.43 39.01 7803 7 3 .44 7 2 .84
30 1 .274 2 .90 5 87 .1 6 4 .179 8 .468 210 36.37 40 .72 8551 7 7 .10 7 6 .92
35 1.793 3 .86 6 135.31 5 .659 10.779 220 38.31 42 .47 9344 80 .7 8 8 1 .6 8
40 2 .37 4 4 .87 2 194.89 7 .24 6 13 058 230 40 .23 44 .3 0 10189 84 .5 4 87 .7 8
45 3 .00 7 5 .90 6 265.75 8 .913 15.250 235 41 .2 0 45 .27 10640 86 48 92 .7 2
50 3 .683 6 .94 8 347 .3 10.631 17.367 240 42 .16 46 .3 4 11123 88.51 101.98
60 5 .13 4 9 .01 6 540 .9 14.150 21.282 245 43 .13 47 .7 2 11691 90 .85 131.00
70 6 .67 5 11.022 771 .5 17.697 24.745 250 44 .15 52 65 13163 96 .8 0 134.27
80 8 .273 12.935 1034.8 21 .208 27.881 260 46 .27 55.68 14476 101.95 135.43
90 9 .903 14.760 1328.3 24.663 3 0 .74 270 48 .4 3 59.07 15949 107.51 161.44
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T able  V III (Continued)
273.16 49 .13 60 .31 16475 109.44 171.52
277.51 50 .09 6 2 .15 17243 112.24 185.32

Liquid
277.51 50 .09 8 8 .14 2445 9 138.24 113.85
280 50 .89 88.39 24 750 139.29 114.04
290 54.01 8 9 .2 9 25895 143.30 114.95
298.16 56 .5 0 90.01 26837 146.51 115.89
300 57 .0 5 90 .1 7 27050 147.22 116.14
310 60 .02 91 .03 28219 151.05 117.57

a The values tabulated are the free energy function, heat 
content function, heat content, entropy and heat capacity 
of the condensed phases at saturation pressure.

As stated in the Discussion, a thermodynamically feasible 
but unobserved transition should occur between crystals I 
and II of 1-heptene near 137°K . For convenience, this 
transition has been included in the table of thermodynamic 
properties of 1-heptene (Table V III ). The entropy of 
liquid 1-heptene was calculated independently from data 
for each of the two crystalline modifications, and the values 
obtained agreed within 0 .06 cal. deg.-1 mole-1 . In Table 
V III , the calculated heat of transition, 60.4 cal. m ole-1 , was 
selected to make the reported entropy values for liquid 1- 
heptene agree with the average of the values calculated in
dependently from data for crystals I and crystals II .

It should be emphasized that 1-undecene, 1-dodecene and 
1-hexadecene possess residual entropy at 0 ° K . and that the 
thermodynamic properties for these three compounds listed 
in Table V III  are not absolute values but are relative to 
orientationally disordered crystals at 0 ° K . (see Discussion).

ANALYSIS OF STRUCTURE IN CHANNEL BLACK DISPERSIONS
B y  A ndries  V o et1

J. M. Huber Corporation, Borger, Texas 
Received August 27, 1956

Recently developed electrical methods have clarified our insight into the processes of particle interaction in dispersions. 
In channel black dispersed in mineral oil not the elementary particle, but a much larger aggregate is the kinetic unit, even 
at high rates of shear. In stabilized systems at rest an interlinked particle network is not apparent, but the kinetic units 
join to form association complexes, partly coiled at rest, and uncoiled at low shear rates, which are destroyed at higher 
rates of shear. In quiescent unstabilized systems extensive reticulation is apparent, strongly promoted by an increased 
temperature, but destroyed at low shear rates. Pronounced hysteresis phenomena have been observed. Rheological data 
are misleading, since the measurement itself destroys the structures, while yield values are not indicative of the degree of 
structural involvement.

1. Introduction
The value of carbon blacks as reinforcing agents 

for rubber or as coloring and bodying agents in 
printing inks is controlled by both particle size and 
by the nature of the surface. While the particle 
size and the surface area are readily determined, 
the interaction between the carbon particles is more 
difficult to study. Such terms as “ structure black” 
have gradually become common, with little more 
evidence of structure than accidental stringing in 
an electron micrograph or the stiffening effect when 
milled into unvulcanized rubber.

While the study of the action of carbon in rubber 
is difficult because of the semi-rigid nature of the 
hydrocarbon, it is possible to conduct such an in
vestigation in liquid hydrocarbons. Electrical 
methods are now available for the study of the 
shape of the particle clusters or chains and to follow 
the rate and extent of the formation of such floccu
lates.2 3 4 5 6“ 7 The application of shear during the elec
trical measurement may provide information re
garding the forces involved in the chain formation.

2. M ethod.— Basically there are three electrical methods 
to evaluate particle flocculation. The d .c. conductivity 
method can follow the building of carbon chains in a system  
at rest and their destruction by shear. A  second method 
makes use of the dielectric constant of the carbon dispersion, 
which does not vary wdth the size of the dispersed particles, 
but depends, at a given volume concentration, primarily

(1) Presented before the Rubber Division, A.C.S., Cleveland, May 
17-19, 1950.

(2 ;  A. Voet, T h is  J o u r n a l , 51, 1037 (1947).
(3) A. Voet and L. R. Suriani, ./. Coll. Sci., 6, 1955 (1951).
(4) A. Voet and L. R. Suriani, ibid., 7, 1 (1952).
(5) A. Voet, Am. Ink Maker. 31, (12), 34 (1953).
(6) M. J. Foster and D. J. Mead, J. Appl. Phys., 22, 705 (1951).
(7) A. A. Bondi and C. J. Penther, T h is  J o u r n a l , 57, 72, 540

(1953).

upon the particle shape. It is lowest for spherical particles 
and increases markedly with increasing particle asymmetry. 
Since flocculation generally leads to the formation of par
ticle chains and other asymmetric structures; any increase 
in the dielectric constant of quiescent dispersions of carbon 
blacks may be related directly to particle flocculation or 
structure. The anisometry of the agglomerate has been 
quantitatively related to the particle shape for rotational 
ellipsoids.8

The third electrical method, by means of dielectric losses, 
appears to be unsatisfactory for carbon black dispersions, in 
view of the large contributions of eddy currents in systems 
of conductive particles.

3. Apparatus
A . The Cell.— The cell used for the measurement of the 

dielectric constant and the conductivity is a double cylindri
cal cell of the immersion type, with an outer stationary and 
an inner, rotating electrode, allowing a variable shear from 
0 -1200  reciprocal seconds and a rapid changeover in samples.

The cell assembly was kept at the selected temperature by 
submerging in an oil-bath, thermostated at the desired tem
perature with an accuracy of ± 0 .0 5 ° .

B . D .c . Conductance.— The d.c. conductance was meas
ured by applying a known voltage across the cell terminals 
and measuring the resulting current. The field strength 
applied was comparatively low in order to eliminate polari
zation effects and generally of the order of 100 m v. per cm. 
It was selected in such a way that Ohm ’s law was valic over 
the entire range of measurements. A  Leeds & Northrup 
micro-micro ampere amplifier permitted accurate measure
ments at low field strengths. The cell constant of the ro
tating electrode was determined with the aid of liqu:ds of 
known conductivity. The magnitude of the applied voltage 
was calibrated with a standard cadmium cell.

C. Dielectric Constant.— Dielectric constants were meas
ured at a frequency of 4 .8  megacycles by means of a Sargent 
Model V  oscillometer. Complete calibration curves were 
established with the aid of known precision capacitors and 
resistors for the entire range of m easu rem en tsC on d u c
tance corrections had to be applied only at the highest con
centration used.

(8) A. P. Altshuller, ibid., 58, 544 (1954).
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4. Preparation of Samples
A single grade of a dried commercial channel black of 6 %  

volatile content was employed. The surface average di
ameter of 27 m/x compared favorably with the value 28.2  
m/x derived from nitrogen adsorption area measurements, 
indicating essentially spherical and non-porous elementary 
particles.

The mineral oil used was a white mineral oil, “ liquid 
petrolatum U .S .P .,”  <i43t> 0.8770; ?t25n 1.4808; viscosity 
160 e.p. at 30 c.

Maximum stability in the stabilized dispersions was 
achieved by combining an ionic stabilizer with a non-ionic 
stabilizer. Non-ionic stabilizers are generally of a resinous 
or asphaltic nature and provide steric protection by adsorp
tion . Ionic stabilizers produce electrically charged particles. 
In the stabilized dispersions the vehicle consisted of 3 %  
Gilsonite combined with 1 %  of a barium salt of a sulfonated 
petroleum product known as “ mahogony acid,”  dissolved 
in the white mineral oil. In the unstabilized dispersions the 
white mineral cil was used as the vehicle.

Dispersions were prepared by incorporating 16 parts of 
black into 84 parts of vehicle with the aid of a three roller 
mill. All other concentrations were made by dilution with 
the vehicle.

5. Experimental Results
A. Conductivity of Stabilized Dispersions.—

Table I gives the results for stabilized dispersions 
at rest as well as when subjected to varying rates 
of shear.

T a b l e  I

C o n d u c t i v i t y  o f  S t a b i l i z e d  D i s p e r s i o n s , E f f e c t  o f  

S h e a r

Rate of
shear, 
sec.“ l

Temp.,
°C. 2

K  X 10 
4

at wt. %  carbon
8 16

0 30 3 .1 2 8 .81 2 3 .0 7 6 .8
320 30 3 .95 10.7 2 6 .6 8 4 .0
426 30 4 .29 11.3 2 7 .8 8 5 .8
632 30 4 .8 3 12.5 2 9 .8 9 0 .3
800 30 5 .3 5 13.5 32 .1 9 4 .0
957 30 5 .83 14.5 3 3 .9 9 8 .0

0 60 11 6 2 9 .8 100 269
320 60 14 .4 3 5 .2 134 289
426 60 15.2 3 7 .0 139 296
632 60 16 .8 4 0 .4 149 309
800 60 18 .4 4 3 .8 153 323
957 60 19 .7 4 7 .0 179 332

0 90 5 1 .0 141 402 958
320 90 5 5 .8 149 4.15 990
426 90 5 6 .9 152 422 998
632 90 5 9 .2 158 429 1016
800 90 6 2 .6 163 440 1035
957 90 6 4 .6 167 449 1051

Table I indicates that the d.c. conductivity of 
stabilized dispersions shows a marked increase with 
the rate of shear.

Conductivities at rest K 0, when plotted against 
the concentration by volume C in a logarithmic plot, 
show linear relationships. In first approximation, 
K 0 may be expressed as follows for the various tem
peratures.

where r) is the viscosity of the vehicle at the indi
cated temperature, while C is the pigment concen
tration by volume, calculated from the weight con
centration by using 1.85 as the density of the pig
ment and 0.8830, 0.8682 and 0.8501 as densities fo." 
the vehicle at 30, 60 and 90°, respectively.

In stabilized dispersions the rest conductivity Ko 
reaches a final value immediately after discontinua
tion of shear. The data of Table I also indicate that 
a linear relation exists between conductivities and 
rates of shear. Furthermore, the conductivity 
increment appears to be proportional to the volume 
concentration C of the black. Thus, for the in
crease in conductivity AK  per unit of shear rate 
the following empirical relation holds

A K  = PCD (2)
whereby D is the rate of shear, expressed in recipro
cal seconds, while P is a constant of the value 2.8,
8.6 and 13.7 X  10-13 at 30, 60 and 90°, respec
tively.

B. Conductivity of Unstabilized Dispersions. 
I. Effect of Shear.—Conductivity coefficients for 
16 and 8% by weight dispersions of channel black 
in white mineral oil, at different temperatures and 
at varying rates of shear, have been plotted in Figs. 
1 and 2. At lower concentrations the pattern of 
the 8% dispersion is followed.

II. Effect of Time.—The changes in conduc
tivity of unstabilized dispersions of channel black 
in mineral oil with time, after discontinuation of 
shear, are plotted in Figs. 3 and 4, for dispersions 
of 8 and 2%  by weight at different temperatures.

C. Dielectric Constant of Stabilized Systems. 
I. Effect of Shear.— The dielectric constants of the 
quiescent stabilized dispersions all showed a de
crease upon being sheared. Table II indicates the 
magnitude of the decrease from the equilibrium 
value at rest at various rates of shear for dispersions 
of varying concentrations and temperatures.

Table II
D i e l e c t r i c  P r o p e f .t i e s  o f  S t a b i l i z e d  D i s p e r s i o n s ,

E f f e c t  o f  S h e a r

Decrease from rest in units X 103 at, follow-
w t. % 
black

Temp.,
°C. 245

ing
373

rates of shear in 
584 783

sec. 1 
981 CO

1 30 3 4 5 6 7 10
2 30 18 19 20 21 21 24
4 30 35 40 44 46 47 59
8 30 73 80 88 92 95 120

16 30 463 477 484 488 492 512

1 60 3 4 5 5 6 8
2 60 13 16 18 19 19 24
4 60 37 40 41 42 43 48
8 60 GO 63 69 73 75 95

16 60 301 312 321 325 329 357
1 90 1 1 2 2 3 4
2 90 5 7 8 9 9 13
4 90 18 16 20 21 22 33
8 90 49 27 20 26 31 70

16 90 172 184 194 200 204 234

The value of the dielectric constant at an infi
nitely high rate of shear is significant, since it repre
sents maximum separation of particles and the elim
ination of all structures in the dispersion. Such a 
value can be approximated by extrapolation. A 
straight line results from plotting the dielectric 
constants against the reciprocal value of the square 
root of the rate of shear for a 16% by weight stabi
lized dispersion of carbon black. This linear rela
tionship allowTs extrapolation to “ infinite shear 
rates” and e», the dielectric constant at an “ infi-
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T able III
D ie l e c tr ic  P r o p e r t ie s  of St a b il ize d  D ispe r sio n s

Temp.,
°C. 0 1

----------Wt. %
2

carbon black---------
4 8 ie

e 30 2.198 2.310 2.427 2.708 3.302 5.177
6 co 30 2.198 2.300 2.403 2.649 3.182 4.665
freo 30 1.000 1.047 1.094 1.205 1.448 2.122
Vol. %  Bl. 30 0.494 0.995 2.01 4.11 8.57
/ 30 3.16 3.27 3 .40 3 .64 4. £7
6 60 2.165 2.278 2.401 2.666 3.251 5.064
6 co 60 2.165 2.270 2.377 2.618 3.156 4.707
6r co 60 1.000 1.049 1.099 1.201 1.458 2.174
Voi. %  Bl. 60 0 .484 0.975 1.970 4.025 8.41
/ 60 3 .30 3.38 3 .54 3.74 4.66
e 90 2.133 2.244 2.372 2.643 3.208 4.951
C co 90 2.133 2.240 2.359 2.610 3.138 4.717
€r co 90 1.000 2.050 1.105 1.223 1.470 2.210
Voi. %  Bl. 90 0.479 0.954 1.93 3 .95 8.25
/ 90 3.49 3.67 3.86 3 .97 4.93

nite rate of shear” is found at the intersection of the 
line with the ordinate. The last column of Table II 
indicates the values for e„ obtained by graphic ex
trapolation.

The relative dielectric constant of a dispersed 
system of conductive particles at “ infinite shear” 
may be expressed in terms of volume concentra
tion C and a form factor f  by the following equa
tion, valid for the concentration range considered.2

=  1 +  3fc (3)

The validity of this semi-empirical relationship 
has been established.w  The value of /  =  1.00
for spherical particles and larger for non-spherical 
particles,8 its value being indicative of the anisom- 
etry of the particle. The values for /  have been 
calculated and are given in Table III, where the 
absolute values of the equilibrium dielectric con
stants at rest t have been indicated. In addition, 
values of eT*> are given.

From the data it appears that /  is increasing with 
increasing concentration and is somewhat larger at 
higher temperatures. The magnitude of /  indicates 
that the kinetic units are not spherical but have a 
decided anisometric character.

Data obtained at low shear rates indicate that 
the linear relations valid at higher rates of shear 
between e and Z)_1/2 break down at lower shear 
rates. They reveal the existence of a minimum of 
the e-D relationship, the significance of which will 
be discussed later. The change of the dielectric 
constant for an 8% dispersion of black at lower 
rates of shear is indicated in Fig. 5.

II. Effect of Time.—Experimental evidence 
indicates that the dielectric constants of stabilized 
dispersions show an increase after discontinuation 
of shear, an effect not observed in conductivity 
measurements. Such an increase can only be 
caused by an increasing anisometry of the particles, 
as a result of the formation of more asymmetric 
flocculates. The dielectric effect of this process of 
flocculation is that the form factor increases, result
ing in an increased dielectric constant. Defining as 
the agglomeration factor a the change in form 
factor due to flocculation,2 eq. 3 may be written 
in the form

£r =  1 +  S a f e  (4)

<  100 o
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Fig. 1.— Conductivity of unstabilized dispersions of 1 6%  
carbon black, effect of shear.
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Fig. 3.— Conductivity of unstabilized quiescent dispersions 

of 8 %  carbon black, effect of time.

Time, sec.
Fig. 4 .— Conductivity of unstabilized quiescent dispersions 

of 2 %  carbon black, effect of time.

Rate of shear, reciprocal sec.
Fig. 5.— Dielectric constant of stabilized dispersions of 8 %  

carbon black, effect of low shear.

where e0 represents the dielectric constant of the 
vehicle.

Figure 6 shows the change in dielectric constant 
with time for an 8%  dispersion. More dilute 
systems, show smaller changes. The increase 
in agglomeration factor a is shown in Fig. 7 for a 
16% by weight dispersion.

D. Dielectric Constant of Unstabilized Systems. 
I. Effect of Shear.— Figure 8 indicates the de
crease in dielectric constant with shear in an 

plot for a concentration of 16% by weight 
of carbon black in white mineral oil at varying 
shear rates. Other concentrations show a similar 
relationship.

II. Effect of Time.— The changes in dielectric 
constants with time after discontinuation of shear

are given in Fig. 9 for 16% dispersions and in Fig. 
10 for 2%  dispersions at varying temperatures. 
At 30° equilibrium is reached in 150 hours for a 
16% dispersion; 28 hours for 8%, 2.5 hours for 
4%  and 0.5 hour for a 2%  dispersion.

E. Hysteresis Phenomena.— It has been shown 
that in unstabilized dispersions the dielectric con
stant as well as the conductivity increases mark
edly with increasing temperatures. It appears 
that upon static cooling the process is not reversed 
and the higher values of the dielectric constant 
obtained at elevated temperature are only slightly 
reduced. Thus, of two samples of the same dis
persion one may have a dielectric constant several 
units higher than the other at the same tempera
ture. These differences appear to persist in quies
cent dispersions. However, agitation will imme
diately reduce the dielectric constant and the origi
nal value reached at equilibrium will be restored.

Heating and cooling cycles have been indicated 
in Fig. 11 for a 16% unstabilized black dispersion, 
where a pronounced hysteresis effect is evident. 
The cycles can be repeated indefinitely, with iden
tical results.

Hysteresis phenomena have also been observed 
in the conductivity of unstabilized dispersions, as 
is shown in Table IV for a 16% black dispersion. 
Equally, the equilibrium curve is followed upon 
heating, while upon static cooling the high con
ductivity values obtained at elevated temperatures 
are only slightly reduced. Thus, of two samples 
of the same dispersion one may have a conductivity 
twenty times as high as the other at the same 
temperature. Again, agitation restores the equilib
rium values.

T a b l e  IV

C o n d u c t iv it y  H yste r e sis  of a  1 6 %  U n st a b il ize d  
D ispersio n

k  x 10* at
30° 60° 90°

Equilibrium conductivity 8 .8  6 0 .0  152
Static cooling from 90° 148 150
Static cooling from 60° 55

Hysteresis of the conductivity in unstabilized 
acetylene black dispersions in mineral oil has been 
reported by Bondi.9

F. Rheological Properties.— Plastic viscosities 
and yield values have been determined with the aid 
of a rotational viscometer and are indicated in 
Tables V and VI.

T a b l e  V

R h eo lo g ic a l  P r o p e r t ie s  of St a b il ize d  D is p e r sio n s“
Yield value,

% I'.v Plastic viscosity in poises dynes/cm.2
wt. 30° 60° 90° 30° 60° 90°

0 1,60

po

0.11 0 0 0
1 1 .73 . 43 .12 0 0 0
2 ] .83 . 45 .13 0 0 0
4 2.01 .51 .15 0 0 0
8 2 60 .67 . 19 0 0 0

16 4.75 1.20 .39 80 40 0
M ost of the dispersions show Newtonian flow.

(9) A. A. Bondi, Proc. 2nd Int. Congress on Rheology, Oxford 1953, 
p. 274.
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T a b l e  VI 0.4
R h e o lo g ic a l  P r o p e r t ie s  o f  U n st a b il ize d  D is p e r sio n s“ -t-3

£
% •+2 0.3black Plastic viscosity in poises Yield value in dynes/em.2 * * 02

by wt. 30° 60° 90° 30° 60° 90“ O
0 1.09 0 .2 4 0 .1 0 0 0 0 .2  o 0.2

1 1 .17 .26 .11 0 0 0
«  o-*-i 02

0.12 1 .28 .29 .13 0 0 0 Ü 10
4 1 .44 .37 .17 70 30 20

•-< d>T3 -t-5
08 2 .0 3 .54 .30 160 90 60 .S *

16 4 .1 4 1 .54 1 .10 1400 1100 900
<DbXDa - 0 .1

° These data indicate a decrease in yield value at the c3
higher temperatures o

6 . D is c u s s io n - 0 .2

a. Conductivity Data. 1. Stabilized Systems.
— In stabilized dispersions the electrical current is 
conducted by ionic conductance. The particles 
act as insulators, in view of surface polariza
tion.1011

A theoretical explanation of the increase of the 
conductivity with shear has been offered by Bondi 
and Penther.7 This phenomenon may be under
stood as a charge transfer from one electrode to the 
other through successive collisions of particles 
which carry an adsorbed charge in the interface. 
Thus, the conductivity increase with shear is pro
portional to the increase in number of collisions per 
unit of time and should therefore be proportional 
to the rate of shear, in complete accord with the ex
periments.

With respect to the relation between conductiv
ity increment and concentration a difficulty seems 
to arise. While the number of collisions per parti
cle is proportional to the number of particles per 
unit of volume, the total number of collisions, and 
therefore the total charge transfer in the dispersion 
is proportional to the square power of the number 
of particles per unit of volume, and thus propor
tional to C2. However, only the collisions of parti
cles with an electrode will contribute to the con
ductivity, resulting in the experimentally found re
lation.

2. Unstabilized Systems.—In unstabilized dis
persions the concentration of the ions is several 
orders of magnitude lower than in stabilized sys
tems. Actually the conductivity of the unstabi
lized systems is much higher, making it obvious 
that ionic conductance cannot be the cause of the 
conductivity of the systems. However, another 
mechanism of current conductance is now appar
ent.

In the absence of any significant ionic conduct
ance in the vehicle, surface polarization of the par
ticles cannot take place and the carbon black parti
cles themselves remain conductors for the electric 
current. This is in agreement with the observation 
that in unstabilized dispersions no electrophoretic 
particle motion is observed.10 As a result of the 
tendency of the particles to form chains in the ab
sence of stabilizers, the distances between the elec
trodes are bridged by interlinked particles showing 
electronic conductance, of a much higher order of 
magnitude than the ionic conductance found in the

(10) J. Th. G. Overbeek, “ Advances in Colloid Science,”  Vol. I ll, 
Interscience Publ., New York, N. Y., 1950, p. 107.

(11) J. C. Van der Minne and P. H. J. Hennanie, J. Coll. Sci., 1, 
600 (1952).

0 5 10 50 100 500
Time, sec.

Fig. 6.— Change of dielectric constant with time in a stabilized 
quiescent dispersion cf 8 %  carbon black.

1.00
10 102 103

Time, sec.
Fig. 7.— Agglomeration factor in stabilized quiescent disper

sions of 1 6%  carbon black, effect of time.

0 0.02 0.04 0.06
Reciprocal square root of shear rate.

Fig. 8 .— Agglomeration factor in unstabilized quiescent dis
persions of 1 6%  carbon black, effect of shear.

stabilized dispersions. Therefore, the only signifi
cant resistance encountered by the electrons in
passing through the dispersion is in the small gaps 
between adjacent particle chains. By applying 
shear to the systems, the particle chains are broken 
up and the conductance drops to a much lower 
level. Thus, in a 16% by weight dispersion in
creasing rates of shear cause an increasing degree of 
destruction of the chains. At the highest rate of 
shear attainable the process has apparently not 
been completed, as is shown in Fig. 1, indicating a 
steady decline in conductivity with shear rate.

Figure 2 shows conductivity data for a concen
tration of 8% of channel black. While at 90° the 
general pattern of the 16% dispersion is repeated, at 
60° a minimum is apparent at the higher shear
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Time, see.
Fig. 9.— Dielectric constant in unstabilized quiescent dis

persions of 1 6%  carbon black, effect of time.

Time, sec.
Fig. 10.— Agglomeration factor in unstabilized quiescent dis- 

persions of 2 %  carbon black, effect of time.

10.0
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5 8.0
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7.0 -------------------------- ._________________._________________,____
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Temp., °C .
Fig. 11.— Dielectric hysteresis in unstabilized dispersions of 

1 6%  carbon black.

rates. At 45° and at 30° the minimum becomes 
more pronounced and is shifted toward the lower 
shear rates.

In the stabilized systems the increase in conduc
tivity with increasing shear rates had been attri
buted to a charge transfer mechanism by colliding 
particles. The same mechanism must also be ac

tive in unstabilized systems. While the particle 
charge in such systems is much smaller than in sta
bilized dispersions, collisions are likely to be much 
more frequent, in view of the predominating Lon- 
don-van der Waals particle attraction, as con
trasted to the over-all repulsion in stabilized sys
tems.

At low rates of shear there are not very many sep- 
aratejparticle agglomerates in unstabilized disper- 
sionsjand the charge transfer mechanism contrib
utes little to the conductivity. At increasing 
shear rates the destruction of particle chains, which 
causes a marked reduction in conductivity, will off
set this action by providing more separate smaller 
particle agglomerates and chain fragments which in 
turn contribute to the conductivity by charge 
transfer. Finally, the charge transfer contributions 
to the conductivity balance the reductions caused 
by the elimination of structures. At this point the 
minimum in conductance is reached and any in
crease in shear will cause an increase in conduct
ance. Obviously at higher concentrations, where 
particle chains are much more pronounced, the 
minimum is shifted toward higher rates of shear.

The influence of the temperature is more com
plex. The process of chain formation was found to 
be more pronounced at higher temperatures in un
stabilized systems. This may be explained in the 
following manner. While stabilization by ionic 
and non-ionic stabilizers is not in effect in these sys
tems, there is always adsorption of vehicle molecules 
on the surface of the carbon black, which will cause 
some stabilization, by reducing direct particle con
tacts, thus decreasing network formation. At more 
elevated temperatures this adsorption is markedly 
reduced, in view of the increased speed of the ve
hicle molecules, resulting in a more extended struc
tural involvement. Thus, it is clear that the higher 
the temperature, the higher the rate of shear re
quired to break up the particle structures. Conse
quently, the minimum of the conductance curves is 
shifted toward higher shear rates at higher tem
peratures.

The described phenomena make it possible to 
evaluate quantitatively the effect of stabilizers by 
establishing the minimum concentration required 
to change the sign of the conductivity-shear rate 
relationship.7 The influence of time on the con
ductivity reveals an interesting side light on the 
mechanism of chain formation. A 2%  disper
sion, after discontinuation of shear, at 30° showed 
(Fig. 4) a constant conductivity for a period of 
about 1000 seconds. After this induction period 
there is a rapid rise in conductivity until the end 
point has been reached at nearly a tenfold increase. 
At 60° the same effect becomes apparent, though 
with a shorter induction period of 100 seconds. At 
90° the induction period is still more reduced.

At higher concentrations the induction period is 
not quite as sharply defined, but a small rise in 
conductivity is observed in the beginning. Finally, 
at concentrations of 8% and higher, no induction 
period is apparent (Fig. 3), although the curves 
show an inflection point, indicating that the change 
in conductivity increases steadily, reaches a maxi
mum and decreases thereafter.
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The data of the more dilute dispersions indicate 
that effective interlinking of smaller agglomerates 
does not occur until at the end. of the induction 
period. During the induction period the kinetic 
units of the dispersion will join to form smaller 
separate agglomerates, as may be derived from di
electric data. At the end of the induction period 
the agglomerates have grown enough to start the 
process of interlinking into a particle network. In 
this manner the electrodes are “ bridged” by con
ductive particle chains, leading to the observed 
rapid increase in conductivity, until a saturation 
value has been reached.

At higher concentrations the newly formed 
smaller agglomerates are near enough to one an
other to start the process of interlinking at an ear
lier stage, resulting in a less pronounced induction 
period. Finally, at the highest concentrations, a 
mere inflection point in the curves indicates the 
existence of the two processes of growth.

In the stabilized dispersions the rest conductiv
ity reaches its final value immediately after discon
tinuation of shear, indicating a complete absence of 
chain formation.

b. Dielectric Data. 1. Stabilized Systems.—
The form factor of the stabilized dispersions, as 
indicated in Table III, appears to vary within 
fairly narrow limits. Its value is somewhat higher 
in the more concentrated systems and at the higher 
temperatures. For spherical particles a value of
1.00 has been found repeatedly by experiments.2'7 
The conclusion must be that the kinetic units in 
the carbon black dispersions are not spherical. 
Yet, electron microscopy shows beyond any 
doubt that elementary particles of channel black 
are spherical.

This inconsistency can have only one reasonable 
explanation, namely, that in the systems considered 
the elementary particles are not the freely moving 
kinetic units. The actual kinetic unit must be an 
agglomerate of “ fused”  particles, although not 
greatly anisometric. The secondary variations in 
form factors at different concentrations and tem
peratures could point to small changes in the aver
age shape of this kinetic unit.

Microscopic observations of the kinetic units were 
made in a 2%  by weight dispersion by means of a 
homogeneous oil immersion system at 1500 X. 
The existence of independent non-spherical particles 
of a diameter of the order of somewhat below 1 y. 
was evident. These particles were observed to 
show a Brownian motion and collide regularly 
without breaking up and apparently are the inde
pendently moving kinetic units. Actual measure
ments reveal an average longest dimension of 0.8 /u 
and an average shortest dimension of 0.5 /¿, while 
the shape is somewhat irregular.

The possibility existed that the optically visible 
particles are only a small fraction of the total and 
that much smaller and thus optically invisible par
ticles form the bulk of the dispersion. However, a 
direct particle count showed that such is not the 
case.

Electron microscopic observation of the same 
dispersion appears to be possible. The mineral oil 
evaporates rapidly in the high vacuum upon being

subjected by the electron bombardment in an ex
tremely thin film. The electron micrograph of the 
particles shows a similarity to a conventional pow
der electron micrograph, exhibiting clusters of 
fused elementary particles, irregularly shaped, and 
of the order of magnitude of somewhat below 1 ¡i, 
making an artifact rather improbable.

It is apparent that the relatively large stable 
kinetic units, visible as separate particles by optical 
microscopy, appear in the electron microscope as 
being built up from fused elementary carbon black 
particles.

Theoretical investigations8 show that a form fac
tor 3 corresponds to a particle of the shape of a rota
tional ellipsoid with an axial ratio of about 6 at ran
dom orientation. The fact that the actual axial 
ratio is slightly below 2 must be ascribed to the 
more or less irregular shape of the particle cluster.

The data of Table II reveal a small decrease in 
dielectric constant of the stabilized dispersion upon 
application of shear. The effect is more pro
nounced in the more concentrated dispersions.

A more complicated picture emerges at very low 
rates of shear. For example, in Fig. 5, at 30° ini
tially a sharp drop in dielectric constant is observed 
at rates of shear below 3 reciprocal seconds, but a 
sharp rise occurs at a slightly higher shear rate, 
followed by a maximum. A steady decline is ob
served at higher rates of shear. Similar effects are 
observed at higher temperatures, although the loca
tion of the maximum is displaced toward higher 
shear rates.

Since the dielectric constant of dispersions is 
closely connected with particle anisometry, one 
must conclude that the effective shape of the sec
ondary agglomerates undergoes important changes 
at lower rates of shear. The first minimum, at very 
low rates of shear, may be visualized as caused by a 
breaking-up of linkages between larger flocculates. 
However, the ensuing increase in dielectric constant 
is necessarily connected with an increasing anisom
etry of the flocculate. Generally it is assumed that 
increasing shear will cause the larger flocculates to 
break up into more isometric kinetic units. Ap
parently this process goes through an intermediate 
stage of higher dielectric constants, necessarily 
caused by more anisometric particle agglomerates.

A plausible explanation of this intermediate 
stage would be that the flocculates arc originally 
formed from linear aggolomerates, which at rest 
and at very low rates of shear will have a tendency 
to coil, in the same manner as occurs in linear poly
mers and as was actually optically observed in lin
ear agglomerates of magnetized spherical iron par
ticles dispersed in an organic liquid.3 Preceding 
the process of the breaking up of the chains by 
shear must be the process of “ uncoiling,”  leading to 
temporarily more anisometric particles. Such a se
quence of processes explains the observed dielectric 
changes without difficulties. This “ uncoiling” 
effect was not observed in 16% by weight disper
sions. It seems likely that the more pronounced 
“ crowding”  of particles in the concentrated dis
persions makes it much more difficult for particle 
chains to effectively uncoil before breaking up. In 
all dispersions of 8%  and lower the “ uncoiling”  ef-
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feet is apparent, although changes are smaller at 
lower concentrations and cannot be followed accu
rately at concentrations of 2%  and below.

In concentrated dispersions at 16% by weight of 
black there is an increase in dielectric constant after 
discontinuation of shear, pointing to the formation 
of anisometric flocculates. The effect is more pro
nounced at lower temperatures, showing that the 
increased kinetic energy of the particle and the 
lower vehicle viscosity reduce the structural build
up in stabilized systems at higher temperatures 
(Fig. 7).

While a major structural build-up may occur 
within a few seconds after the discontinuation of 
shear, it is interesting to observe that the process 
of formation of structures is proceeding for several 
hours in the more concentrated systems at lower 
temperatures, until finally equilibrium has been at
tained.

In lower concentrations, again, the picture is 
somewhat more complicated. In stabilized dis
persions of 8%  of carbon black, at 30° an increase in 
dielectric constant is observed, reaching a satura
tion value in about 500 seconds (Fig. 6). How
ever, at 60° and at 90° the initial increase is fol
lowed by a decrease. In accord with the previously 
discussed effect of shear, this phenomenon can be 
explained by assuming once formed linear aggre
gates to show coiling, thus reverting to a more iso
metric flocculate with a lower dielectric constant. 
The lower kinetic energy and the reduced mobility 
of the flocculate at lower temperatures make this 
effect more pronounced at higher temperatures. At 
lower concentrations the same effects are observed, 
but the magnitude of the changes is much smaller. 
In addition, it appears that at lower concentrations 
equilibria are reached much more rapidly, as a re
sult of a freer particle motion. Again, these ef
fects were not observed in 16% concentration, 
where particle crowding makes uncoiling impossi
ble.

2. Unstabilized Systems.— Figure 8 indicates 
that the application of shear results in a very pro
nounced decrease in dielectric constant. Such 
changes are caused by the breaking-down of 
strongly anisometric particle agglomerates into less 
anisometric aggregates. However, at the limit of 
shear rate reached the agglomeration value still is 
much larger than unity, indicating that the highest 
value reached, 1200 reciprocal seconds, is utterly 
insufficient to break up the secondary aggregates, 
not even in dilute dispersions. It is interesting to 
note that the addition of chemical stabilizers imme
diately causes a breaking-up of structures. Thus, 
for instance, in an unstabilized dispersion of 16% 
black by weight at 90°, and at a rate of shear of 245 
reciprocal seconds, the dielectric constant is 7.30, 
from which an agglomeration factor of 2.00 is cal
culated. Chemical stabilization causes a drop in 
dielectric constant to 5.00 with an agglomeration 
factor of 1.13, a drop not even remotely approached 
by the application of shear rate of 981 reciprocal 
seconds, which reduces the dielectric constant only 
to 6.59 with an agglomeration factor of 1.74.

As in conductivity, the dielectric data indicate a 
marked increase of structures at higher tempera

tures in unstabilized dispersions, caused by the de
crease in adsorption of vehicle molecules, which in 
the adsorbed state act to reduce particle union. 
In addition, the decreased vehicle viscosity results 
in an increase in the number of particle collisions 
per unit of time. Since collision is a prerequisite 
for the formation of particle agglomerates, the ef
fect will promote the formation of structures.

In stabilized systems increased temperatures 
cause a decrease in agglomeration. In order to 
explain the different behavior in both types of dis
persions, we must consider that in unstabilized sys
tems the van der Waals attractive forces are coun
teracted only by the ineffective vehicle adsorption 
and any change in this adsorption greatly influences 
the agglomeration. In stabilized systems the at
tractive forces are counteracted not only by the 
much more effective steric protection by polar, non
ionic stabilizers, but in addition, by the repulsion 
of electric charges of equal sign, making the vehicle 
adsorption inconsequential. The electric repul
sion, furthermore, is quite pronounced, since in 
the systems considered the ionic concentrations 
are so low that there is practically no screening of 
the particle charges by counter ions, and Debye’s 
characteristic length of the double layer may be as 
large as several microns. While at higher tempera
tures the number of collisions will increase, the 
higher kinetic energy of the particles still further 
reduces the already low probability of the colliding 
particles to be captured in an agglomerate.

7. Association and Reticulation
Dielectric data showing the progress of the ag

glomeration with time after discontinuation of 
shear indicate that at all concentrations the process 
of formation of agglomerates is continuously pro
gressing. Comparing this with the character of the 
changes in conductivity, especially in the lower 
concentrations, it is quite apparent that dielectric 
data and conductivity data indicate the existence of 
two processes active in the unstabilized dispersions. 
Dielectric data indicate the increasing anisometry 
of the growing secondary aggregates, while conduc
tivity data show the progress made in the process of 
interlinking of the agglomerates, leading to a 
“ bridging”  of the gap between the electrodes. 
The latter process apparently occurs generally after 
the formation of the agglomerates has taken place.

We shall henceforth denote the interlinking of 
the agglomerates as “ reticulation,”  while the forma
tion of the agglomerates shall be termed “ associa
tion.”  The data presented, therefore, indicate 
that flocculation in unstabilized systems is initiated 
by association of the existing units of the dispersion, 
followed by a process of reticulation.

A clear distinction between both processes can be 
made in dilute dispersions at lower temperatures. 
For instance, in a 2%  unstabilized dispersion at 
30°, association occurs continuously from the mo
ment the shear has been discontinued until com
pleted after about 2000 seconds (Fig. 10). Reticu
lation does not start until after 1000 seconds, ap
parently when enough association complexes have 
been formed, and is completed only after about
10,000 seconds (Fig. 4). At higher temperatures 
both association and reticulation are speeded up.
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Thus, at 60° association is practically completed 
after 600 seconds, while reticulation starts already 
after 100 seconds and is practically ended after about 
1000 seconds. At 90° the overlapping is even more 
pronounced and association is finished after about 
300 seconds, while reticulation starts after 20 sec
onds and is ended after 300 seconds. At higher 
concentrations and at elevated temperatures both 
processes occur simultaneously, as indicated by 
conductivity and dielectric data. Thus, in a 16% 
concentration, both reticulation and association 
continue for long periods of time, of the order of a 
week or more at 30°, and only slightly shorter at 
elevated temperatures (Figs. 3 and 9).
8. Electric Responses to Changes in Shear Rates

Upon discontinuation of shear in unstabilized dis
persions equilibrium conditions are generally not 
re-established until after hours, or even days. The 
electrical responses to a change from one shear 
rate to another, however, are very rapid. The re
laxation time is of the order of one second, both 
for conductivity and dielectric reactions.

In quiescent concentrated unstabilized disper
sions in the equilibrium condition the kinetic units 
are arranged in a network. The structures can 
only be established by Brownian motion of the 
larger kinetic units and by vibrations around equilib
rium positions of units partly bound in particle 
chains. Thus, the time element involved is neces
sarily long. In sheared dispersions, however, no 
network exists and equilibrium is rapidly reestab
lished, since it involves few contacts between large 
aggregates subject to shear and thus rotating and 
moving with respect to one another.

9. Hysteresis Phenomena
The explanation of the hysteresis phenomena can 

be made on the basis of the previously developed 
picture. Structures formed at higher temperatures 
apparently are “ frozen”  at lower temperatures un
der quiescent conditions. Only upon agitation are 
the structures broken up and reform as equilib
rium structures characteristic of the prevailing 
temperature. Conversely, structures formed at 
lower temperatures are able to change into the 
structures corresponding to higher temperatures 
upon static heating as a result of the motion of free 
aggregates and vibration of aggregates captured in 
chains.

Hysteresis phenomena are the more pronounced 
the higher the concentration and the larger the 
temperature differences. The fact that conditions 
reached upon static cooling seem to persist makes 
it essential to bring each sample in equilibrium at 
the measuring temperature before determining its 
properties.

It is interesting to note that hysteresis in stabi
lized systems is negligible.

10. Rheological Characteristics
From Table V it appears that all stabilized dis

persions show a Newtonian flow pattern, with the 
exception of the 16% concentration, which shows 
a very slight yield value. Since it is generally as
sumed that a Newtonian flow indicates the absence 
of particle interaction, it is obvious that the con
clusions drawn from rheological data may be mis
leading. This might be caused by the phenomenon 
that the rheological measurement itself destroys 
the condition to be measured.

In unstabilized systems a yield value was found 
at concentrations of 4%  by weight and higher. At 
increased temperatures the magnitude of the yield 
values decreased.

Electrical data show that structural involvements 
are much more pronounced at the higher tempera
tures, making it obvious, though contrary to cur
rent opinion, that the yield value is not a direct in
dication of particle structure. The ratio yield value 
to plastic viscosity shows at least qualitative agree
ment with electrical data.

The application of Reiner’s criteria12 in the sys
tems considered leads to completely contradictory 
conclusions about the cause of the non-Newtonian 
flow character of the unstabilised dispersions.

In view of the serious discrepancy of the rheologi
cal approach to particle interaction in dispersions, 
much of the conclusions reported in the literature 
about structural involvements in dispersions based 
on rheological data alone must be considered 
questionable.

Acknowledgment.— I wish to express my ap
preciation to W. N. Whitten, Jr., for carrying out 
the rheological measurements with great precision, 
and to the J. M. Huber Corporation, for their per
mission to publish the data.

(12) M. Reiner, “ Deformation and Flow,”  H. K. Lewis and Com
pany, London, 1949.
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DIELECTRIC PROPERTIES OF AQUEOUS IONIC SOLUTIONS AT
MICROWAVE FREQUENCIES1

B y F rank  E. H ar ris2 and C hester  T. O ’K onski

Contribution from the Deportment of Chemistry and Chemical Engineering, University of California, Berkeley, California
Received September 4, 1956

The dielectric constants and loss factors of a number of aqueous ionic solutions were measured at 25° and at concentra
tions ranging from 0.5 M  to saturation. Series of 1 :1  electrolytes were studied, with constant cation and varying anion, and 
vice versa, to determine the effects of changing the ionic radius. Results were also obtained for some multivalent ions. 
Measurements were made at wave lengths of 1.17, 3.12 and 10.00 cm. Densities and audiofrequency conductivities of the 
same solutions were determined. From these primary data were determined relaxation times, parameters describing the 
extent of distribution of the relaxation times, and limiting values of the dielectric constant at low and high frequencies. 
At high concentrations, broad distributions of relaxation times are found, with the central relaxation often several times 
slower than that of pure water. The low frequency dielectric constant (e0) is not linear in the concentration. Large eo 
(>30) are obtained even at the highest concentrations (10-12 M ). Larger dielectric decrements are assigned to cations 
than to anions, although greater entropy decrements are generally ascribed to anior.s, a seemingly paradoxical situation. 
It is indicated how this can be explained in terms of models for cationic and anionic hydration which incorporate the im
portant difference that nearest neighbor water molecules interact through both lone pairs with a given cation, but through a 
single hydrogen bond type linkage to a given anion. The low frequency dielectric increments are discussed with reference 
to an extension to ionic solutions of the statistical mechanical theory of dielectric polarization. It is shown how the dielectric 
constant data obtained at microwave frequencies can be employed to enable comparison of lower frequency measurements 
with the theory of Debye and Falkcnhagen.

I. Introduction
The dielectric properties of aqueous ionic solu

tions are of interest in studies of interactions be
tween ions and polar solvent molecules as related to 
the thermodynamics and kinetics of ions in solu
tion. Both the low frequency dielectric constant 
and the dielectric relaxation depend upon the mo
lecular interactions, and can provide valuable in
formation regarding the nature and effects of the 
forces between an ion and its hydration shell.

Dielectric constants of aqueous solutions at 
moderate concentrations are very difficult to deter
mine at relatively low frequencies, since the high 
conductances and concomitant large loss angles se
riously limit the accuracy of measurement. If the 
concentration is reduced to decrease the problem 
arising from conductivity, very high precision is 
required to determine the correspondingly smaller 
effects on the dielectric properties as compared 
with pure water.

A number of investigators have studied the di
electric constants and conductivities of dilute solu
tions at frequencies up to several hundred megacy
cles. The earliest such study was reported by 
Wien3 in 1927. Data were also reported by Sack,4-'1 
Zahn,4b Deubncr6 and Malsch.6 and are summarized 
by Harned and Owen7 and by Falkenhagen.8

The theory of the effect of interionic electrostatic 
forces on the dielectric constant and conductivity, 
originally developed by Debye and Falkenhagen9 
and recently improved by Falkenhagen and oth-

(1) Based on the thesis submitted by Frank E. Harris in partial satis
faction of the requirements for the Ph.D. degree, University of Cali
fornia, 1954.

(2) Predoctoral Fellow, National Science Foundation, 1952-1953.
(3) M. Wien, Ann. Physik, [4] 83, 840 (1927).
(4) (a) H. Sack, Physik. Z., 29, 627 (1928); (b) H. Zahn, Z. Physik, 

51, 350 (1928).
(5) A. Deubner, ibid., 30, 946 (1929).
(6) J. Malsch, ibid., 33, 19 (1932).
(7) H. S. Harned and B. B. Owen, “ The Physical Chemistry of Elec

trolytic Solutions,”  Reinhold Publ. Corp., New York, N. Y., 1950, p. 
211.

(8) H. Falkenhagen, “ Electrolytes,”  Oxford University Press, 
London, 1934, p. 73.

(9) P. Debye and IT. Falkenhagen, Physik. Z., 29, 121, 401 (1928).

ers,10 indicates that these quantities will be affected 
by interionic forces at frequencies sufficiently low 
that the atmosphere about each ion, composed pre
dominantly of ions of opposite charge, will have 
time to become appreciably asymmetric under the 
influence of the applied field. Some of the experi
mental results on very dilute solutions appear in 
accord with the predictions of these theories. The 
modified theory10 is in better agreement with ex
perimental values of conductance for relatively 
more concentrated solutions. However, it is not 
permissible to compare the changes in dielectric 
constants as calculated by the original or modified 
Debye-Falkenhagen theory with experimental re
sults, since the important effects of the ions upon 
the orientational polarizability of the neighboring 
water molecules are completely omitted from con
sideration.

By going to microwave frequencies, dielectric 
properties can be measured over a greater concen
tration range, and with higher accuracy than the 
fragmentary results referred to above. This was 
recognized by Hasted, Ritson and Collie,11 who ap
plied two microwave methods for the measurement 
of the dielectric constant e' and the loss factor e" 
in aqueous ionic solutions. Their data are the most 
complete for NaCl, which was measured at 1.5 and 
21° from 0.5 to 5 M, and from 0-40° at 0.66 M. 
Some other electrolytes were measured at 25° and 
concentrations from 0.33 to 1 or 2 M. Values of e' 
and e" determined at two or three frequencies were 
placed on a Cole-Cole diagram and relaxation times 
were obtained with the assumption that the points 
fell on semi-circular arcs with centers on the t' axis,
i.e., that the solutions could be characterized by 
single relaxation times. It was observed that the 
low frequency dielectric constants and the relaxa
tion times decreased, essentially linearly, with in
creasing concentration. The dielectric decrements 
per unit concentration, — (de'/dc), were 10-16 for

(10) IT. Falkenhagen, M. Leist and G. Kelbg, Ann. Physik, 11, 51 
(1952).

(11) J. B. Hasted, D. M. Ritson and C. H. Collie, J. Chem. Phys.. 
16, 1 (1948).
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some alkali halides, and larger for mixed valence 
electrolytes. It was found that the cationic con
tribution to —de'/dc depended upon the charge, 
and was greater for smaller cations. The relaxa
tion time depressions were attributed to a “ struc
ture-breaking”  effect postulated by Frank and 
Evans12 to explain the entropies of aqueous ions.

Subsequently, additional measurements were 
made by Haggis, Hasted and Buchanan.13 They 
reported data for some neutral molecules and gen
erally confirmed the previous results for ionic solu
tions to 1.0 M  in concentration. They assumed that 
the dielectric increment arising from ionic motions 
was negligible, since evidence for a change in con
ductivity with increasing frequency could not be 
found. The low frequency dielectric decrements 
were interpreted in terms of a simple model, which 
treats the electrolyte solution as a dielectric contin
uum of uniform dielectric constant with spherical 
inclusions of very low dielectric constant to repre
sent non-polar ions and irrotationally bound water 
molecules. Then, by application of well known 
equations for the dielectric constant of such a mix
ture, the volume fractions of the inclusions were 
computed, and from these and the molar volumes of 
the salts, the volumes of irrotationally bound water 
molecules were calculated. It was suggested that 
for inorganic salts, the positive ions make the larger 
contributions to irrotational binding. The relaxa
tion time changes were discussed with reference to 
the percentage of broken hydrogen bonds when sol
utes are dissolved. For ionic substances the re
laxation times decreased, whereas for undissociated 
molecules likely to form hydrogen bonds, the relaxa
tion times increased. This was interpreted as an 
increase in the percentage of broken hydrogen bonds 
when ions are added to water, and a decrease when 
hydrogen-bond forming molecules were added.

It became of particular interest to test the above 
interpretation of the dielectric properties of ionic 
solutions in the region of higher concentrations 
where any deviations from the simple models con
sidered would be greater, particularly since many 
of the results were obtained near the upper limits 
of the previously employed experimental methods. 
For this study a new microwave technique applica
ble at very high concentrations was devised. It 
was found that the dielectric properties of ionic 
solutions above one molar show strong deviations 
from the behavior one would expect from an extrap
olation of the data previously obtained at lower 
concentrations. With the aid of the statistical 
mechanical theory of electric polarization, the re
sults are considered in relation to the various types 
of interactions in aqueous solutions of ions, with 
particular attention to the electrostatic forces 
between ions and water molecules.

II. Experimental Techniques
The transmission line technique developed for this work 

has already been described.14 The method was especially 
designed for liquids of high permittivity. Measurements 
were made at wave lengths of 1.17, 3.12 and 10.00 cm ., and

(12) H. S. Frank and M. W. Evans, J. Chem Phys., 13, 507 (1945).
(13) G. H. Haggis, J. B. Hasted and T. J. Buchanan, ibid., 20, 

1452 (1952).
(14) F. E. Harris and C. T. O’Konski, Rev. Sci. Inst., 26, 482

(1955).

Fig. 1.—Apparatus used at 3 and 10 cm. wave lengths. 
All elements are constructed in rectangular wave guide, 
1" X  V :"  for 3 cm., and 3" X  1.5" for 10 cm.
a temperature of 25°. Transmission coefficients of samples 
contained between mica windows in short sections of wave 
guide were measured by mixing the wave transmitted 
through the sample with a wave of known amplitude and 
phase traveling in the opposite direction. The resulting 
standing wave pattern was detected with a traveling probe. 
The primary data were related to the dielectric properties 
of the solutions by graphical methods.14

The apparatus used at 1.17 cm. is exactly as described 
previously.14 A diagram of the 3 and 10 cm. apparatus, not 
given previously, is shown in Fig. 1.

The signal from a klystron is coupled through a tuner to 
transmit maximum power into the “ H arm”  of a magic 
tee. By means of an iris and matched load on the “ E arm,”  
the signal is divided among the side arms 1 and 2 of the tee. 
The arrangement is such that the net signal incident upon 
the cell is proportional to, and at constant phase relative to, 
the signal passing beyond the iris. The position and size of 
the iris are such as to maximize the power incident on the 
cell while permitting power equal to about 1% of the refer
ence signal to pass the iris. By means of the traveling probe, 
the amplitude and phase of the radiation passing through 
the cell is compared with the signal from side arm 2 of the 
tee. This apparatus functions on the same principles as 
the 1.17 cm. apparatus which has already been described in 
detail.14 The cell lengths employed in these studies were 
0.254 ±  0.001 cm., 0.381 ±  0.001 cm., and 0.510 ±  0.003 
cm., for 1.17, 3.12 and 10.00 cm., respectively.

Frequent measurements were made on water to ensure the 
best possible precision for the changes produced by addition 
of electrolytes. Readings for pure water were constant 
within 0.5 unit in both e' and e" for each series of measure
ments. The average deviation from the mean of 3 cm. 
measurements on two different samples of solution at dif
ferent times, for a series of eight representative solutions, 
turned out to be 0.7 in e' (values from 23 to 50), and 0.5 in 
e" (values from 42 to 59). Comparable precision was ob
tained at other wave lengths.

Necessary auxiliary measurements included determina
tions of low frequency conductance, and of density. Con
ductance measurements were made using an audiofrequency 
shielded Wheatstone bridge. A conductance cell with a 
cell constant of 724.6 cm .-1 was employed. The cell, con
structed according to the design recommended by Jones 
and Bollinger,15 had bright platinum electrodes 1.5 cm. in 
diameter and 24 cm. apart, connected by a 3 mm. o.d. glass 
tube. The cell constant was found to be independent of 
frequency, for all solutions tested, from 100 to 1200 c.p.s. 
All measurements were made at 1 kc. The cell was cali
brated with 1 M  KC1 ((725° =  0.1118 ohm-1 cm .-1). The 
accuracy of the conductance measurements was better than 
0.5% .

Density was determined by pipetting a 10-ml. portion of 
each solution into a stoppered flask and weighing to within 
10 mg.

Reagent quality chemicals were used for the preparation 
of all solutions used in the present research. A stock solu
tion of each solute was made up and its concentration de
termined by standard methods. Dilution was then made to 
the desired concentrations.

III. Results
The dielectric constants and loss factors of a

(15) G. Jones and G. M. Bollinger, J. Am. Chem. Soc., 53, 411 (1931).
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Table I
Dielectric Constants and Loss Factors at M icrowave Frequencies, Densities and Audiofrequency Conductivi

ties of Aqueous Ionic Solutions at 25.0°
Units of concentration are moies/liter, of conductivity ohm-1 cm .-1, of density g./cc.

Audio 1.17 cm. 3.12 cm. 10.00 cm.
Solute Conen. Density cond. e' e"obsd f"aor e/ e obse 6"cor ĉ obsd e7/cor

LiCl 2 1.044 0 1234 25.8 32.8 24.1 42.8 40.7 17.6 52.0 80.1 6.0
4 1.087 .1785 21.2 25.6 13.1 35.0 46.4 12.9
8 1 164 .1684 14.4 17.6 5.8 22.0 40.2 8.6 36.0 103.0 1.9

12 1.238 .1020 11.8 12.6 5.4 17.6 26.9 7.8 34 0 60.0 - 1 . 3
LiBr 2 1.119 .1346 26.3 32.9 23 4 42 8 41.4 16.2

4 1.241 .2022 22.3 20.7 12 5 35.2 50.0 12.1
10 1.591 .1476 13.4 14.9 4.5 20 8 33.7 6.0

NaCl 2 1.077 .1509 28.1 33.0 23 0 49.2 45.5 17.2
4 1.150 .2297 23.3 31.9 15.8 38.2 55.7 12.7
5 1.182 .2481 21.2 31 0 13 6 33.7 58.C 11.5

NaBr 2 1.154 .1602 27.8 33.4 22 1 48.2 48.9 18.9 60 0 103.4 7.2
4 1.305 .2441 23.6 32.0 14.8 38.2 57.2 11 5

Nal 2 1 222 .1628 29.0 33 9 22.5 46.7 47 9 17.4
4 1 452 .2534 23.8 32.0 14.2 37.8 58.0 10.5
8 1.873 .2221 16.0 22.6 7.0 23.5 48.9 7.3 35.0 135 2

KF 1 1 043 .0883 31.0 36.2 30 0 56 0 41.5 25.0 68.5 60.8 7.8
4 1.177 .2456 26.8 33 1 15.8 42.4 62.1 16 1
8 1 332 .3045 18.1 29.5 8.1 29.2 69.2 12.1

12 1.469 .2537 16.2 23.4 5.6 22.3 57.0 9.5 48.5 156 4
KC1 1 1.039 .1127 30.8 34.5 26.6 54.4 42.8 21.7 68.5 75.2 7.5

2 1.100 .2174 30.7 36.2 20 9 50.7 58.9 18.2
4 1.174 .3745 30.1 37 5 11.2 44.0 80.4 10.2

KBr 1 1.081 .1163 30.0 34.3 26.1 55.4 44.2 22.4
2 1.164 .2204 30.6 36.2 20 7 51 9 59.1 17.8

KI 1 1.121 .1177 30.1 34.4 26.1 55 4 43.8 21.7
2 1.244 .2260 35.9 36.7 20.8 51.8 59 8 17.4
4 1.470 .3968 29.8 34.2 6.3 44.0 79.8 5.4

Na2S04 1 1.118 .0961 27.1 33.2 26.4 50.3 40.4 22.4
NaNO, 2 1.106 .1257 28.4 33.8 25 0 49.8 43.1 19.5

4 1.210 .1811 26.6 27.8 15.1 38.7 45.9 12.0
NaC104 2 1.152 .1298 28.1 33 6 24.5 48.4 42.5 18.2

4 1.305 .1819 24 2 25.1 12.3 34 5 44 6 10.5
MgCh 1 1.073 .1186 26.6 33.3 25.0 46.2 42.9 20.7 56.4 76.2 5.0

2 1.145 . 1600 25.1 27.3 16.1 35 0 45.0 15.0
3 1.202 .1563 16.8 20.6 9.6 28.0 39.9 10.6 41.0 99.1 3.0
4 1.269 .1242 13 8 16.2 7.5 24.1 33.2 9.9

CaCl2 0.5 1.043 .0776 29.0 33.9 28.4 52.6 37.7 23.2 63.6 50.6 4.0
1 1.086 .1331 26.1 32.8 23.4 46.1 43.9 19.0 56.5 82.6 2.7
2 1.167 . 1953 22.4 27.7 14.0 35.8 50.7 14.1 53.0 120 3
4 1.316 .1724 16.3 18.2 6.1 24.5 40.3 8.0

CaBr2 0.5 1.078 .0828 31.0 33.1 27 3 52.2 38.2 22.7
1 1 156 1436 26.3 32 9 22.8 45.9 47.0 20.1

BaCl2 0 5 1.085 .0811 29.0 33.9 28.2 53.9 39.1 23.9
1.0 1.171 1369 27.6 33.5 23.9 49.2 46.0 20.3
1.5 1.258 1781 26.1 30.1 17.6 44.2 48.3 14.9 54.5 111.2 4.2

A1(N03)3 1 1.154 .1144 24.7 24.8 16.8 38.3 38.2 16.8 52.5 73.7 5.0

number of inorganic electrolytes in aqueous solu- audio frequency conductivity. Values of the cor- 
tions were measured at 25.0°, at concentrations rected values, e"cor, are also given in Table I. 
ranging up to saturation. Data at the three wave The data were analyzed to characterize the re- 
lengths are listed in Table I, which also contains laxation, to determine a low frequency limiting 
values of density and audiofrequency conductivity, value of the dielectric constant, e0, and to obtain its 
determined on samples of the same solutions. high frequency limit, €». This was done by means

The correction of e" for ohmic conductance was of complex diagram plots of t and e". Cole and 
calculated by the relation e "0Or =  e"obs — 2o/v, Cole16 have discussed the use of such plots in study- 
wbere v is the frequency and a the electrical con- ing relaxation phenomena, and have pointed out 
ductivity in e.s.u. Following the suggestion in sec- that many systems exhibit relaxation plots closely 
tions I and IV (5), we assume the ohmic conduct- approximating circular arcs whose centers lie on or 
ance at microwave frequencies is the same as at below the e' axis. The former case, which results 
audio frequencies, and therefore identify a  with the pc) k . s . Cole and r . h . Cole, j . chem. Phy*., 9, 3 4 1  imp.
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T a b l e  I I

L i m i t i n g  L o w  a n d  H i g h  F r e q u e n c y  D i e l e c t r i c  C o n s t a n t s , R e l a x a t i o n  T i m e s , R e l a x a t i o n  D i s t r i b u t i o n  P a r a m 

e t e r s  a n d  C o r r e l a t i o n  P a r a m e t e r s  o f  A q u e o u s  I o n i c  S o l u t i o n s  a t  2 5 . 0 °

Units of concentration are moles/iiter, of As, cm. and of n, Debyes.
Concn. Concn.

Solute solute H20 co €co
LiCl 2 53.3 52.5 5 .5  ±  1

4 50.9 50
8 45.8 39 5.5 ±  2

12 40.5 35 4.2 ±  1
LiBr 2 52.5 51.8

4 49.6 49.3
10 40.1 39

NaCl 2 53.3 59.5
4 50.8 46.0
5 49.3 42.0

NaBr 2 52.6 62.4 5.5 ±  1
4 49.6 47.2

Nal 2 51.2 55.5
4 47.3 45.7
8 37.4 37.0 4 .8  ±  1

KF 1 54.7 70.0 5.0 ±  1
4 52.4 64.0
8 48.1 60

12 42.8 57 4 .0  ±  1
KC1 1 53.4 70.5 5.5 ±  1

2 52 8 66.3
4 48.6 62

KBr 1 53.3 69.3
2 51.4 67.5

KI 1 53.0 69.5
2 50.6 67.6
4 44.7 57.5

Na2S04 1 54.2 62.5
NaN03 2 51.9 60.3

4 48.3 48.4
NaCIO, 2 50.3 57.8

4 45.2 45.2
MgCL 1 54.3 57.1 5.5 ±  1

2 53.0 49.0
3 50.8 44.3 3.3 ±  1
4 49.3 42 0

CaCl2 0.5 54.8 64.3 5.5 ±  1
1 54.1 57.5 5.2 ±  1
2 52.4 54.0 5.0 ±  1
4 48.4 49 5.0 ±  2

CaBr2 0.5 54.3 65.0
1 53.1 60.2

BaCl2 0.5 54.4 68.9
1.0 53.4 63.4
1.5 52.5 58.2 5.5 ±  1

A1(N03)3 1 52.2 55.7 5.5 ±  1

in a semi-circular relaxation diagram, corresponds 
to a system whose relaxation obeys the Debye equa
tions with a single relaxation time. When the center 
of the circle lies below the e' axis, Cole and Cole 
show that the angle air¡2  between the e' axis and a 
radius of the circular arc drawn to its inner inter
cept upon the e' axis may be used to characterize the 
width of the distribution of relaxation times neces
sary to describe the system. The limit a  =  0, then, 
refers to a system with a single relaxation time, and 
larger values of a  correspond to broader distribu
tions.

Circular arcs were drawn through the experi
mental points of the present research. Since the

a n2 a
1.43 0.00 1.84 8.02 1.75
1.75 .28 1.91 7.98 1.74
4.3 .50 2.02 6.66 1.45
8.0 .57 2.13 6.52 1.42
1.34 .00 1.84 8.18 1.78
1.61 .29 1.91 8.07 1.76
7.2 .53 2.12 7.40 1.61
1.33 .10 1.83 9.32 2.03
1.22 .14 1.88 7.40 1.62
1.32 .18 1.90 6.90 1.51
1.47 .13 1.84 9.88 2.16
1.24 .19 1.92 7.69 1.68
1.28 .06 1.89 8.88 1.94
1.16 .20 2.01 7.61 1.66
2.8 .40 2.20 7.35 1.60
1.60 0.00 1.79 10.83 2.36
1.96 .32 1.86 10.12 2.21
6.7 .47 1.93 10.13 2.21

19 .58 2.00 10.60 2.31
1.52 .11 1.80 11.15 2.43
1.36 .22 1.83 10.50 2.29
1.10 .56 1.89 10.48 2.29
1.46 .09 1.81 10.94 2 39
1.36 .23 1.85 10.92 2.38
1.45 .11 1.84 10.94 2.39
1.35 .25 1.89 11.00 2.40
1.07 .68 2.01 10.21 2.23
1.46 .04 1.83 9.63 2.10
1.37 05 1.83 9 70 2.12
1.15 .21 1.87 8.22 1.79
1.31 .05 1.83 9.58 2.09
1.30 .30 1.87 8.19 1.79
1.51 .00 1.84 8.74 1.91
1.20 .19 1.90 7.53 1.64
1.70 .37 1.96 6.96 1.52

.39 2.02 6.68 1.46
1.41 .01 1.81 9.86 2.15
1.43 .07 1.85 8.81 1.92
1.55 .29 1.92 8.37 1.83
5.6 .53 2.04 7.93 1.73
1.45 .03 1.82 10.03 2.19
1.55 .09 1.87 9.36 2.04
1.60 .04 1.84 10.57 2.31
1.52 .09 1.89 9.76 2 13
1.3 .22 1.94 8.97 1 96
1.51 .22 1.87 8 79 1.92

maximum number of points available for any one 
solution w'as three, it was not possible to determine 
whether or not the relaxation curves were actually 
circular. However, the limiting values, e0 and e „ ,  
behaved in such a way as to suggest that circular 
arcs were a reasonable approximation to the data 
within the experimental accuracy. Moreover, ex
perimental results for water are available at more 
than five frequencies, and all these data lie on the 
same semi-circle,17 thus establishing that a circular 
arc is the limiting form of the relaxation plots at 
low concentrations.

(17) C. H. Collie, J. B. Hasted and D. M. Eitson, Proc. Phys. Soc. 
(London), 60, 145 (1948).
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Values of could be determined from the inner 
intercept of the arcs with the e' axis. These val
ues, in the more dilute solutions, were close to 5.5, 
the value for water; however, in the more concen
trated solutions, significant decrements were ob
served.

Data at 10 cm. were not taken for some solu
tions. To define relaxation curves for these solu
tions, a value for e» was assumed, either by interpo
lation or extrapolation from other concentrations 
of the same solute, or by comparison with other 
solutions of the same cationic composition. This 
procedure did not seriously influence the interpreta
tion of the results, since the range of values of e„ was 
insufficient to produce much uncertainty in either
€o, or As, the wave length at the maximum value of//
€ .

For each solution, values of e0, «<», As and a were 
determined and these are given in Table II.

6 ".

Fig. 2.— Dielectric relaxation in N al solutions.

Fig. 3.— Dielectric relaxation in MgCl2 solutions.

The methods used for treatment of the results 
differ from the procedures used by previous inves
tigators of ionic solutions. Hasted, Ritson and 
Collie11 assumed that their data could be interpreted 
on the basis of a single relaxation time, and drew 
semi-circles through their experimental points. For 
many of the solutions studied, they had but one ex
perimental point, so it was necessary for them to 
make the additional assumption that =  5.5 to 
completely define the curves. Their justification 
of the procedure was that the resulting values of the 
extrapolated low frequency dielectric constant and 
of the relaxation time showed a consistent, regular

behavior which suggested that the assumptions 
made were not unreasonable. More recently, 
Haggis, Hasted and Buchanan12 presented results 
which they too analyzed in terms of a single relax
ation time. In that research there were at least 
two points available for most of the solutions and 
it was not necessary to assume a value for e„. Both 
of the above-mentioned studies were primarily con
cerned with relatively dilute solutions, below 1 M, 
and the present study indicates that the assump
tion of a single relaxation time was not in serious 
error at those concentrations.

Typical sets of relaxation plots are shown in Figs. 
2 and 3. It can be seen that the distribution of re
laxation times becomes quite broad at high concen
trations, so that the assumption of a single relaxa
tion time is clearly inadequate.

The values of e0 were plotted against the concen
tration of solute, and limiting slopes at low con
centration were obtained. These plots showed con
siderable curvature, with the slopes decreasing in 
absolute value at higher concentrations. Examples 
of such curves appear in Figs. 4 and 5. In Table 
III the limiting slopes are listed for each electrolyte.

Plots of As vs. concentration typically show the 
behavior illustrated by the examples of sodium and 
lithium salts in Fig. 6. Evidently the effect which 
tends to decrease As at low concentrations is op
posed by another effect which becomes more im
portant at the higher concentrations.

IV. Discussion
1. Low Frequency Dielectric Constants at Low 

Concentration.— Let us first consider the depend
ence of the low frequency dielectric constants upon 
concentration, in the limit of low concentration. 
From the limiting slopes presented in Table III, 
it can be seen that the charge on the cation is an 
important factor influencing the dielectric constant 
depression. The results are, within experimental 
error, the same for a bromide or iodide as they are 
for the corresponding chloride. This suggests that a 
zero contribution can be assigned to the ions Cl- , 
Br_, I - . Accordingly, to facilitate comparison of 
the various cations, the slopes for different com
pounds containing the same cations have been aver
aged, and the result listed in the columns for ions in 
the table. The slope for KF is considerably larger 
than that for any of the other potassium salts. 
Therefore, KC1, KBr and KI were used to compute 
the average slope listed for K+, and the excess 
slope present in KF has been attributed to the fluo
ride ion.

The cation slopes of Table III indicate that the 
dielectric constant depression decreases with in
creasing size among cations of the same charge, but 
that this effect is not as large as that caused by 
changes in charge. Graphs showing the effect of 
cationic charge and size upon e0 are shown in Figs. 4 
and 5. The depression associated with the fluoride 
ion is considerably smaller than that associated with 
any of the cations studied.

All the discussion of the data has, up to this 
point, been with regard to the solution as a whole. 
If we are interested in finding out about the effect 
of the ions on the water molecules, we must take
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T a b l e  III
( a )  S l o p e s  o f  D i e l e c t r i c  C o n s t a n t  a n d  W a t e r  D i
p o l e , C o r r e l a t i o n  P a r a m e t e r  a g a i n s t  C o n c e n t r a t i o n . 

E x t r a p o l a t e d  t o  Z e r o  C o n c e n t r a t i o n

(b) M onatomic Ion Assignments
-d .

Soluto
dc

(mol'-s/
l.)“1 Ion

V dc J av. 
(tnoles/1.) 1 

(±2)
/-dffX
V dr /  av. S(c.n.)a

L id 14 ±  2 Li + 14 0.40 3.4
LiBr 15 Na + 10 . 20 14.4
NaCl 10 K + 7 . 13 24.5
NaBr S Mg+»- 28 . 05 -2 8
Nal 12 Ca + + 27 .57 -1 3 .2
KF 10 Ba + + 21 .42 3.0
KC1 7 A1+3 30 (9) -7 (?) -7 4 .0
KBr 8 F - 3 .08 -  2.3
KI 0 c i - (0) (0) 13.2
7 2(Na,SO,.) 9 Br (0) (0) 19.2
NaNOs 10 1“ (0) (0) 20.1
NaClOi 11.
MgCb 28
CaCk 27
CaBi'o 27
BaCk 21
Al (NO.-,)., 30 ±  5

0 The zero of 5  is defined by setting Sn+ =  0.
into account the reduced concentration of water in 
the solution. It would be desirable to allow for the 
dilution of the water in a manner which does not 
require the assumption of any particular model for 
the solution. We shall accomplish this by apply
ing the theory of dielectric polarization in polar sub
stances18 to the low frequency dielectric constants. 
The theory may be applied in the form derived for 
solutions,1813 with the assumption that the motion 
of the ions contributes negligibly to the polariza
tion. The result is

6 — 1 n2 — 1 . 4ttN i ¡x2g . .
e +  2 “  n2 +  2 +  3F  3kT  (2e +  l)(e  +  2) (1'

where n2 is an effective refractive index of the solu
tion which includes the effects of both electronic 
and atomic polarization,19 Ni/V is the number of 
water molecules per unit volume, k is Boltz
mann’s constant, T is the absolute temperature 
and p is the average dipole moment of a water 
molecule in the solution. The correlation parame
ter, g, is defined so that g  ̂ is the average total 
moment, excluding distortion polarization produced 
by an external field, of a macroscopic specimen of 
the solution when one water molecule is fixed in po
sition. The dipole moment fluctuations1813 which 
affect g are considered negligible.

Values of g-g for each solution were calculated by 
means of eq. 1 and listed in Table II. The neces
sary values of n- for the solutions were obtained 
from visible frequency data available in the litera
ture,20 and are also given in Table II. The con-

(18) (a) F. E. Harris and B. J. Alder, J . Chem. Phys., 21, 1031 
(1953); (b) F. E. Harris and S. G. Brush, J. Am. Chem. Soc-., 68, 1280 
(1956).

(19) This includes polarization due to motions of nuclei, but not that 
due to torsional oscillations of water molecules against their neighbors, 
which is included in g. Thus, the proper values of n2 to use in applica
tion of eq. 1 to aqueous solutions will be close to the values observed 
at optical frequencies.

(20) “ International Critical Tables,”  Vol. 7, McGraw-Hill Book 
Co.. New York, N. Y., p. 63 ff.

c (moles /  liter).
Fig. 4.— Effect of cationic charge upon low frequency di

electric constants.

c (moles /  liter)_
Fig. 5.— Effect of cationic size upon low frequency dielectric 

constants.

centrations of water were calculated from the den
sities measured in this research.

In order to calculate the correlation parameter, g, 
it is necessary to know she dipole moment of a 
water molecule in the solution. Although the 
strong electric field of the ions will polarize the 
water molecules sufficiently to change their dipole 
moment considerably, the induced moments give 
rise to a polarization which vanishes in the first, 
approximation when the ions are non-polar. The 
effective dipole moment of the water molecules will 
therefore be determined primarily by the interac
tion between the water molecules, and can be ap
proximated by the moment of molecules in pure
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C (moles / iter ).
Fig. 6.— Wave length of central relaxation vs. concentra

tion for various electrolytes at 25°. Values to 1 M  from 
reference 13.

water. Pople has calculated this moment from a 
four-coordinated bendable hydrogen bond model for 
liquid water,21 and shows that the main contribution 
to the increase over the vacuum moment is that of 
the first shell of neighbors. Therefore, the approxi
mation considered should be adequate when most of 
the water molecules have four other water molecules 
as first neighbors. In the more concentrated solu
tions this condition is far from satisfied. However, 
we shall use the moment calculated in this way for 
lack of a better approximation. Values of g ob
tained using the pure water moment, p =  2.14 D, 
are listed in the last column of Table II.

The values of g obtained for the ionic solutions 
showed a behavior similar to that of the values of 
Co from which they were derived. There are signifi
cant decrements from g =  2.55, the value for pure 
water, and they increase with cationic charge and 
decrease with increasing cationic size. Clearly, 
there is a substantial effect beyond that caused by 
the dilution of the water. The behavior noted 
above will be discussed in subsequent sections in 
relation to probable configurations of water mole
cules around ions.

Upon comparing the present results with those of 
the previous investigators,"’12 we observe rough 
qualitative agreement. However, the present work 
provides a more definite indication that the contri
butions of the anions are small, that there is a no
ticeable and regular trend of the low frequency dec
rements with ionic size, and that the general conclu
sions remain unaltered when the effect of the dilu
tion of the water is more rigorously taken into ac
count.

2. High Frequency Dielectric Constants.— It
has been pointed out that the high frequency limit
ing values of the dielectric constant fall near to or 
less than 5.5, the limiting value for pure water. 
The decrease in e», most marked in the more con
centrated solutions, is, in part, caused by the dilu
tion of water by ions of lower refractive index. 
However, since a substantial portion of the polari
zation effecting a dielectric constant of 5.5 in water 
probably is due to bending at the hydrogen 
bonds,18®’21 this contribution will undoubtedly 
change as the environment of the water molecules 
is altered. If the ions are assumed to have a dielec
tric constant of approximately 2, the high frequency

(21) J .A . Pople, Proc. Roy. Soc. (London), A205, 163 (1951).

dielectric constant of the surrounding water may 
be estimated from the experimental value of e™ 
and the volume occupied by the ions. The volume 
occupied by the ions can be estimated from crystal 
radii, and the volume fraction of solute, 8, calcu
lated. Böttcher has derived a simple formula re
lating the dielectric constant of a suspension of 
spheres to their volume fraction22 in which e, and e2 
are the high frequency dielectric constants of the 
water and solute, respectively. The formula

£co ei €2 ei /rt\o “  0 <y \̂JO 6 <» " C cd I f2
is derived assuming a random distribution of spheri
cal particles of arbitrary size in a continuous me
dium. While a detailed treatment should consider 
the discrete nature of the water molecules around 
the ions, the formula will give an idea of the mag
nitude of the difference between ei and e».

The calculation indicated above reveals that the 
decrease in volume fraction of the water is much 
too small to explain the decrease of e„. We there
fore conclude that the polarization due to bending 
of the hydrogen bonds is substantially decreased at 
high concentrations. This is attributed to high 
deformation force constants associated with the 
relatively strong interaction23 between ions and wa
ter molecules.

3. Relaxation Times.— In agreement with previ
ously reported work,11'13 the relaxation phenomena 
at low concentrations may be approximately char
acterized by a single Debye relaxation time, the re
laxation time initially becoming shorter with in
creasing concentration. Haggis, Hasted and Bu
chanan13 attributed the decrease of the relaxation 
time, which is proportional to the critical wave 
length, As, to an increase in the number of broken 
hydrogen bonds produced by the addition of ions 
to the water. This concept clearly fails when ap
plied to the more concentrated solutions, where the 
relaxation times are often much greater than the re
laxation time of pure water. Thus the new results 
suggest that a more detailed consideration of the 
ion-solvent interactions is in order.

The electric field intensity E  at a point outside of 
an isolated ion at a distance r from the center is 
given by Ze/r2, and the coupling energy of a dipole 
in such a field is given by p-E. It seems reasonable 
to suppose that when this energy is large compared 
to the binding energy of a water molecule in liquid wa
ter, the electric field will disrupt the normal short- 
range structure in water,24’25 which is essentially 
that of ice, and produce structurally well defined 
configurations. 11 is important to recognize that to 
establish a criterion for saturation of the orienta
tion in water, the dipole coupling energy should be 
compared to the energy of breaking hydrogen bonds 
in water rather than to RT, unlike the case of di
electric saturation in a gas.

The energy of a hydrogen bond in water was esti
mated by Pauling26 to be roughly 4.5 kcal./mole of

(22) J. C. F. Böttcher, “ Theory of Electric Polarization,”  Elsevier 
Pub. Co., Amsterdam, 1952.

(23) E. J. W. Verwey, Rec. trav. chim., 61, 127 (1942).
(24) J. D. Bernal and R. H. Fowler, J. Chem. Phys., 1, 515 (1933).
(25) J. Morgan and B. E. Warren, ibid., 6, 666 (1938).
(26) L. Pauling, “ The Nature of the Chemical Bond,”  Cornell Uni

versity Press, Ithaca, N. Y., 1948.
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bonds. Later, Searcy27 suggested a value some
what higher, ~ 6 .4  kcal. Pauling attributed l/i 
of the heat of sublimation of ice at 0° (12.2 kcal./ 
mole) to van der Waals forces, and the remainder 
to hydrogen bonds. Searcy refined the estimate 
by considering the packing situation in relation to 
similar substances, and obtained a repulsive energy 
of 4.5 kcal./mole and a London energy of —2.6 
kcal./mole, which led to a hydrogen bond energy of
6.4 ±  0.5 kcal. at 0°K. Verwey,28 in a relatively 
direct calculation of the repulsive and London en
ergies, obtained 8.5 ±  2 kcal./'mole and —5.3 kcal./ 
mole for the repulsive and London energies, respec
tively. From this it appears that the London at
tractive potential is not enough to outweigh the re
pulsive forces, which seems reasonable in view of 
the relatively strong electrostatic attractions be
tween water molecules, and the extremely open 
lattice of the ice structure. We now may estimate 
the hydrogen bond energy as y 2(12.2 — 5.3 +
8.5 ±  2) or 7.7 ±  1 kcal./mole of hydrogen bonds 
at 0°. This is of the order of magnitude of the 
values (6.8 ±  0.5) obtained by Verwey28 from his 
model calculation, but is independent of the partic
ular choice of model.

From computations, as indicated above, of the 
coupling energies for representative monatomic 
ions, it appears clear that nearest neighbor water 
molecules will have configurations determined pri
marily by the ionic field and by geometrical packing 
considerations, rather than the tetrahedral symme
try characteristic of the short-range order in ice and 
water. This is more in accord with the view of Ver
wey,23 as opposed to that of Bernal and Fowler,24 
who consider that the ions replace water molecules 
in the tetrahedral structure. The calculations of 
Verwey, who employed a quadrupolar model to 
represent the spatial distribution of charge in the 
water molecule, provide numerical results which 
support this view.

Let us now consider roughly the coupling situa
tion with regard to second shell water molecules, 
which is very complex, as recognized by Verwey. 
The electric field acting upon these molecules is 
greatly reduced because of the increase in r2, and 
because of the polarization of the first shell mole
cules, and may be represented by 7e/ eer2, where ee 
is an effective dielectric constant for the strongly 
polarized first shell. For univalent ions and any 
physically reasonable values of ee and r, calculations 
show that the dipole coupling energy will be some
what less than the energy of a hydrogen bond. 
Accordingly it is reasonable to suppose that the 
normal water structure will begin in the second shell 
and be regained almost completely in the third 
shell.

It remains to select and reject probable water 
molecule configurations from the considerable 
number suggested by other workers. First of all. the 
suggestion11 that second shell molecules may be re
garded as oriented in a well defined manner by the 
field of univalent ions is clearly contrary to the 
above point of view. Even for small trivalent and 
quadrivalent ions, the approximate calculations in-

(27) A. W. Searcy, J. Chem. Phys., 17, 210 (1949).
(28) E. J. W. Verwey, Rec. trav. chim., 60, 887 (1941).

dicate that it is not permissible to assert that the 
ionic field will strongly predominate over the hy
drogen bond forming tendency in second shell mole
cules. However, the normal tetrahedral structure 
cannot as readily form about these molecules, be
cause of the directing effect of the field and the con
sequent limitation of the configurations available to 
the first shell molecules, which are involved as 
nearest neighbors to the molecules in the second 
shell, and because of the appreciable directing field 
at the second shell. Thus the second shell may be 
regarded as possessing less structure than either 
normal water or the first hydration shell, and it is 
suggested that this shell contributes strongly to the 
“ breaking down” of the water structure proposed 
by Frank and Evans on the basis of entropy con
siderations. Experimental studies of the fluidities29 
of aqueous ionic solutions and of the self-diffusion30 
of water in ionic solutions support the concept of 
Frank and Evans. Similarly, the decrease of the 
relaxation time for water in the more dilute solu
tions can be attributed to the competition between 
the above-described effects of the field and the tend
ency to form hydrogen bonds with tetrahedrally 
situated and properly oriented neighbors. In terms 
of the dielectric relaxation as a chemical rate proc
ess,31 the increased relaxation rate can be ex
plained by a raising of the minima in the potential 
energy curve for rotation of a second shell molecule 
with respect to its neighbors, with a consequent re
duction of the potential barrier, and hence of the ac
tivation energy, for rotation of the dipole. The re
laxation time depression was associated in a less 
definite manner with structure breaking by previous 
investigators.11

As the ionic concentrations are increased, it is 
seen from the results that the dielectric relaxation 
typically becomes characterized by a rapidly broad
ening distribution of relaxation times, with the 
longer times becoming relatively more important. 
This can be explained on the basis of several ef
fects. First of all, the system is rapidly depleted of 
water molecules which would be expected to have 
relaxation times essentially equal to the one for pure 
water at the same temperature, let us say, molecules 
separated from ions by two or more intervening 
shells. Therefore the contribution from the “ nor
mal” relaxation processes is less. Secondly, at 
higher concentrations, the second shell molecules, 
in addition to experiencing a directing field from 
the central ion under consideration, are becoming 
polarized in the same direction by the fields from 
oppositely charged ions which on the average pre
dominate in the vicinity of any given ion, so their 
configurations become relatively more stable. The 
longer relaxation times of the nearest neighbors be
come relatively more important. In terms of the 
shell model, at least four or six relaxation times can be 
expected for the nearest, second nearest and third 
nearest neighbors about cation and anion. Because 
the entire system is characterized by strong interac
tions and a mixing of the roles of a given water 
molecule between different ions, with a time depend-

(29) E. C. Bingham, T his Journal, 45, 885 (1941).
(30) J. H. Wang, J. Am. Chem. Soc., 76, 4755 (1954).
(31) W. Kauzmann, Rev. Mod. Phys., 14, 12 (1942).
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ence associated with the random translational mo
tions of the ions, the various relaxation times prob
ably become smeared into a broad distribution, with 
the central relaxation time increasing at high con
centrations because of depletion of the system with 
respect to relatively mobile water molecules.

4. The Hydration of Ions.— Verwey23 concluded 
that monatomic anions probably interact with a 
nearest neighbor water molecule through what may 
be regarded as a hydrogen bond type linkage in
volving only one hydrogen. Water molecules so 
coordinated experience less repulsion for a given 
H . .  . anion distance, and can form one more hydro
gen bond with neighbors than can molecules which 
bend an anion in a symmetrical coplanar arrange
ment involving both hydrogens. Since the unco
ordinated hydrogen can rotate about the anion . . . 
H -0  direction, the molecular dipole can rotate, 
and there will be a contribution to the orientation 
polarization or to g. This is in accord with the 
low values for — dg/dc assigned above.

The large values for —dg/dc assigned to cations 
are not as easily explained. They are associated 
with the relatively large dielectric decrements pro
duced by cations and attributed by Haggis, Hasted 
and Buchanan13 to “ irrotational binding.”  Their 
adopted configuration—a coplanar arrangement of 
the cation, oxygen and the two hydrogens— presum
ably does not permit rotation of the water molecule 
except possibly around the axis of the dipole. Since 
such motion does not contribute to the orientation 
polarization, this arrangement would produce a rela
tively large positive contribution to —dg/dc, which 
is qualitatively consistent with our results. How
ever, the proposed arrangement is contrary to the 
conclusion of Verwey, and this was not adequately 
discussed.

Fig. 7.— Limiting slope of the water dipole correlation 
parameter-concentration curve vs. standard ion entropy for 
monatomic ions.

Verwey23 calculated that the binding energy be
tween a singly charged cation 1.36 A. in radius and 
a water molecule coordinated in the coplanar ar
rangement (a) is 2.5 to 3.5 kcal. greater (depending 
upon the value chosen for the screening parameter 
of the proton in his model) than the corresponding 
energy for a water molecule coordinated in a tetra
hedral (c) manner. Nevertheless, he concluded 
that arrangement (c) would lie energetically more 
favored on the basis of the fact that a water mole

cule so bound can hydrogen bond to three surround
ing water molecules, rather than two, as in (a). The 
corresponding energy difference was less (2.0 to 2.3 
kcal.) for a 2.00 A. cation, and undoubtedly would 
be greater for univalent cations less than 1.36 A. in 
radius, and for multiply charged cations. The cal
culations did not include the effect of polarization of 
the surrounding molecules in the field of the cation, 
which would probably decrease the energy of the 
hydrogen bonds to the molecule in question in ar
rangement (c). Accordingly, for K+ (r =  1.33 A.) 
it appears that there would be no strong preference 
for cither (a) or (c), but that the coplanar linkage
(a) is progressively more favored as the cationic 
radius decreases, or the charge increases. Since Iv + 
appears at one end of the cation curve in Fig. 7 (to 
be discussed), and there is an indication of a satura
tion of the — dg/dc values vs. S° as 5° becomes more 
negative, it appears that the range represented by 
that curve may correspond to a transition toward 
the coplanar hydration linkage for cations as charge 
increases or caticnic radius decreases. The sug
gested tendency might be greater than one might in
fer from Verwey’s calculations, because of the neg
lect in his models of the concentration of negative 
charge in the lone pair orbitals of the water mole
cule.32

Further indications of the interactions between 
ions and water molecules are available in the ther
modynamic functions for aqueous ions. Powell 
and Latimer33 have examined the entropies of a 
large number of aqueous ions differing in charge and 
size, and found a correlation of solvation entropies 
with Z /r 2e where Z is the absolute value of the ionic 
charge and re is an effective ionic radius. A further 
study by Powell34 showed that a relation which cor
relates the entropies of monatomic cations and an
ions is

5 ’ =  47 -  154 Z/rS (3)

where Su is the conventional (.50h + =  0) standard (1 
M) partial rnolal ionic entropy, Z is the absolute 
value of the charge in electronic units, and re is an 
effective radius, in angstroms, taken to be 1.3 A. 
greater than the Pauling crystal radius for cations, 
and 0.4 A. greater than the Pauling crystal radius 
for anions. The physical basis for a choice of 
smaller interaction distance for an anion is that the 
anion may approach more closely the effective cen
ter of the water drpole than may a cation.38 Com
paring K+ and F~ which have equal crystal radii, 
it is seen that the effect of the K+ upon de/dc as 
assigned in Table III is greater than that of F_ , al
though F " has the smaller interaction distance, and 
therefore a stronger interaction with a water mole
cule. This is attributed to the special manner, 
discussed above, in which the cation immobilizes 
the dipoles of the nearest neighbor water molecules.

When a plot of de/dc vs. ionic entropy is con
structed from the data in Table TIT, the anions, the

(32) J. Lennard-Jones and J. A. Pople, Proc. Roy. Soc. (London), 
A205, 155 (1951).

(33) R. E. Powell and W. M. Latimer, J. Chem. Phys., 19, 1139 
(1951).

(34) R. E. Powell, T his J o u r n a l , 58, 528 (1954).
(35) W. M. Latimer, K. S. Pitzer and C. M. Slansky, ,/. Chem. 

Phys., 7, 108 (1939).
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singly charged cations and the doubly charged cat
ions fall into separate groups. However, when 
the quantity dg/dc is computed from eq. 1, which 
takes into account the dilution of water by the ions, 
and is plotted vs. ionic entropy, all of the cations 
characterized in this study are correlated by the 
smooth curve of Fig. 7. The anions still fall within 
a separate group and would not appear on the curve 
regardless of the manner in which the dielectric in
crement is arbitrarily divided between anion and 
cation for a given reference salt. This is consid
ered a separate indication of the different modes of 
interaction between a water molecule and a cation 
and an anion, already inferred above.

5. Ion Atmosphere Asymmetry.—It has been 
shown by Debye and Falkenhagen9 that there is a 
positive contribution to the dielectric constant as a 
result of the asymmetry produced in an ion at
mosphere by the application of an external field. 
The theory of this effect for dilute solutions leads to 
an equation of the form

Aeo' =  ac1/ 2 (4)

where Act/ is the low frequency dielectric constant 
increment, and the coefficient a is determined by 
the ionic charges and mobilities, the dielectric con
stant of the solvent and the temperature. Some 
values of a in water at 18° are 3.8, 10.9, 13.8 and
30.3 for KC1, MgCb, LaCl3 and MgS04, respec
tively.36 At concentrations around 1 M  the effect 
is probably smaller than might be expected from 
eq. 4 because of the overlap of ion atmospheres 
which would tend to reduce the asymmetry polariza
tion. Now the depression of the dielectric constant 
by ion-solvent coupling interaction would be ex
pected to be linear in the concentration on the basis 
of any model which treats the ions as acting inde
pendently. One therefore expects that in dilute 
solutions the total low frequency dielectric incre
ment will be given by the sum of two terms

Aeo =  ac1/! — /3c (5)

where the first term is the asymmetry contribution 
of Debye and Falkenhagen, and the second is the 
resultant of the ion-solvent coupling effects for the 
ions in question. It is of interest to examine the 
slope of the Ae0 versus c curve

(36) Reference 8, p. 220.

from which it is seen that the Debye-Falkenhagen 
effect will dominate at low concentrations, but may 
be small compared to the ion-solvent coupling ef
fects at high concentrations. In the transit!cn re
gion, the curve of At0 vs. c should be concave down
ward. The fact that it is typically concave upward 
in the 1 M  region (Figs. 4 and 5) suggests that the 
first term may be negligible at such concentrations, 
and that fi may be identified with —de/dc of Table 
III. It appears evident that the term 0c should lie 
added to experimentally observed values of dielec
tric increments of dilute solutions of electrolytes 
before comparison is made with the Debye-Falken
hagen theory. When dealing with polyelectro
lytes, a similar situation may be expected. The 
suggestion has been made37 that the dielectric in
crements and the dispersion observed, for example, 
in the 1-10 megacycle region for protein solutions, 
may have their primary origin in an ion atmosphere 
polarization effect. Accordingly, the electrolyte 
composition of the solution should be specified when 
reporting experimental results for polyelectrolytes, 
to make comparisons with theory possible.

6. Very Concentrated Solutions.— It is of 
interest to note the high dielectric constants 
(e0, Table II) of the most concentrated solutions, 
e.g., 12 M  LiCl(35), 10 M  LiBr(39), 12 M  KF(57). 
Although the relaxation times found in the more 
concentrated systems were helpful in understanding 
certain qualitative aspects of the dielectric proper
ties of aqueous ionic solutions, a quantitative inter
pretation of the Kirkwood correlation parameters 
(^-values) was not attempted for those systems. 
The nature of the assumptions involved in obtain
ing eq. 1 preclude the consideration of polarization 
mechanisms involving ion clusters, or possible alter
native ionic mechanisms. To the extent that this 
may be valid, the occurrence of correlation values 
greater than unity may be interpreted as indicating 
strong hydrogen-bond couplings between water 
molecules even in solutions where there are scarcely 
enough water molecules to hydrate the ions. This 
may be of importance in understanding the thermo
dynamic and dielectric properties of solid hydrates.

(37) C. T. O ’ Konski, J. Chem. Pays., 23, 1559 (1955).
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THE KINETICS OF NITROGEN ATOM REACTIONS ACCOMPANIED BY 
CATALYZED RECOMBINATION OF ATOMS1

By W. F o r s t , H. G. V. E v a n s  a n d  C. A. W in k l e r

Contribution from the Physical Chemistry Laboratory, McGill University, Montreal, Canada
Received September 6, 1956

Theoretical considerations indicate that temperature dependence of the limiting hydrogen cyanide yield in reactions of 
active nitrogen with organic molecules may he explained by assuming that hydrogen cyanide formation is accompanied by 
recombination of nitrogen atoms catalyzed by reactant.

Introduction
When the flow and activation of nitrogen is kept 

constant, it has generally been observed2-6 that 
the yield of hydrogen cyanide becomes constant 
above a certain minimum input of organic react
ant, and that this limiting yield of hydrogen cya
nide is apparently independent of temperature. 
Such behavior has been attributed to complete con
sumption of active nitrogen.

This paper discusses two recent studies6’7 in 
which the limiting yield of hydrogen cyanide was 
found to depend on temperature. To explain this 
behavior, it seems reasonable to assume that some 
process destroys the activity of the nitrogen (with
out forming hydrogen cyanide) to a different extent 
at different temperatures. If, for reasons indi
cated elsewhere,8 it is assumed that the main reac
tive species in active nitrogen is atomic nitrogen, 
the most obvious mechanism of specific deactiva
tion is by nitrogen atom recombination catalyzed 
by the reactants, methyl chloride6 and methyl cya
nide.7 It is well known that the rate of recombina
tion of nitrogen atoms due to wall reaction and to 
the presence of excess molecular nitrogen is slow in 
a suitably poisoned reaction vessel.9’10 The main 
products of both reactions are much simpler mole
cules than the reactants, with fewer degrees of 
freedom. Hence, it seems unlikely that the prod
ucts would be as efficient recombination catalysts 
as the reactants.11 Direct evidence in favor of this 
conclusion is to be found in a comparison of the be
havior of methyl cyanide with that of the hydro
carbons. The only main products of the methyl cy
anide reaction, H2 and HCN, are also main prod-
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ucts of the reactions of the hydrocarbons with ac
tive nitrogen, none of which have shown a marked 
change of the limiting yield of HCN with change of 
temperature.

The observed kinetic behavior can be explained 
satisfactorily by a competition between direct re
action and catalyzed recombination. The simplest 
possible reaction scheme will be considered first, 
after which will be discussed the modifications nec
essary to take into account a relatively long life for 
an intermediate reactant-nitrogen atom complex 
that apparently is formed in most active nitrogen 
reactions.13

I. Simple Reaction Scheme.— The recombina
tion reaction is taken to be third order.

A'i
N +  N +  M — N2 +  M (i)

and the direct reaction second order

N +  M nP (Ü)
where M represents methyl chloride or methyl cy
anide, and P represents hydrogen cyanide.

The kinetics will depend on the nature of the 
flow in the reaction vessel. The assumption that 
the flow pattern corresponds to instantaneous mix
ing at the inlet, followed by essentially uniform 
flow out of the reaction vessel with only localized 
mixing, provides the best explanation of the ob
served kinetic behavior and also explains the ob
served shape of the reaction flame.14 The error 
involved in the assumption of instantaneous mixing 
at the inlet to the reaction vessel is probably more 
important than the error that results from neglect 
of mixing along the path of flow. It is very dif
ficult to make a quantitative treatment of the 
amount of reaction during the initial mixing period, 
but it seems likely that the assumption of instanta
neous mixing should give the essential features of 
the kinetics.

For this flow pattern
— TV

ck k,N*M +  h N M ( 1 )

(13) IT. G. V. Evans, G. R. Freeman and C. A. Winkler, Can. J. 
Chem., 34, 1271 (1950).

(14) Equations 1 and 2 hold rigorously only for stream line flow 
in a cylindrical reactor :n the absence of diffusion for isothermal gas 
phase reactions that occur without a change in volume. For small 
n in reaction (ii) the volume change will be small and can be neglected. 
Equations 1 and 2 will also give a good approximation if a certain 
amount of localized turbulence and diffusion occur, since localized 
mixing would lead only to second-order effects. It seems quite safe 
to neglect the rate of diffusion from one part of the reaction vessel 
to another compared with the rate of reaction, since both the linear 
gas velocity (.30 cm./sec.) and the reaction rate (about 105 1. mole-1 
sec. -1) are large. For the same reason, the existence of predominantly 
turbulent flow conditions would seem unlikely.
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=  k2NM (2 )

where kx and k2 are the rate constants for reactions 
(i) and (ii), and N and M  represent the concentra
tions of the reactants (nitrogen atom and organic 
molecule) in the part of the reaction vessel that is 
reached by the flow t sec. after it leaves the point of 
entry.14

Dividing (1) by (2)
AN _ h N  
AM h  +  1 (3)

Changing to dimensionless variables x and y defined 
by

M  , N  
=  -j-j- and y =M  o y No (4)

where Mg and N0 are the initial concentrations of 
reactant and nitrogen atoms (i =  0 at point of en
try), eq. 2 and 3 become

r l T
^  =  -hN oxy  (5 )

and
Ay
da;

h
&2M 0y Mo

No (6 )

Integration of (6), using the initial condition y 
for a: =  1, gives

- h
h No= m  = ( l  +  ¿ 0  exp j —* ^ 2 (i -* >

(7)
where/(F) is an abbreviation for the function of x, 
M0/Ng and kxNg/k2 on the right side of eq. 7. 

Substituting for y in eq. 5 and integrating

‘ " - J N - f i )  <8>
If r is the mean time spent in the reaction vessel,16 
and x, and yi are the final values of x and y (corre
sponding to the mean concentrations of M and N 
leaving the reaction vessel), then

yi =  / ( *  i) (7a )
/ * 1 rjr

(8a )
XI X.f!■/( x)

Inspection of reaction (ii) shows that 
Pi — nMo(l — xi) (9)

where Pj is the mean concentration of hydrogen cy
anide leaving the reaction vessel.

Two cases may now be considered, depending on 
the value of kJSfgT.

Case A. Fast Reactions, e.g., Methyl Chloride.
— According to eq. 8a, a very small value for either 
xi or yx =  f(x i) corresponds to a very large value 
for k2N0r, and it is obvious that for very fast reac
tions one or other of N and M  will be completely 
consumed. Thus, for very fast reactions, there are 
two regions defined by: (a) Complete consump
tion of M, giving

(15) For stream line flow in a spherical reactor such as used in this 
study, the time spent in the reaction vessel will be different for dif
ferent stream lines. Thus, the value of r that should be used in eq. 
8a would depend on the geometry of the system as well as the reaction 
kinetics, but should not be very different from the mean time calcu
lated from the volume of the reaction vessel and the total flow through 
it. Localized mixing would tend to remove differences in the reaction 
time for different paths, and it seems likely that putting r equal to the 
mean time is a reasonably good approximation.

*i = 0 (10)

-  (i + « )  “ P f - f l  EK “ ii
Pi =  nMo (1 2 )

(b) Complete consumption of N, giving
Vi — f ( x i) — 0 (13 )

Since, by definition, yx cannot be negative, it can be 
seen from eq. 11 that the first region corresponds to 
0 <  Mg <  Mg', and the second region to Mg >  Mg', 
where Mg', the critical reactant concentration that 
divides the two regions, is given by the simultaneous 
solution of eq. 12 and 15

" • ' - r H )  +f)a «)

Thus, at constant Ng, Pi increases linearly with Mg 
until Mg reaches Mg' and then remains constant at 
the value given by eq. 15 as M 0 increases further. 
The limiting value of Pi given by eq. 15 increases 
with k2/ki, and hence the limiting yield of HCN16 
will increase with temperature if k2/ki increases 
with temperature, i .e . , if k2 has the larger tempera
ture coefficient.

The reaction of methyl chloride with nitrogen 
atoms appears to be an example of a system in 
which both the reaction itself and the catalyzed re
combination are very fast. As can be seen in Fig. 
1A, the yield of HCN increases linearly with the 
methyl chloride flow rate for low flow rates and is 
independent of temperature in this region. At 
higher flow rates, the yield of HCN increases with 
increase of temperature. Because the reaction is so 
fast, accurate temperature measurements could not 
be made,6 and the results in the high flow rate re
gion are only of qualitative significance. They do 
indicate, however, that k2/ki increases with tem
perature, and it seems likely, therefore, that a sig
nificant activation energy is required for the reac
tion.

Case B. Slow Reactions, e .g ., the Reactions of 
Methyl Cyanide with H Atoms17 or N Atoms.—
Even if kJVgr is not very large, it is obvious physi
cally, and can be demonstrated easily from the 
equations that, as Mg increases, yx tends to zero, 
i .e . , for high enough Mg nearly all the nitrogen at
oms will be consumed. It will be shown later that 
for not too small values of k2Ngr the convergence is 
quite rapid and that Pi will approach the limiting 
value P i ,  given by eq. 15

P i' =  ^  In (\  +  (15a)

for reasonable values of M 0 (see Fig. 2). Thus, from 
known values of Ng and P_', the value of kx/k2 can

(16) Multiplication of ./Vo, Mo and Pi by the total flow rate gives the 
flow rate of N and M entering, and of P leaving the reaction vessel. 
A large excess of molecular nitrogen was always present so that the 
total flow rate did not change very much with change in the reactant 
flow rate. For the same reason, the value of No was essentially 
constant when the flow and activation of the nitrogen were kept 
constant.

(17) W. Forst and C. A. Winkler, Can. J. Chem., 33, 1814 (1955).
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-mole/sec XIO6
Fig. 1.— Dependence of hydrogen cyanide yield on tem

perature in reactions of active nitrogen with methyl chlo
ride (A) and methyl cyanide (B ): A, O, average temp., 
A, high temp.; • , low temp.; B, O, 90 ±  30°; • , 150 ±  
15°; A, 245 ±  10°; A,  345 ±  5°; □, 4G0 ±  5°.

be determined. The rate constant /c2 can be de
termined from the initial slope of the Pi vs. M 0 
curve. For very small values of M 0, eq. 7 and 8a
give

X\ =  e ~K2Not (17)
and, from eq. 9

I\ =  nMo(\ — e” fcNoj-) (18)
Thus, the initial slope, *S'0, is given by

So = il(l — (19)
and

(20)

The reaction of methyl cyanide with active ni
trogen is slower than the methyl chloride reaction 
and it is possible to make a quantitative test of the 
validity of the treatment. As shown in Fig. IB, 
both the limiting yield of HCN, and the initial 
slope of the plot of yield against methyl cyanide 
flow rate, depend on temperature. Thus, both /c, 
and ki can be calculated as functions of tempera
ture, using eq. 15a and 20. The main reaction is 

N +  CH3C N -----2HCN +  H (iii)

so that n =  2. The total flow rate, the reaction 
pressure (1.03 mm.), and the volume of the reaction 
vessel were measured, and harm been used to calcu
late t and to convert flow rates into concentrations. 
From values of P ' and S0 estimated from plots of P 
against M 0, values of lc2 and fci//c2 have been calcu
lated from er. 20 and 15a (which were solved graph
ically). The results are summarized in Table I.

To estimate the value of N0, it has been assumed 
that the constant production of HCN (6.72 X 
10-6 mole/sec.) observed at high flow rates in ex-

periments with ethylene at 460° was a direct meas
ure of the atomic nitrogen flow rate at all tempera
tures. The justification for this assumption is that 
constant production of HCN from ethylene is at
tained at higher temperatures, and is not affected 
by further temperature increase.18 Moreover, no 
reactant has yet been studied that gives, in the 
same system, higher conversions of atomic nitrogen 
to HCN, and a few others, like propylene,18 have 
been found to give maximal HCN values nearly 
identical with that determined with ethylene.

Both N0 and r at a given temperature depend on 
the total flow rate, hence change with reactant flow 
rate. Average values of N0 and r are given in 
Table I. The maximum deviation at the highest 
and lowest flow rates studied was about ±  10% of 
the average values.

At this point, it, is of interest to see whether the 
substitution of appropriate constants from Table I 
into the theoretical expressions will give a plot of 
P  against M 0 that is reasonably similar to the experi
mental curve. The integration in eq. 8a cannot 
be performed in terms of known functions, but 
numerical integration is possible after the integral 
is transformed to

k2NaT dx

(1 -  x) (1 +  fa)
kiN0 exp- (i t  MoX)

- f a

h N 0
(8b)

Figure 2 shows the experimental plot of P  against 
M o at 460° and the theoretical plot for the same 
temperature calculated from eq. 8b and 9, using 
the constants given in Table I. The agreement is 
quite satisfactory. It can be made nearly perfect 
by a slight modification in the reaction scheme (see 
later), but it is doubtful that it is worthwhile at
tempting to do this since errors resulting from sec
ondary reactions that accompany the main reac
tion, and from the idealized treatment of the flow 
pattern could easily account for the difference be
tween the curves.

A further test of the theory was possible by vary
ing No. For this purpose, several experiments at 
460° were made, with the capacitance in the dis
charge circuit reduced to one-half to reduce the ni
trogen atom concentration. From experiments 
with ethylene the new value of N0 was found to be
1.025 X 10” 5 mole/liter, and the limiting yield of 
HCN from methyl cyanide corresponded to a value 
of Pi of 1.84 X 10-6 mole/liter. Substituting this 
value for No into eq. 15a, using for fci and fc2 the 
values given in Table I, gives a calculated value for 
Pi of 1.89 X 10 _6 mole/liter. Again, the agreement 
is quite satisfactory.

II. Reaction Scheme Involving Intermediate 
Complex.— In the methyl chloride reaction6 and 
several other reactions with active nitrogen13 there 
is good evidence that complexes of relatively long 
life-times are formed between nitrogen atoms and 
organic molecules. It would be expected that the 
existence of this type of complex would be most 
favorable for catalyzed recombination. Thus, the 
reaction scheme to be considered should probably 
be

(18) M. Onyszehuk, Ph.D. thesis, McGill University, 1954.
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Table 1°
T A'o X 105 7 P' X 105 So k\ X 10-'» ki X 10 “5 k, X 10-'

160 1.25 0.27 1.02 1.04 6.75 2.17 0.738
245 1.48 0.228 1.80 1.2 2.76 2.71 3.60
345 1.83 0.185 2.75 1.4 1.61 3.56 8.58
460 2.14 0.16 3.75 1.6 0.67 4.7 30.95

° T, reaction temperature in degrees centigrade; N0, initial concentration of nitrogen atoms in mole/litcr; r, reaction 
time in seconds; P', hydrogen cyanide plateau value in mole/liter; fci, rate constant of reaction (i) in liter2 mole“ 2 sec."1; 
k2, rate constant of reaction (ii) in liter m ole"1 sec._1; So, initial slope of the P vs. Mo curves.

k-j
N +  M — NM

h
NM — >- N +  M

(iv)

(v)

(vi)N M  — >  nP
h

N +  NM  — >  N2 -  M  (vii)
With the same assumption about the flow pattern 
as in section I, the rate equations are

—  = - h N M  +  ktC -  hN C  
at

dM
d t = —ksN M  +  k,C +  hN C

dr:
dr = k XM  -  (h  +  h )C  -  hN C

(21)

( 22)

(23)

where C represents the concentration of the com
plex N M , and the other symbols have the same sig
nificance as before.

It is now assumed that |dC/d<| <C kJSTM. 
This corresponds to the assumption usually made in 
the stationary state treatment of fleeting interme
diates, and leads to expressions that are similar in 
form to those obtained for the simple kinetic 
scheme treated in section I. (The validity of the 
assumption is discussed in Appendix A wdiere it is 
shown that it can be expected to be reasonably good 
for the methyl cyanide reaction).

With this approximation, eq. 23 gives 
kiNM

-f- ko -{- krjN
and eq. 21 and 22 become

diV   —k3NM(2ksN  T  N)
dl k\ -{- ko +  h N  
dM __ _  _  h h N M  
dr

(24)

(25)

(26)

(27)

V = f(x) ( 1 +  2/,-c.Vo)
\ —  2 / i' g n f  /  (exp. y  y -  M ü( 1 — z)ç

h
2 k k  (28)

and the value of the limiting yield, for y
now be

,, , n k 3 . (1 + 2WV0)
l ' = Wo 1,1 ----- h ------

From eq. 26
d.r _ h k o N jx y _
dr k.\ — ko \- koNott

Fig. 2.— Experimental and calculated relations between 
hydrogen cyanide yield (P ) and reactant flow rate (M ) in the 
active nitrogen-methyl cyanide reaction.

Fig. 3.— Plot of k6/ks against 1 ¡T  for the active nitrogen- 
methyl cyanide reaction.

k.i -j- k3 dr koN

Dividing (25) by (26)
dA = 2hN 
dM h  +

It can be seen that eq. 27 is of the same form as eq. 
3, with ki/kt replaced by 2h/h. Changing to di
mensionless variables defined by eq. 4 and integrat
ing gives, as before

+ kjfo f 1 -  (iJ x i  X
(31)

which can be integrated to give
/* 1 rl o'

hhNor = {h +  h) j n —f^

where/(t) is the expression on the right side of eq. 
28. From eq. 28, y — 1 for very small M 0, and 
eq. 31 gives

( hhNoT
Xl _  exp- \ h  +  h  +  hN0

Thus, the initial slope of the curve relating Pi to 
M 0 is now given by

(32)

So = n £I I — pvi (____W q  n1 CAj.
( k4 -f- k$ -}- k&NoiJ (33)

0, will

(29)

(30)

Comparing eq. 29 and 33 with the corresponding 
eq. 15a and 19 that were used in section I to cal
culate A'] and k->, it can be seen that

k-i __ 2 / 1 'g

h  ~  t ;

hhh = kl -f- ko T hN o

(34)

(35)
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ki 4- k& 4* ksNo ( 3 6 )

Using eq. 35, eq. 31 can be written in the form

r  dx  if  k&No \
J x i X . f ( x )  1 4 H- ta +  kfiNo)

Comparing eq. 37 with 8a

AvW =

J x y X  \ f ( X )
)  d a  ( 3 7 )

r i  A x
( 8 a )J x i  x . f ( x )

it can be seen that, for a given initial slope S0, and 
asymptotic value, P i ' ,  the plot of P i  against M 0 
calculated from eq. 37 will start from zero with the 
same slope, and will approach the same limiting 
value for large M 0, as the curve calculated from eq. 
8a, but will lie above it for intermediate values of
Mo.19

Inspection of Fig. 2 shows that better agreement 
between theory and experiment would be obtained 
by using eq. 37, rather than 8a, with a fairly small 
value of kJW/iki 4- fes +  kbNn). Because of the 
other possible sources of error mentioned previ
ously, it is probably not legitimate to deduce an ab
solute value for this ratio from the shape of the ex
perimental curve, but the methyl cyanide results are 
at least not inconsistent ivith a value of /c4 of the 
same order of magnitude as fc620.

Relatively long-lived complexes seem to be in
volved in many of the atomic nitrogen reactions12 
and it is of some interest to consider the implica
tions of a value for kt of the same order as kb (l/&4 
will be approximately equal to the mean “ collisional 
life-time”  of the complex with respect to formation 
of N +  M, see reaction v ). An upper limit of ap
proximately 106 sec.-1 for the value of keAr,t can be 
obtained from the frequency of collision between a 
given complex and nitrogen atoms (at a concentra
tion Ao) calculated by the usual methods. This 
value, together with the value of keNn/k6 (Table I), 
gives an upper limit of />, of about 107 sec.-1. The 
time between collisions for a given complex (with 
all the other molecules in the reaction vessel) was of 
the order 10-7 sec. Thus, a value of kA of the same 
order as kb implies that the collisional life-time is 
of the order 10-7 sec., i.e., very long compared 
with the periods of molecular vibration (~ 1 0 -13 
sec.) and of the same order as the time between col
lisions. Under these conditions, it would be quite 
possible for collision complexes to be stabilized by 
having the initial translational energy of the colli
sion partners removed in a subsequent collision. 
There is some indication that stabilization of the

(19) This follows from the sign of the second term on the right side 
of (37). By def nition l/f(x) = 1/y ^  1, so that the second integral 
is always positive and the second term negative. Thus, for a given 
Mo, the values of xi required to satisfy eq. 37 are smaller, and the 
corresponding values of Pi (c/. eq. 9) higher than for eq. 8a.

(20) Using the value of keNo/ki, = kiNo/kt from Table I, the values of 
this ratio can be calculated for various values of kt/ks, thus

A* 4

A  5
0 0 . 1 1 1 0 1 0 0

k % N 0

0 * 4  +  A  5 - f -  h  6À  0 )
0 . 1 3 0 . 1 2 0 . 0 7 0 . 0 1 0 . 0 0 1

Rough calculations show that a reasonably good fit of the theoretical 
to the experimental curve will be obtained for ki/fa values less than 
100, and probably less than 10.

complexes in this way docs occur in the methyl 
chloride reaction, leading to recovery of methyl 
chloride when the complexes decompose on the 
cold surface of the trap.6

An interesting result of the treatment is that the 
limiting yield of product depends only on the ratio 
faNo/h (equation 29) and is independent of l//r4, 
the collisional lifetime. Thus, for a reaction to 
show a shift in the limiting yield with temperature, 
the life-time of the complex with respect to decom
position into products must be relatively long, and 
this process must require an activation energy so 
that faNo/h will change ivith temperature. A re
action might therefore not show a marked shift in 
limiting yield with temperature, even though it in
volves the formation of a complex with relatively 
long collisional life-time.

For the methyl cyanide reaction, the values of 
kifki given in Table I can be calculated from eq. 34. 
Figure 3 shows a plot of log kb/fa against 1 /T. From 
this plot, the difference in activation energies of 
reactions vi and vii is found to be approximately
6.6 keal., and the ratio of the frequency factor of 
reaction vi to the steric factor of reaction vii to be of 
the order 1010. (The collision frequency for reac
tion vii was calculated in the usual way, taking a 
collision diameter of 3 X 10-8 cm. for the nitrogen 
atom2 and 5 X  10-8 cm. for the complex.) It 
seems reasonable that the steric factor for reaction 
vii will be fairly close to unity; hence the frequency 
factor for reaction vi should be of the order 1010 
sec.-1. This is much smaller than the frequency 
factors generally found for unimolecular decom
positions (1013-1014 sec.-1). A possible explana
tion is that the decomposition reaction has a trans
mission coefficient of the order 10-3 to 10-4 because 
it is accompanied by a change in electron spin. (It 
seems quite certain that the over-all reaction does 
involve a change in spin.8'12) The activation en
ergy for reaction vii would be expected to be quite 
small, and a consideration of the kind of rearrange
ment required for decomposition makes it appear 
quite reasonable that the activation energy for re
action vi should be about 7 keal.

To discuss the other rate constants, it is conven
ient to consider two limiting cases.

Case A. fc4 (k6 +  fcriVo).— For this condition, 
the kinetic behavior is the same as for the simple 
scheme treated in Section I (see eq. 37) and both

h  =  ^ - 6 ( 3 5 a )

and

are true rate constants.21
Case B. /c4 <C {kb +  k^No).— For this condition

kjk'5
(ks 4- ksNo) ( 3 5 b )

, _  kike _
(ks -p WVo) ( 3 6 b )

The quantities k\ and 7c2 are no longer true rate
(21) The ratio kz/k\ may be considered as the equilibrium constant 

for the formation of a critical complex from the reactants, so that the 
expressions are a partial development of the Theory of Absolute 
Reaction Rates applied to the reactants.
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constants, but a value for ks can be found. From 
(35b) and (34)

kz — &2 -p kiNo (38)
It is easy to see that the slow stage of the reaction is 
decomposition of a fleeting intermediate complex for 
Case A (with a rate constant k2) while for Case B it 
is complex formation (with a rate constant /p).

An Arrhenius plot of the values of k2 given in 
Table I is shown in Fig. 4. This would give a value 
for the activation energy of reaction ii of about 1.6 
kcal., and a steric factor22 of the order 10-6. The 
values of fc2 are comparable with those determined 
for other nitrogen atom reactions,12 but the activa
tion energy and steric factor are smaller.

The values of the third order rate constant ki 
(Table I) are of the same order of magnitude as 
those for the recombination of bromine23-26 io
dine27-29 and hydrogen30-34 atoms in the presence of 
various third bodies, and are somewhat larger than 
the estimated value for the recombination of nitro
gen atoms with N2 as the third body.36 They show 
a negative temperature coefficient that is larger 
than that predicted by the theory of absolute re
action rates for reaction i occurring as a termo- 
lecular reaction.

Values of k% calculated from eq. 38 and collision 
yields corresponding to these values, are given in 
Table I. The collision yields would indicate that 
no activation energy is required for the complex 
formation reaction, and that it has a steric factor of 
about 10-6. It seems rather more reasonable that 
complex formation should require a small activation 
energy than that the third order rate constant 
should have a large negative temperature coef
ficient, and this might be interpreted as further evi
dence in favor of a fairly small value of kt/ks. 
However, there can be large experimental errors in 
the values of the activation energies, which have 
been determined in a very indirect manner, and it is 
probably save to conclude only that the suggested 
mechanism leads to reasonable values of the rate 
constants.

Fig. 4.— Plot of fc2 against l/T.

Appendix A
It is easy to show that the approximation

|̂ | <  k3N M  (39)

is self-consistent for the methyl cyanide results. 
Differentiating eq. 24 with respect to time, and 
using eq. 24, 25 and 26 to simplify the result, 39 be
comes
(kzk$N) / ( f -4 -p kz -(- i'f./V i2 -f- ksM (kt -p

h ) ( h  +  2 k J V )/ (h  +  h  +  /f6V )3<C 1 (40)
Now

and * 42
kz -p 2/,'6Ar k% -p 2kzNp kz -p 2kzNo    

k, -(- /05 -p k&N kz -p kz -p kzNq kz -p PAP
(42)

(The experimental values of (k6 +  2keNo)/(h +  
k$N0) range from 1.5 at 160°, to 1.1 at 460°.) Thus, 
considering the second term of (40), it will be <Cl if

k,M/(k, +  h  +  h N ) « ;  l (43)
The most stringent test of (43) will be for the 
largest values of M. Thus it will certainly be satis
fied if

(22) The collision diameter of methyl cyanide was assumed to be 
5 X 10-8 Cm.

(23) W . Jost, Z . p h y s ik . C h em ., B3, 95 (1929).
(24) E. Rabinowitch and H. L. Lehman, T r a n s . F a ra d a y  S a c., 31, 

689 (1935).
(25) E. Rabinowitch and W. C. Wood, ib id ., 32, 907 (1936).
(26) K. Hilferding and W. Steiner, Z. p h y s ik .  C h em ., B30, 399

(1935) .
(27) E. Rabinowitch and W. C. Wood, J. C h em . P h y s . , 4, 497

(1936) .
(28) N. Davidson, R. Marshall and L. T. Carrington, ib id ., 19, 

1311 (1951).
(29) M. I. Christie, R. G. W. Norrish and G. Porter, P r o c .  R o y ■ S oc . 

(L o n d o n ), A216, 152 (1953).
(30) H. M. Smallwood, J. A m . C h em . S o c . ,  51, 1985 (1929).
(31) W. Steiner and E. W. Wicke, Z. p h y s ik .  C h em ., Bodenstein 

Festband, 817 (1931).
(32) W. Steiner, T ra n s . F a ra d a y  S o c ., 31, 623 (1935).
(33) I. Amdur and A. L. Robinson, J . A m . C h em . S o c ., 55, 1395 

(1933).
(34) L. Farkas and H. Sachsse, Z. p h y s ik . C h em ., B27, 111 (1934).
(35) E. Rabinowitch, T ra n s. F a ra d a y  S o c ., 33, 283 (1937).

kzM$/(l\A -{- h  +  fceÂ o) 1 (43a)
for the largest value of M 0 used in the study. From 
eq. 35 this can be written in the form

A-2M o/J -5 < 1  (44)
The largest value of k-M0 was about 20 sec.-1, and 
the value of /cB was probably between 104 and 107, 
(corresponding to a collision yield for the recombi
nation reactions between 10-3 and 1, see Section II) 
so that condition (44) is satisfied. In a similar 
way, it can be shown that the first term of (40) is
<^i, if

kzN
k , +  kz +  kzN

< 1 (45)

and comparing (45) with (43) it can be seen that this 
condition is also satisfied since the greatest value of 
N  is less than the greatest value of M.
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A SELECTIVITY SCALE FOR SOME DIVALENT CATIONS ON DOWEX 50
B y  0 . D . B onner  and L inda L ou Sm ith 1,2

Dept, of Chemistry, University of South Carolina, Columbia, South Carolina 
Received September 10, 1956

Equilibrium studies involving cupric, zinc, cobaltous, nickel, magnesium, cadmium, uranyl and lead ions on Dowex 50 
resins of approximately 4, 8 and 16% divinylbenzene content have been made at a constant ionic strength of approximately 
0.1 M. These ions in addition to barium, strontium and calcium ions have been included in the same selectivity scale as 
the common univalent cations. Activity coefficient corrections have been made for the ions in the aqueous solution phase, 
and these corrections have been substantiated in some instances by the results of exchange reactions carried out at lower 
ionic strengths. It is observed that the order of decreasing activity coefficients for the nitrates of both the univalent and 
the divalent ions is the same as that of the selectivity scale. The characteristic maximum water uptake of the resin in these 
ionic forms is reported.

A summary of the results of ion-exchange equilib
ria and maximum water uptake of Dowex 50 res
ins of 4, 8 and 16% DVB content involving the 
common univalent cations has been reported previ
ously.3 The results of ion-exchange equilibria in
volving the four divalent cations cupric, barium, 
strontium and calcium also have been reported.4 
All of these exchange reactions were carried out at 
an aqueous solution ionic strength of approximately 
0.1 M. The activity coefficient ratio term for the 
ions in the aqueous solution which appears in the 
expression for the equilibrium constant was ig
nored, although it was realized that it might dif
fer from unity by as much as 20%  in some ex
changes.4

Experimental data on exchanges involving seven 
additional divalent ions are reported herewith. An 
activity coefficient correction is made for these as 
well as for all previously calculated equilibrium 
constants. This permits the establishment of a 
single selectivity scale which includes the nine uni
valent ions and the 11 divalent ions studied up to 
this time.

Experimental
The methods of equilibration and separation of aqueous 

and resin phases have been described previously.4 In 
preparation for analysis the resin phase was first washed 
free of adhering electrolyte and then exhaustively eluted 
with an electrolyte which would not interfere with the 
analysis for the ions in question. Aliquots of this effluent 
and also of the solution phase were then analyzed for both 
ions being exchanged. Cobalt and zinc ion concentrations 
were determined radiometrically, Co60 and Zn66 being used as 
tracers. Nickel ion concentration was determined by titra
tion with standard potassium cyanide solution. Lead and 
cadmium ion concentrations were determined by complexo- 
rnetric titration with the disodium salt of ethylenediamine- 
tetraacetic acid in acidic media, PAN serving as indicator. 
Calcium and magnesium ion concentrations were deter
mined by a similar titration in ammoniacal solution. Cop
per ion concentrations were determined either by complexo- 
metric titration with standard disodium ED TA in acidic 
media, by titration of the iodine liberated by cupric ion from 
an excess of acidified potassium iodide solution with standard 
thiosulfate solution, or by electrolytic deposition of copper 
on weighed plarinum electrodes. Uranyl ion concentrations 
were determined by reduction of the uranium from the + 6  
to the + 4  state in a Jones reductor and subsequent titration 
with standard dichromate solution. The urany 1-hydrogen 
exchange is the only one studied in which both ions in both

(1) These results were developed under a project sponsored by the 
United States Atomic Energy Commission.

(2) Part of the work described herein was included in a thesis sub
mitted by Linda Lou Smith to the University of South Carolina in

the resin and solution phases cannot be determined directly. 
Aqueous solutions of known compositions were passed over 
columns of resin until equilibrium was reached. Since the 
uranyl ion interferes with acid-base titrations, the hydrogen 
ion in the resin phase was then calculated as the difference 
between the capacity of the resin and the uranyl ion found.

Discussion and Results
It has been indicated4 previously that if ex

changes between univalent and divalent ions or 
between two divalent ions are represented by equa
tions of the type

7 2M X 2 +  Bites = 7 2MRes2 -  B X  (1)
and

7 ,M X , +  7 2QRes2 =  7 2MRes2 +  7 2Q X 2 (2)

they are directly comparable with exchanges be
tween univalent ions which are represented by the 
equation

A X  +  BRes =  ARes +  BX (3)

The equilibrium constants for the above reactions 
are

jT - _  ■V 1A M R c s ; T O B x / 1/ ;iM R f ii27 2B x  _  7.  / ‘ A l U R e s t y B X  ^ ^  

Y b R c s I C ' A m X .  / B R e s 7 3A M x 2 / b R e s t y A j t X i  

_  N 1/ ‘‘ U R o s i'> »  l '/- Q X i f U 2M U t :B f y ZU -Q X 2  _  j .  / ‘ ^ M R o s 2 7  V q XX  

Y ' A q R c s 2 » l  ! A m X 2/ 1A q h (,S2' > ' t y t X .  / ‘ A Q H c a a 7 * A M X s

_  Y A R e 3 T O B x / A R r 3 T 2B X  _  ^  / a R csY b X  ^  

Y b R cs?Wa x / b R m 7 2A X  / B R e s 7 2A X

respectively7', where m is the aqueous phase molal
ity, N is the molar fraction of the ion in the resin 
phase, /  is the activity coefficient of the resin ate, 
7 is the mean activity coefficient of the electrolyte 
in the aqueous phase and k  is the quantity later re
ferred to as the equilibrium quotient.

When the exchange reactions arc represented in 
this manner, triangular comparisons may be ob
tained by addition or subtraction of two equations 
to yield a third, and the resultant equilibrium con
stant for the third reaction will be the product or 
quotient of the first two constants. This logarith
mic additivity of equilibrium constants has also 
permitted the establishment of a quantitative se
lectivity scale3 for the common univalent ions by 
the arbitrary assignment of a value of unity for the 
affinity of each resin sample for lithium ion. The 
enuilibrium  constan t for  each exc.ha.ncre vpn.etirvn has



March, 1957 Selectivity Scale for D ivalent Cations on D owf.x  50 327

log K =  J qL log k d Z  (7)

where X  is the equivalent fraction of the preferred
ion in the resin phase.

Activity Coefficient Corrections.— It has been 
realized that the K  values calculated in this man
ner are in error6 because the activity coefficient 
ratios of the ions in the aqueous solution were 
assumed to be unity. This assumption was made 
because few activity coefficient values are available 
for mixed electrolytes at an ionic strength of 0.1. 
The error in K  caused by neglect of solution 
phase activity coefficients becomes appreciably 
larger, however, in exchanges involving divalent 
ions than was the case for univalent ion exchanges, 
and a correction becomes necessary. This correc
tion may be made by application of the ionic 
strength principle and use of the activity coefficients 
for the electrolytes in pure solutions at an ionic 
strength of 0.1. Although this procedure probably 
does not completely eliminate the error, it reduces 
it considerably. As an example the activity co
efficient ratio 7 HN0 3 /T A gN 0 3  may be cited. The 
value of this ratio7 for pure solutions of nitric acid 
and silver nitrate may be calculated to be 1.078 for
0.1 M  solutions. The value in mixed solutions8 is 
nearly constant for all ratios of nitric acid to silver 
nitrate, and has an average value of 1.060. Since 
one of the ions involved is silver ion, the difference 
in the activity coefficient ratio for pure and mixed 
solutions observed here is probably as great as will 
be encountered in most systems. A slightly 
greater refinement in this correction might be made 
by use of the interaction coefficients of Guggen
heim.9’10 This was not done, however, because 
these coefficients are not known for all of the uni
valent electrolytes which were studied, and only for 
barium ion of the divalent ions studied.

The calculated values of the activity coefficient 
correction term for these exchanges range from
1.016 for the hydrogen-lithium system to 1.280 for 
the cupric-hydrogen system in chloride media. 
These activity coefficient corrections have been 
verified in several instances by the study of ex
changes at several lower ionic strengths, extrapo
lation of the k values to infinite dilution, and com
parison with the value of k calculated from ex
changes at the ionic strength of 0.1 M  to which the 
activity coefficient correction had been made. 
Examples of these comparisons are given in Table I. 
The calculated activity coefficient correction factor 
for almost all of the systems was greater than 
unity, the calcium-cupric exchange constituting one 
of the few exceptions. There is a very large cor
rection in the case of the magnesium-hydrogen ex
change even at an ionic strength of 0.01. This is 
to be expected because of the differences in the rate

(6 ) Oscar D. Bonner and Vickers Rhett, T h is  J o u r n a l , 57, 254 
(1953).

(7) R. A. Robinson and R. H. Stokes, T ra n s. F a ra d a y  Soc., 45, 612 
(1949).

(8) O. D. Bonner, A. W. Davidson and W. J. Argersinger, J. Am. 
Chem. Soc., 74, 1047 (1952).

(9) E. A. Guggenheim, “ Thermodynamics,”  Interscience Pub
lishers, Inc., New York, N. Y., 1949, p. 315.

(10) E. A. Guggenheim and J. C. Turgeon, T ra n s. F a ra d a y  Soc., 51, 
747 (1955).

20 40 60 80 100
Mole %  calcium resin.

Fig. 1.— Calcium-cadmium exchange: A, 16% DVB: B, 
8%  DVB; C, 4%  DVB.

20 40 60 80 100
Mole %  lead resin.

Fig. 2.— Lead-calcium exchange: A, 16% D VB; B, 8%  
D VB; C, 4%  DVB.

Mole %  cupric resin.
Fig. 3.— Cupric-magnesium exchange: A, 16% DVB; B, 

8%  DVB; C, 4%  DVB.

of change of the activity coefficients with concen
tration between 1,1 and 2,1 electrolytes in very 
dilute solutions.

Selectivity Data.—The experimental data for the 
new exchange systems studied are presented 
graphically in Figs. 1-8 as plots of the equilibrium 
quotient, k, as a function of resin loading. The 
value of k does not change markedly with resin 
loading for many of the divalent ion exchanges 
studied. The lead-calcium exchange is interesting 
in that k increases with increased lead (the pre
ferred ion) loading. It is more common for k to 
decrease with an increase in the resin content of
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20 40 60 80 100
Mole %  cupric resin.

Fig. 4.— Cupric-zine exchange: A, 16% D VB; B, 8%  
DVB; C, 4%  DVB.

Mole %  cobalt resin.
Fig. 5.'—Cobalt-cupric exchange: A, 4%  DVB; B, 8%  

D VB; C, 16% DVB.

20 40 60 80 100
Mole %  nickel resin.

Fig. 6.— Nickel-cupric exchange: A, 4%  DVB; B, 8%  
D VB; C, 16% DVB.

0 20 40 60 80 100
Equiv. %  magnesium resin.

Fig. 7.— Magnesium-hydrogen exchange: A, 16% DVB; 
B, 8%  DVB; C, 4%  DVB.

20 40 60 80 100
Equiv. %  uranyl resin.

Fig. 8.— Uranyl-hydrogen exchange: A, 16% D VB; B, 
8%  DVB; C, 4%  DVB.

T a b l e  I

E q u i l i b r i u m  Q u o t i e n t  V a r i a t i o n  w i t h  I o n i c  S t r e n g t h  

(8%  DVB resin)
fi -  0 .1  0 .0 7  0 .0 1  0 .0 0 1  0 . 0 «  0 .0 »

R e s in  
lo a d in g  
%  p r e -  

E x -  fe r re d
c h a n g e  io n  k a t  a r b it r a r y  re s in  lo a d in g

Ca-Cd 54.2 1.25 1.28 1.33 1.31
Ca-Cu 56.5 1.40 1.36 1.34 1.32
M g-H 87.5 1.67 1.70 1.74 2.00 d

Pb-Ca 76.1 1.79 1.86 1.93 1.94
“ Calculated by the application of solution phase activity 

coefficient corrections to exchanges performed at /i =  0.1. 
6 Extrapolated values. c Activity coefficient of Pb(NC>3)2 
not known. d Extrapolation uncertain.

T a b l e  II
R e v i s e d  S e l e c t i v i t y  S c a l e  f o r  U n i v a l e n t  I o n s  o n  

D o w e x  50
4 %  D V B 8%  D V B 1 6 %  D V B

Li 1.00 1.00 1.00
H 1.32 1.27 1.47
Na 1.58 1.98 2.37
NHi 1.90 2.55 3.34
K 2.27 2.90 4.50
Rb 2.46 3.16 4.62
Cs 2.67 3.25 4.66
Ag 4.73 8.51 22.9
T1 6.71 12.4 28.5

the preferred ion, although there are several in
stances where k passes through a maximum or a 
minimum value. The nickel-cupric system is unu
sual in that nickel ion is preferred to cupric ion on 
the 4 and 8% DVB resins, while cupric ion is pre
ferred on the 16% DVB resin.

A selectivity scale for nine of the univalent ions, 
which has been revised by the correction for solu
tion phase activity coefficients, is given in Table II. 
A similar selectivity scale for eleven divalent ions is 
given in Table III. Both scales are based upon the 
arbitrary assignment of the value of unity to af
finity of lithium ion for each resin. Four univalent- 
divalent ion exchange systems provide the data for 
comparison of univalent and divalent ion affinities 
in these tables, namely, the cupric-hydrogen and 
silver-cupric systems, which have been reported
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previously,4 and the cupric-magnesium and mag
nesium-hydrogen systems.

T a b l e  I I I
Selectivity Scale for D ivalent Ions on D oivex 50

4%  DVB 8%  DVB 16% DVB
U 02 2.36 2.45 3.34
Mg 2.95 3.29 3.51
Zn 3.13 3.47 3.78
Co 3.23 3.74 3.81
Cu 3.29 3.85 4.46
Cd 3.37 3.88 4.95
Ni 3.45 3.93 4.06
Ca 4.15 5.16 7.27
Sr 4.70 6.51 10.1
Pb 6.56 9.91 18.0
Ba 7.47 11.5 20.8

T a b l e  IV
Maximum Water Uptake o f  Dowex 50 Resins in Various

Ionic Forms (g./equiv.)
4% DVB 8% DVB 16% DVB

U 02 339 167 121
Mg 315 175 129
Zn 313 178 127
Co 306 177 129
Cu 303 173 124
Cd 313 166 117
Ni 298 157 118
Ca 282 159 115
Sr 250 153 113
Pb 203 130 106
Ba 167 122 97

It is interesting to compare the above selectivity 
scales with values of the activity coefficients of 
salts of these ions. If one chooses the nitrates, 
which are similar to the sulfonates in that they are 
large oxygenated anions with a somewhat diffuse 
negative charge, the order of the selectivity scale is 
exactly the same as the order of decreasing activ

ity coefficients7’11 for all of the univalent and diva
lent ions for which such activity coefficient data 
are available.

Swelling Data.—The data representing the maxi
mum water uptake of the 4, 8 and 16% DVB resins 
in the various divalent ionic forms are presented 
in Table IV. Similar moisture data for the uni
valent cations3 closely follow the order of the 
selectivity scale in that the ions which cause the 
resin to swell the most are the least preferred. 
This is not so generally true for divalent cations, 
except for the 4% DVB resin. There are two 
possible reasons for this. The error in these mois
ture uptake data is probably of the order of ± 2 % , 
and this uncertainty in several instances could re
verse the positions of the ions in the moisture up
take table. Also, it is not a thermodynamic neces
sity that the resin imbibe more solvent in the less 
preferred form. If the osmotic pressure effect and 
the solution phase activity coefficients are ignored, 
the equation for the equilibrium quotient is12

In K  =  (  — ----------- — )  dm{4>) (8)J 0 X̂ ARes WiBRes/ tn̂

where BRes refers to the resin containing B +, the 
preferred ion. The water uptake of the resin 
equals 1000/m. The data for the solution of this 
equation are, of course, not obtainable experimen
tally, since the swelling of the resin is limited by its 
cross-linking and the state of infinite dilution can 
never be reached. The equation does illustrate, 
however, that it is the value of the integral and not 
the value of (l/wiARes — l / mBRes) for the wet swol
len cross-linked resins which must be positive.

(11) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,”  Reinhold Putl. Corp., New York, N. Y., 1950, 
pp. 567, 602.

(12) O. D. Bonner, V. F. Holland and Linda Lou Smith, T his 
J o u r n a l , 60, 1102 (1956).

THE TERNARY SYSTEM: PERFLUOROTRI-n-BUTYLAMINE-2,2,4-TRI-
METH YLPENTANE-NITROETHANE1

B y  Ja y  V r e e l a n d 2 a n d  R o b e r t  D u n l a p  

Department of Chemistry, University of Maine, Orono, Maine
R ece iv ed  S ep tem b er  13 , 1 9 5 6

The mutual solubilities of 2,2,4-trimethylpentane with perfluorotri-n-butylamine and with nitroethane were determined. 
The ternary system composed of these substances, studied at six temperatures between 25 and 51.3°, is the first ternary sys
tem to be reported with a fluorocarbon as one of the components. The existence of three liquid phases above the tempera
ture at winch two of the components become completely miscible is a novel phenomenon. The study demonstrates exactly 
what happens to the phase boundaries of the internal triangle in the phase diagrams as the temperature is increased to 34.8°, 
the highest temperature at which three liquid phases are stable. The properties of the ternary system are in accord with the 
theory of regular solutions when compared with the properties of the binary systems, but not when compared with thermo
dynamic properties of the pure components.

Hildebrand has used the solubility parameter,3 5, 
the square root of the internal pressure, as a meas-

(1) Presented before the 126th Meeting of the American Chemical 
Society, New York City, September, 1954.

(2) Submitted as a thesis in partial fulfillment of the requirements 
of the Bachelor of Science degree in Chemistry at the University of 
Maine.

(3) J. H. Hildebrand and R. L. Scott, “ Solubility of Nonelectro
lytes,”  Reinhold Publ. Corp., New York, N. Y., 1950, pp. 129, 423.

ure of solvent power. In general, the larger the 
difference in 8 values for two particular substances 
the lower their mutual solubility. The magnitude 
of these parameters ranges from 8 =  7 (cal.1/2 
cm._,/l) for hydrocarbons to 5 = 2 4  for water. 
In contrast to all other organic liquids which have 
higher parameters than the hydrocarbons, the 
fluorocarbons have 5 values near 6. The mutual
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solubility of fluorocarbons and hydrocarbons is 
even lower than one would predict on the basis of 
these parameters.4-10 Fluorocarbons are rela
tively insoluble in such liquids as carbon disulfide, 
5 =  10, and the nitroparaffins, 5 =  11-12, thus 
making it possible for the first time to select for 
study a ternary system having two components, 
each partially miscible with a hydrocarbon, yet 
relatively insoluble in each other.

The system perfluorotri-n-butylamine-2,2,4-tri- 
met.hylpentane (isooctane)-nitroethane satisfies 
these requirements at temperatures convenient for 
study. The perfluorotri-n-butylamine and nitro- 
ethane were found to have mutual solubilities of 
less than one part per thousand at 25° and the 
critical solution temperatures of the hydrocarbon- 
fluorocarbon pair and the hydrocarbon-nitroethane 
pair were found to be 48.65 and 29.8°, respectively, 
indicating limited solubility at room temperature.

Experimental
Perfluorotri-re-butylam ine, obta in ed  from  the M innesota 

M in ing  and M an ufacturing C om p a n y , was distilled through 
a  T o d d  colum n and a m iddle cu t, b .p . 1 7 8 .0 -1 7 8 .1 °  at 761 
m m ., w as used.

N itroeth ane, research grade, obta in ed  from  the M atheson  
Chem ical C om p a n y , was distilled through a T o d d  colum n 
and a m iddle cu t w ith  a boiling range 1 1 4 .7 -1 1 4 .8 °  a t 760 
m m . was u sed .

Isooctan e  (P u re  G rade, 99 m ole %  m inim um ) was o b 
tained from  the Phillips Petroleum  C om p a n y . Its  density 
was 0 .68774 a t 2 5 .0 °  as com pared  w ith  0 .68777 given  b y  
T im m erm an s.11 T h is m aterial w as used w ith ou t further 
purification .

T h e  phase boundaries for the ternary system  were deter
m ined at 2 5 .0 , 3 1 .5 , 3 3 .7 , 3 5 .0 , 45 .0  and 5 1 .3 °  and are. 
show n in F igs. 2 -6 .12 T h e  m ethod for obta in ing  the experi
m ental data depended on  the tem perature and com position  
range b u t, in general, b inary solutions were m ade up v o lu - 
m etrica lly  w ith  calibrated graduated pipets and the third 
com p on en t was added until a phase ju st disappeared or  re
appeared. These titrations were carried ou t in stoppered 
150 m m . test-tubes w hich  were supported  in tem perature 
baths held a t the desired tem perature to  ± 0 .0 1 ° .  In  cases 
where a  sh ift from  tw o phases to  on e  was approached , 
the size o f  one layer usually decreased faster than  the oth er 
u pon  addition  o f  the th ird  com p on en t. W hen  such beh av 
ior was observed , add ition  o f the th ird  com pon en t was m ade 
dropw ise until the system  becam e h om ogen eous. N ear the 
en d -po in t, ten m inutes was allow ed betw een drops in order 
to  establish tem perature equilibrium . In  cases requiring a 
shift from  tw o to  three phases, it was fou n d  difficu lt to  o b 
serve th e appearance o f the th ird  phase when it  appeared 
a t th e interface or  the m eniscus. In  such  cases, greater 
reprodu cib ility  was obtained  by  m aking up a three-phase 
solution and titrating w ith  a third com pon en t until the 
shift from  three to  tw o  phases was observed .

C alibrations o f the pipets were m ade b y  w eighing the v o l
um es o f  liqu id delivered a llow ing five seconds drainage 
tim e w hen held in a vertica l position . V olum es cou ld  be 
reproduced to  ± 0 .0 0 2  m l. T h e  m axim um  error in the 4 5 6 7 8 9 10 11 12

(4) J. II. Simons and R. D. Dunlap, J. C h em . P h y s . , 18, 335 (1950).
(5) .1. H. Simons and J. W. Mausteller, ibid., 20, 1516 (1952).
(6) .1. IT. Hildebrand, B. B. Eisher and II. A. Benesi, J. A m . C h em . 

Soc., 72, 4348 (1950).
(7) G. J. Rotariu, R. J. Hanrahan and R. E. Fruin, ib id ., 76, 3752 

(1954).
(8) E. P. McLaughlin and R. L. Scott, ibid., 76, 5276 (1954).
(9) N. Thorp and R. L. Scott, Tms Jou rn al , 60, 670 (1956).
(10) James B. Hickman, J. A m . C h em . Soc., 77, 6154 (1955).
(11) J. Timmermans, “ Physico-Chemical Constants of Pure Hydro

carbons,”  Elsevier Publishing Co., Houston, Texas, 1950, p. 94.
(12) The experimental data have been deposited as Document 

number 5047 with the ADI Auxiliary Publication Project, Photo
duplication Service, Library of Congress, Washington 25, D. C. A 
copy may be secured by citing the Document number and by remit
ting in advance SI.25 for photoprints, or SI.25 for 35 mm. microfilm, 
payable to Chief, Photoduplication Service, Library of Congress,

compositions at the phase boundaries was estimated to be 
not greater than one per cent.

The points on the borders of the phase diagrams were 
obtained from solubility data on the binary systems. Re
fractive index determinations of perfluorotri-n-butylamine 
saturated with nitroethane and of nitroethane saturated 
with perfluorotri-n-butylamine showed that the solubility 
of these substances in each other was less than one part per 
thousand. In the cases of the systems nitroethane-iso- 
octane and perflucrotri-n-butylamine-isooctane, solutions 
of determined composition were heated above the critical 
solution temperature and placed in a bath which was cooled 
at the rate of 0.01° per minute. The solutions were agi
tated and the temperature at which phase separation oc
curred was observed. The experimental data12 for the 
two binary systems studied are shown in Fig. 1.

Results
The critical solution temperature and composi

tion for the binary system perfluorotri-n-butylam- 
ine-isooctane are 48.65° and 0.768 mole fraction 
of the hydrocarbon. The mutual solubility of these 
substances is significantly different from that re
ported by Rotariu, Hanrahan and Fruin7 who 
give 53.7° as the critical solution temperature for 
this system.

There is a possible explanation for this discrep
ancy. The above investigators have reported the 
temperature at which opalescence was first noticed 
as the consolute solution temperature. In our 
laboratory, however, we have found when investi
gating solutions of fluorocarbons and hydrocarbons 
that opalescence sometimes appears 4-5° above 
the temperature at which phase separation occurs. 
Solutions of these substances which are virtually 
opaque can be kept in this state for days without 
phase separation at temperatures slightly above the 
consolute solution temperature.

The critical solution temperature and composi
tion for the binary system nitroethane-isooctane 
are 29.8° and 0.509 mole fraction of hydrocarbon.

Figure 2 shows the incomplete miscibility of the 
three components at 25°. The corners of the in
ternal triangle give the equilibrium compositions 
of the three phases when the over-all composition 
is represented by a point within the triangle. A 
typical example of this phenomenon is given by
F. A. H. Schreinemakers.13 Figure 3 shows a 
three-phase region above the temperature at which 
two of the components, nitroethane and isooctane, 
become completely miscible. No examples show
ing such behavior for three components have been 
published, although the system phenol-water- 
mixed pentenes14 is somewhat similar. The cres
cent shaped area at the side of the internal tri
angle is a two-phase area, but does not reach the 
border of the diagram because nitroethane and iso
octane are completely miscible at this tempera
ture. This novel phenomenon is of interest because 
it is an example of behavior discussed by Ricci16 
and Francis.14 It is similar to the diagram for the 
system phenol-water-mixed pentenes and differ
ent from that postulated by Ricci inasmuch as two 
of the components are practically immiscible. This 
is usually an essential requirement for a three-liquid 
system, especially when a hydrocarbon is chosen

(13) F. A. H. Schreinemakers, Z. physik. Chem., 25, 543 (1898).
(14) A. W. Francis, “ Physical Properties of Hydrocarbons,” by A. 

Farkas, Academic Press, Inc., New York, N. Y., 1950, p. 253.
(15) J. E. Ricci, “ The Phase Rule and Heterogeneous Equilibrium,” 

D. Van Nostrand Co., Inc., New York, N. Y., 1951, p. 215.
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3.2 0.4 0.6 0.8
Concn. in wt. fraction of 2,2,4-trimcthylpentane.

Fig. 1.—The mutual solubilities of 2,2,4-trimethylpentane 
with perfluorot.ri-n-butylamine (upper curve) and with 
nitroethane (lower curve).

CsH 18

Fig. 2.— Isothermal solubility diagram: perfluorotri-ra-
butylamine— 2,2,4-trimethylpentane— nitroethane at 25°; 
concentration in %  by weight.

as the component with limited miscibility in each 
of fh-G others

At 25° and 31.5° (Figs. 2, 3) only one of the 
three two-phase areas has a base which is wider 
on the internal triangle than on the border. In 
this respect, these phase diagrams differ from those 
mentioned above. At higher temperatures, how
ever, the miscibility gap for the hydrocarbon- 
fluorocarbon pair also has its wider base along the 
border of the three-phase region. This is shown in 
Fig. 4 at 33.7°.

CfHis

Fig. 3.— Isothermal solubility diagram: perfluorotri-n-
butylamine-2,2,4-trimethylpentane-nitroethane at 31.5°; 
concentration in %  by weight

C8H,s

concentration in %  by weight.

As the temperature is raised, the crescent shaped 
area becomes smaller and the sides of the triangle 
separating two- and three-phase regions approach 
each other until the three-phase region degenerates: 
to the two-phase region shown in Fig. 5. The 
highest temperature at which three phases can exist, 
was found to be 34.8°.

In order to determine whether the binodal curve 
for the fluorocarbon-hydrocarbon pair would sepa
rate from the binodal curve for the fluorocarbon- 
nitroethane pair, the isothermal solubility curve*2 
was determined at 45°, i.e., slightly below the criti
cal solution temperature of the fluorocarbon-hy
drocarbon pair. The solubility diagram is similar 
to that shown in Fig. 5, the only difference being a 
smaller two-phase region. A few experiments
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CgHis

C8His

carried out at less than 0.1° below the critical solu
tion temperature of this pair showed that the two- 
phase region converges to a point on the fluoro
carbon-hydrocarbon border of the three phase dia
gram. There was no indication of a “ col” or saddle 
point16 in this region.

Figure 6 at 51.3°, where both the nitroethane- 
isooctane and perfluorotri-n-butylamine-isooctane 
binary systems are completely miscible, is typical 
of a three-component system showing enhance
ment of the solubility of two relatively insoluble 
liquids due to the presence of a third component 
which is compatible with each.

Discussion
From the theory for regular solutions, as de-

(16) A. W. Francis, J. Am. Chem. Soc., 76, 393 (1954).

veloped by Hildebrand and W ood17 and Scatch- 
ard,18 equations relating the activity to the equilib
rium compositions and the solubility parameters 
are

RT  In -1 -  Xl 022 Vl (¿¡2 -  8,)'2 (1)

a binary system, and

RT  In “jj := Fn 1(5h  — 8n )  <t> N + ( 8 h  -- 8 f ) 0 f ] 2 (2)

RT  In C|Zh
= Vh [(in -- 8N)<i>K+ ( 8 h  -- SfW V (3)

RT  In ^  
Zh

= Vh [ ( 8 h  - -  Sn )</>n + (8n --  8f ) 0 f 12 (4)

for a ternary system,19 where the a’s, x ’s, <j>’s and 
8’s represent the activities, mole fractions, volume 
fractions and solubility parameters, respectively. 
The subscripts designate the component referred 
to and the superscripts designate the component 
which has the largest mole fraction in the phase 
considered. For example a| and <f>® represent the 
activity of hydrocarbon and the volume fraction 
of the nitroethane in the isooctane phase and a£ 
and <f>n represent the activity of the hydrocarbon 
and the volume fraction of the nitroethane in the 
fluorocarbon phase. Six equations similar to 2, 
3 and 4 can be obtained for the activities of the 
other two components. From the condition that 
the activity of each component be the same in each 
of these phases, it is possible to calculate the equilib
rium composition of the conjugate phases and thus 
the phase boundary in the ternary diagram. The 
calculations are complicated because the com
positions appear as squared terms in the nine equa
tions.

A test of the theory which lends itself more read
ily to calculation is to compare the differences in 
the 8 values calculated from the energies of vapori
zation and molal volumes of the pure components 
with the differences in 8 values calculated by simul
taneous solution of equations 2, 3 and 4 using the 
experimentally determined compositions of the con
jugate phases. These are shown in Table I. For 
each set of three equations, two differences in 8 
values are obtained, e.g., when the activity of the 
hydrocarbon in the hydrocarbon phase is equated 
to the activities of the hydrocarbon in the nitro
ethane and fluorocarbon phases, two quadratic 
equations are obtained. Their simultaneous solu
tion gives the values: 2.34 cal.1/2 cm.~!/2for 5h — 5f 
and 3.5 for <5n — <5h as shown in column five of Table
II. The other values shown are obtained in the 
same manner by equating the activities of the 
fluorocarbon and nitroethane in their conjugate 
phases at 25, 31.5 and 33.7°, respectively.

The solubility parameters calculated from the 
energies of vaporization and molal volumes at 25° 
for perfluorotri-n-butylamine,7 2,2,4-trimethylpen- 
tane20 and nitroethane21 are 5.9, 6.85 and 11.38,

(17) J. H. Hildebrand and S. E. Wood, J. Chem. Phys., 1, 817 
(1933).

(18) G. Seatehard, Chem. Revs., 8, 321 (1931).
(19) See ref. 3, p. 200.
(20) See ref. 3, p. 436.
(21) D. E. Holcomb and C. L. Dorsey, Jr., I n d . E n g . Chem., 41, 2788 

(1 9 4 9 ).
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T a b l e  I
C o n c e n t r a t i o n s  o f  t h e  T h r e e  S a t u r a t e d  P h a s e s  W t . %

Temp. °C.
Iso-

—Isoöctane phase— 
Fluoro- Nitro-

—̂Perfluorotr: 
Iso-

i-n-butylamine
Fluoro-

phase—' 
Nitro- Iso-

-Nitroethane phase- 
Fluoro- Nitro-

octane carbon ethane octane carbon ethane octane carbon ethane
25.0 72.2 11.9 15.9 7.5 88.3 4.2 26.9 1.9 71.2
31.5 64.2 13.7 22.1 12.4 84.8 2.8 29.5 2.9 67.6
33.7 57.5 8.9 33.6 8.7 87.8 3.5 39.6 4.9 55.5

respectively. The differences in 8 values are shown 
in column 2 of Table II for comparison with those 
calculated from the data for the binary and ter
nary systems. The values shown in column 3 were 
calculated from the critical solution temperatures 
of the hydrocarbon-fluorocarbon and hydrocar- 
bon-nitroethane binary systems using equation 5

RT0 2 .tæIMTV 
O i K ,  +  x 2 F 2 ) 3

(«2 -  Si)2
which has been derived from equation l .22

(5)

T a b l e  II
S o l u b i l i t y  P a r a m e t e r  D i f f e r e n c e s

/A /jy /2 Phase boundaries
\ V J Tc ÛF an ON

<5n — 5f 2.20
25.0° 0.95 2.39 2.34
31.5° 2.31 2.24
33.7° 2.40 2.45
Ss — Sn 3.80
25.0° 4.53 3.50 3.91
31.5° 3.44 3.48
33.7° 3.48 3.50
Sn — Sf
25.0° 5.48 3.48 3.78
31.5° 3.44 5.65
33.7° 3.33 4.20

agreement with those calculated from the physical 
properties of the pure components. Similar dis
crepancies were found in the case of solutions of 
hydrocarbons and fluorocarbon amines by Simons 
and Linevsky,23 Rotariu, Hanrahan and Fruin7 
and McLaughlin and Scott.8 Reed24 has been 
able to explain at least part of the discrepancy by 
considering the deviation from the geometric mean 
approximation due to the differences of the ioniza
tion potentials of the molecules.

Discrepancies for solutions of hydrocarbons in 
solvents with a higher internal pressure have been 
observed and discussed by Hildebrand.26

The parameter differences calculated from the 
phase boundaries in the three-component system 
agree with those calculated from the critical solu
tion temperatures and compositions of the per- 
fluorotri-n-butylamine-isooctane and nitroethane- 
isooctane systems. The low values for 8f — 5n 
obtained from the ternary data were unexpected.

Acknowledgment.— We wish to thank the Minne
sota Mining and Manufacturing Company for the 
perfluorotri-n-butylamine used in this investiga
tion and The National Science Foundation for 
supporting the program of which this work was a 
part.

The differences in 5 values calculated from the 
data for the ternary and binary systems are not in

(22) See ref. 1, p. 253.

(23) J. H. Sirnons and M. J. Lincvsky, J, Am. Chem. Soc., 74, 4750 
(1952).

(24) T. M. Reed, III, Tins J o u r n a l , 59, 425 (1955).
(25) J. H. Ilildebrand, J. Chem. Phys., 18, 1337 (1950).

THE IONIZATION CONSTANT OF ORTHANILIC ACID FROM 0 TO 50° BY
MEANS OF E.M.F. MEASUREMENTS1

B y  R. N o r m a n  D i e b e l  a n d  D .  F .  S w i n e h a r t

Department of Chemistry, University of Oregon, Eugene, Oregon
R eceiv ed  S ep tem b er  2 1 , 1 9 5 6

The ionization constant of orthanilic acid has been determined from 0 to 50° by the use of cells without liquid junction. 
The equation —log K  — 1160.68 /T  +  0.006633977 — 3.2314 expresses the experimental data as a function of temperature 
in the above temperature range with a standard deviation of 0.0008 in —log A  for 11 experimental points. The standard 
entropy of ionization, AS0, w-as found to be —3.3 e.u., a value much larger than that for sulfanilic and metanilic acids.

Introduction
The ionization constants and related thermody

namic quantities for sulfanilic acid2 and metanilic 
acid3 (p- and m-aminobenzenesulfonic acids, respec
tively) have been reported previously from this 
Laboratory. Both acids are zwitterions with large 
charge separations and both show a remarkably

(1) Taken in part from the master's thesis of R . Norman Diebel.
(2) R. O. MacLaren and D. F. Swinehart, J. Am. Chem. Soc., 73, 

1822 (1951).
(3) R. D. McCoy and D. F. Swinehart, ib id ., 76, 4708 (1954).
(4) D. F. Swinehart, paper presented at the Northwest Regional 

Meeting of the A.C.S., Pullman, Wash., June 12-13, 1953.

small entropy of ionization. It has been sug
gested3-4 that the small entropy of ionization of 
these two acids can be understood on the basis of a 
qualitative picture of the interaction of water dipoles 
and these zwitterions. On this basis a predicoion 
was made regarding the entropy of ionization for or
thanilic acid.

The present paper reports experimental data for 
the determination of the ionization constant of or
thanilic acid (o-aminobenzenesulfonic acid) as a 
function of temperature and confirms the prediction 
regarding entropy of ionization.
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Previously reported values for the ionization con
stant of orthanilic acid were obtained from conduc
tivity measurements and calculations were made 
without the benefit of the Debye-Huckel interionic 
attraction theory. These values are

Investigator K  t (°C.)
Oswald5 3.3 X  10-3 25
Boyle6 4.29 X  10-3 25

mations at the remaining eight temperatures. 
However, the effect was to have made four com
plete approximations at each temperature.

The values of the molal electrode potentials, E°, 
of the silver-silver chloride electrode have been de
termined by Harned and Ehlers11 and recalculated, 
along with 2.30259RT/F, in absolute volts by 
Swinehart12 using the constants of Bearden and 
Watts.13

It has been shown by Carr and Shutt7 from meas
urements of the change in dielectric constant with 
pH for sulfanilic acid solutions that sulfanilic acid 
behaves as a zwitterion. Even though orthanilic 
acid is somewhat stronger than sulfanilic acid, it is 
not nearly as strong as the unsubstituted aromatic 
sulfonic acids8 and it is reasonable to assume that 
orthanilic acid also exists in solution largely as the 
zwitterion. Hence the ionization constant is writ
ten for the reaction

o-H LNCJLSO-r =  o-H2NC6H4S03-  +  H 1

The general method of investigation is that de
veloped by Harned and co-workers.9 The cells 
were of the type Pt, H2/HOr(mi), NaOr(m2), 
NaCl(m3)/AgCl-Ag where HOr and NaOr are or
thanilic acid and its sodium salt, respectively, and 
nil, and m% are molalities. By elimination of 
w h+7h+ from the cell potential equation

„  „ 0 2.30259RT , . . .
Ji — Ji — ---- -p---- log Wn+wcryH+ycr (1)

and the thermodynamic ionization constant ex- 
p ession

K = niR+m or—/H+yor- 
n iH 0 r 7 H 0 r

(2)

there results the relation
(E  — E °)F  . wiHOr?nci- 
2.302597Ï71 +  g m0 r- — log K  — log T H O r T C r

7 0 r ~

(3)
The ionization constant was determined from eq. 3 
by extrapolation of the left-hand side to zero ionic 
strength using a method of calculation similar to 
that developed by Hamer10 and essentially identical 
with that used in the previous papers.2'3 How
ever, due to the fact that orthanilic acid is the 
strongest acid of the three isomers, the calculations 
were long and tedious. The full calculation re
quired four complete successive approximations at 
each temperature in order to be sure that the ex
trapolations of the left-hand side of eq. 3 had con
verged to give constant values of —log K  at zero 
ionic strength. This full calculation was carried 
out at 0, 25 and 50° only. The final hydrogen ion 
molalities obtained at these temperatures were used 
to interpolate initial hydrogen ion molalities at the 
remaining temperatures and successive approxi
mation started with the resulting values. This 
procedure saved two complete successive approxi-

(5) w. Oswald, Z. p h y s ik . Chem.. 3, 400 (1889).
(6) M. Boyle, J. Chem. S o c 115, 1505 (1919).
(7) W. Carr and W. J. Shutt, Trans. Faiaday Soc., 35, 579 (1939).
(8) W. J. Hamer, G. D. Pinching and S. F. Acrec, J. Research 

Natl. Bur. Standards, 31, 291 (1943).
(9) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 

Electrolytic Solutions,’ ' 2nd Ed., Reinhold Publ. Corp., New York, 
N. Y .f 1950.

(10) W. J. Hamer, J. Am. Chem. Soc., 56, 800 (1934).

Experimental
The materials and reagents other than orthanilic acid were 

purified in a manner similar to that described by MacLaren 
and Swinehart.2

Eastman Kodak white label orthanilic acid, when first 
dissolved in hot water, gave a noticeable odor of sulfur di
oxide which was eliminated by addition of strong acid. 
Therefore the first crystallization was made from a solution 
containing approximately 20 ml. of coned. HC1 per liter of 
solution. This was followed by two or three recrystalliza
tions from pure water. The white crystals were dried in a 
vacuum desiccator over 90-95% H2S04. A solution of this 
product gave no visible test for chloride ion with silver ni
trate.

Solutions of the impure acid developed a pink color fairly 
rapidly when exposed to light. This sensitivity decreased 
markedly on further purification. Samples of purified acid 
in solution in contact with air were left in the dark for 8 
months and did not become colored but turned pink when 
left standing in daylight for several days. Solutions used 
in the measurements took at least one week to become 
visibly tinted unless exposed to bright sunlight. The vari
ous purification operations were carried out in a semi-dar
kened room.

Analysis for purity was made by titration with NaOII 
which had been standardized vs. National Bureau of Stand
ards potassium acid phthalate. Weight buret techniques 
were applied and a pH meter was used to detect the end
point which occurred at pH 7.5. The resulting values of 
purity varied from 99.72 to 99.94%, the value increasing 
with the drying time. A sample, oven dried at 110°, ana
lyzed 100.01% pure. Each desiccator-dried batch of re
crystallized acid was analyzed separately; the difference 
between the analysis and 100% was assumed to be water.

The most likely impurity neglecting moisture is sulfanilic 
acid. The problem of detecting this impurity in our prod
uct and estimating its amount has not been solved satisfac
torily. In the ultraviolet absorption spectra of these acids, 
the molar extinction coefficient of sulfanilic acid is approxi
mately ten times that of orthanilic acid at 2550 A . We 
estimate that such measurements would permit us to detect 
1 or 2%  of sulfanilic acid as an impurity but not lesser 
amounts. We can only express confidence in the absence of 
sulfanilic acid to this degree.

The cells, electrodes, measuring instruments and proce
dure of the measurements were the same as those described 
by MacLaren and Swinehart.2

Results
The results are shown in Table I. Each poten

tial difference is the average of 16 potential meas
urements obtained from two cells, run in duplicate, 
except where noted in the table by the footnote, 
“ one cell only.”  These latter values are the aver
ages of eight measurements from one cell only. The 
average deviations of the potentials from any one 
cell from the mean potential were about ±0.02 mv. 
The mean potentials of duplicate cells showed an 
average difference of 0.062 mv. and no difference 
was greater than 0.16 mv.

The data were treated as indicated in the intro
duction. Representative extrapolations of the 
last approximation of the left-hand side of eq. 3

(11) IT. S. Harned and R. W. Ehlers, ib id ., 55, 2179 (1933).
(12) D. F. Swinehart., ib id ., 74, 1100 (1952).
(13) J. A. Bearden and H. M. Watts, Phys. Reo., 81, 73 (1951).
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T a b l e  I
E l e c t r o m o t i v e  F o r c e  o f  t h e  C e l l  

Pt, H2/HOr(ra,), NaOr(wi2), NaCl(m3)/AgCl-Ag
. ^ v Absolute volts
(approx.) 0.01« 0.01« 0.02 0.02 0.03 0.04 0.04a 0.06 0.06 0.08 0.1
mi 0.005936 0.00506, 0.01323, 0.01020, 0.015203
mi .00424s .005086 .OO6930 .01014! .01503s
m3

t ( ° c . ) ,005114 .OO4990 ,01014i .OlO150 ,01559s

0 0.51336 0.51911 0.48762 0.49741 0.48504
5 .51484 .52060 .48850 .49830 .48555

10 .51617 .52200 .48929 .49906 .48596
15 .51741 .52324 .48990 .49970 .48626
20 .51848 .52436 .49042 .50022 .48647
25 .51952 .52541 .49084 .50068 .48660
30 .52041 .52632 .49116 .50106 .48664
35 .52121 .52708 .49137 .50130 .48650
40 .52190 .52776 .49148 .50144 .48635
45 .52249 .52839 .49152 .50152 .48607
50 .52302 

“ One cell only.
.52896 .49145 .50154 .48578

0.01976s 0.02011.4 0.03057, 0.029952 0.039838 0.05019,
.01993, .02049,

T?O'COo 00oCv"'Ò

.03966, , C5028,00C5o

.02039, o OA O o ,03023s . 03969» .05010.

0.47877 0.47811 0.46582 0.46734 0.46020
.47914 .47844 .46584 .46739 .46004 0.45430
.47936 .47859 .46574 .46730 .45974 .45385
.47948 .47866 .46551 .46709 .45934 .45330
.47949 .47860 .46517 .46674 .45886 .45264
.47942 .47858 .46476 .46636 .45826 .45190
.47920 .47834 .46425 .46592 .45758 .45107
.47894 .47810 .46365 .46533 .45681 .45012
.47857 .47770 .46294 .46466 .45596 .44910
.47814 .47722 .46217 .46392 .45502 .44798
.47762 .47661 .46136 .46304 .45396 .44676

to zero ionic strength yielding thermodynamic 
values of —log K  are shown in Fig. 1.

The resulting values of —log K  were fitted by 
the equation

- l o g  K  =  A/T +  CT -  D  (4)
using the method of least squares, yielding the 
values 1106.68, 0 .0066339 and 3.2314 for A, C 
and D, respectively. The calculated values of 
— log K  using these constants together with the 
experimental values of —log K  and the values 
of K  itself are shown in Table II. The stan
dard deviation of the calculated values of —log 
K  from the experimental values is 0.0008 in —log
K. This quantity is calculated from the equation

Standard deviation =  ^ ^
\n -  c j

where A is the deviation of the experimental point 
from the fitted curve in the direction of the —log K  
axis, n is the number of experimental points and c 
is the number of constants in the equation.14

Discussion
By means of the usual relations, standard ther

modynamic quantities for the ionization reaction
T a b l e  II

T h e  I o n i z a t i o n  C o n s t a n t  o f  O r t h a n i l i c  A c i d  i n  W a t e r  

f r o m  0  t o  5 0 °
t —log K

°C.) K  X HU Obsd. Calcd. A X 10*
0 2.328 2.6330 2.6321 - 9
5 2.563 2.5912 2.5925 13

10 2.782 2.5557 2.5554 - 3
15 3.016 2.5206 2.5208 2
20 3.254 2.4876 2.4884 8
25 3.475 2.4592 2.4583 - 9
30 3.707 2.4310 2.4302 - 8
35 3.943 2.4042 2.4042 0
40 4.169 2.3798 2.3800 2
45 4.399 2.3567 2.3576 9
50 4.597 2.3375 2.3370 - 5

Stand, dev. in - l o g  K  = 0.0008

(14) T. B. Crumpler and J. H. Yoe, “ Chemical Computations and 
Errors,”  John Wiley and Sons, Inc., New York, N. Y., 1940, p. 222.

(15) Reference 9, p. 583.

0 0.04 0.08
Ionic strength.

Fig. 1.— Representative extrapolations for the evaluation of 
- l o g  K.

may be calculated15 from the constants in eq. 4.
It is worthwhile to note the remarkably small 

values of the entropies and heat capacity changes 
for the ionization of sulfanilic2 and metanilic3 acids 
and to compare these quantities ivith the corre
sponding values for orthanilic acid and certain 
other acids. In Table III these two thermodynamic 
quantities are listed for a number of selected un
charged acids. All these data were taken from 
Harned and Owen16 except the values for sulfamic 
acid17 and taurine,18 and for the three isomeric am- 
inobenzenesulfonic acids which were taken from 
references previously given2'3 and this paper.

(16) Reference 9, p. 514.
(17) E. J. King and G. W. King, J. Am. Chem. Soc., 74, 1212 

(1952),
(18) E. J. King, ibid., 75, 2204 (1953).
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T a b l e  I I I

E n t r o p i e s  a n d  H e a t  C a p a c i t y  C h a n g e s  f o r  t h e  I o n i z a 

t i o n  o f  S o m e  W e a k  A c i d s  a t  2 5 °

Acid
A S °

(cal./deg.)
A C °p

(cal./deg.)
Water -1 8 .7 -4 6 .5
F ormic - 1 7 . G -4 1 .7
Acetic -2 2 .1 -3 6 .5
Propionic -2 2 .8 -3 8 .3
Butyric -2 4 .4 -3 6 .4
Chloroaeetic -1 7 .0 -4 0 .0
Lactic -1 8 .0 -4 0 .7
Glycolic -1 6 .9 -3 8 .8
Phosphoric (1st 11+) -1 5 .7 -5 0 .7
Glycine - 6 . 9 -3 2 .2
di-Alanine -  8.3 -3 4 .2
dl- Amino- n-buty lie -  9.5 -3 4 .1
(//-Leucine -  9 .4 -3 6 .8
(//-Valine -  9.9 -3 2 .7
Sulfamic - 3 . 0 -1 1 0
Taurine -  7.9 -  8.4
Sulfanilic -  0.37 -  7.1
Metanilic -  0.57 -  7.7
Orthanilic -  3.32 -1 8 .6

It is remarkable that the standard entropies of 
ionization of many uncharged acids are approxi
mately constant at about —20 e.u. and that the 
heat capacity changes for ionization hover about 
— 40 cal./degree/mole. However, when the cor
responding values for the classical zwitterions,
i.e., the aliphatic amino acids, are considered, the 
entropies of ionization decrease to about half the 
values for the neutral acids. The heat capacity 
changes seem to be lowered only slightly in magni
tude. The entropies of ionization of sulfanilic and 
metanilic acids are very small indeed as are the 
changes in heat capacity.

These observations arc interpreted following the 
ideas of Frank and Evans19 and of Powell and Lati
mer.20 An entropy decrease occurs when neutral 
molecules are dissolved in water. Part of this en
tropy loss is due to restriction of the molecule to a 
small volume or “ cage”  of solvent molecules and 
part is due to the immobilization of water molecules 
adjacent to the solute molecule. Now, if the mole
cule separates into two charged ions, many more 
water molecules are “ frozen” and a large entropy 
loss occurs. This effect is so large that, to a first 
approximation, the entropy is the same for all neu
tral, i.e., uncharged, acids.

A zwitterion, on the other hand, such as an amino 
acid, binds many more water molecules due to in
teraction of the water dipoles with the widely sepa-

(19) H. S. Frank and M. W. Evans, J. Chem. Phys., 13, 507 (1945).
(20) R. E. Powell and W. M. Latimer, ibid., 19, 1139 (1951).

rated charges of the zwitterions. Thus, when such 
a zwitterion separates into two independent ions, 
the change in amount of water bound is much 
smaller than for neutral acids, resulting in a mark
edly smaller entropy of ionization for the zwitterion.

Sulfanilic and metanilic acids are zwitterions 
with such large charge separations that essentially 
as much water is bound by the zwitterions as for 
the separated ions, yielding a very small entropy ef
fect on ionization.

For the case of orthanilic acid, the charge sep
aration must be markedly less than for its isomers. 
Space considerations then limit the amount of water 
bound by the zwitterions and results in a much 
larger entropy effect than for the isomeric acids, 
AS° being, for this case, approximately ten times 
larger than for the isomers, although not quite as 
large as predicted.3 This indicates that the charge 
separation, i.e., the dipole moment, of orthanilic, 
although smaller than that of its isomers, is still 
considerably larger than that of the aliphatic ami
no acids. Direct measurements of the dipole mo
ments of metanilic and orthanilic acids have not 
been reported.

It has been claimed that sulfamic acid exists in 
solution as the neutral molecule, i.e., not as the 
zwittericn,17'21 even though other evidence indi
cates that it does exist in the crystalline state as 
the zwitterion.22 The entropy of ionization of 
sulfamic acid17 shown in Table III supports strongly 
the idea that it also exists in solution as the zwitter
ion. The entropy and heat capacity change for 
taurine agree with other evidence23'2'1 that this acid 
exists in solution as a zwntterion. In this picture, 
only the heat capacity change for sulfamic acid ap
pears to be anomalously high.

King has reported difficulty in the interpretation 
of e.m.f. data for the estimation of the ionization 
constant for sulfamic acid17 due to its being a fairly 
strong acid and suggests that if an acid with an ac
curately known ionization constant of about 1 X 
10 ~3 were available, a method involving a mixture 
of a salt of sulfamic acid and the second weak acid, 
as suggested by Bates,26 might be used to check his 
e.m.f. data. It is suggested that sulfanilic or or
thanilic acid might serve this purpose.
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VAPOR PRESSURE AND DERIVED INFORMATION OF THE SODIUM 
FLUORIDE-ZIRCONIUM FLUORIDE SYSTEM. DESCRIPTION OF A 
METHOD FOR THE DETERMINATION OF MOLECULAR COM IRENES

PRESENT IN THE VAPOR PHASE1
B y  K a r l  A . S e n s e , C. A . A l e x a n d e r , R . E. B o w m a n  a n d  R . B . F il b e r t , J r .

Batlelle Memorial Institute, Columbus, Ohio 
Received September 27, 1956

By use of the transpiration method, the vapor pressures of the NaF-ZrF4 system were measured over the range 599-1075°. 
On the basis of the Duhem-Margules equation and the thermodynamic stability of a system, it was deduced that, in addi
tion to NaF and ZrF4, a compound composed of NaF and ZrF4 must exist in the vapor phase. The molar composition ratio 
of this compound must be NaF/ZrF4 <  1.38. The assumption is made that the complex has the simple structure NaZrFs. 
On the basis of this assumption, partial pressures of NaF, ZrF4 and NaZrF5 are calculated. As a first approximation, the 
dissociation constant for the reaction, NaZrF6 =  NaF +  ZrF4, was determined as a function of the temperature. A partial 
phase diagram of the NaF-ZrF4 system derived from the vapor pressure data shows a constant boiling point to exist at 25 
mole %  ZrF4. The composition at this constant boiling point does not seem to change with pressure. This behavior, con
sidered together with an activity plot of the system NaF-NaZrF6, suggests the existence of Na3ZrF7 in the liquid state. 
The extent of dissociation of Na3ZrF7 in the vapor phase could not be determined. Plots showing vapor-liquid-solid equilib
ria are presented. A plot is given showing the change of the total vapor pressure of the NaF-Z:-F4 system with composition 
for various temperatures.

This work was undertaken as part of a program to 
investigate the physical properties of fused-salt 
systems.

Experimental
The method and apparatus have been described in suf

ficient detail in previous p a p e r s . A  slight change from 
previous procedure consisted in the use of argon rather than 
nitrogen as a carrier gas. The results obtained when argon 
was used were fully comparable with those when nitrogen 
was used. The use of another vapor pressure apparatus 
similar to the one built originally permitted the detection 
of systematic errors peculiar to either set. A revised 
schematic diagram is given in Fig. 1.

The low melting mixtures of NaF and ZrF4, as well as 
pure ZrF4, were provided by the Oak Ridge National 
Laboratory. The NaF was J. T . Baker highest grade.

Except for a few prefused salt mixtures, the desired com
positions were obtained by adding the proper amounts 
of NaF or ZrF4 to a prefused NaF-ZrF4 mixture. The 
components necessary to make up a desired composition 
were first ground to a fine powder. The necessary quanti
ties of the powdered components were then intimately mixed 
to ensure homogeneity. The results obtained using charges 
prepared in this manner were checked against results ob
tained with a prefused salt having the same composition. 
Although the manually prepared charges produced more 
scatter about the vapor pressure curve obtained, the re
sults were comparable with those from prefused salts.

All results were corrected for composition changes which 
occurred while the runs were being made.

Results and Discussion
Molecular Species in the Vapor Phase.— Ini

tially, in the absence of any information regarding; 
complex molecules in the vapor phase, the partial 
pressures of NaF and ZrF4 were calculated on the 
assumption that only NaF and ZrF4 exist in the 
vapor phase. The results are presented graphically 
in Figs. 2, 3 and 4, and in terms of the constants 
A and B defined by the vapor pressure equation in 
Table I

log p = B X 103 
A T(° K .)

Figure 3 shows plots of pNaF as a function of the 
reciprocal temperature for the NaF-rich region of

(1) Work performed under AEC Contract W-7405-eng-92.
(2) K. A. Sense, M. J. Snyder and J. W. Clegg, T h i s  J o u r n a l , 58, 

223 (1954).
(3) K. A. Sense, M. J. Snyder and R. B. Filbert, Jr., ibid., 58, 995 

(1954).

the NaF-ZrF4 system. The curves behave as ex
pected, since for a given temperature pNaF de
creases as the NaF-ZrF4 system becomes poorer 
in NaF. Figure 4 also shows plots of pNaF as a 
function of the reciprocal temperature for N aF- 
ZrF4 compositions poorer in NaF than those shown 
in Fig. 3. In spite of the rather considerable scat
ter, it is quite evident, and interesting, that pNaF 
increases as the composition of the liquid becomes 
poorer in NaF. This behavior is brought out more 
clearly by Fig. 5 which shows how the partial pres
sures of NaF and ZrF4 vary with composition for a 
given temperature. It is noted that for composi
tions greater than about 34 mole %  ZrF4, the par
tial pressure of NaF is greater than the vapor pres
sure of pure NaF. In terms of activities, this means 
that the apparent activity of NaF is greater than 1.

Such a condition is not admissible for a thermo
dynamically stable system.4 Furthermore, begin
ning with about 25 mole %  ZrF4, both pNaF and 
7>ZrF4 increase as the salt composition becomes 
richer in ZrF4. This behavior is contrary to the 
Duhem-Margules equation

= (i)
d i i  d x2

where x is the mole fraction of either component 
1 or 2, and j> is the partial pressure of the corre
sponding component.

According to this equation, for a two-component 
system, the partial pressure of one component 
must decrease as the other one increases, when the

(4) J. H. Hildebrand and R. L. Scott, “ Solubility of Non-Electro
lytes," 3rd Ed., Reinhold Publ. Corp., New York, N. Y., 1950, p. 41.
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Fig. 2. Partial pressure of ZrF4 based on assumption that only NaF and ZrF4 exist in vapor phase. Figures on plot de
note mole per cent. ZrF4.

T a b l e  I

V a p o r  P r e ssu r e  C on stan ts  f o r  th e  NaF-ZrF4 Syste m  B ased  on  th e  A ssu m ptio n  T h a t  O n ly  NaF a n d  ZrF4 E x is t  in

th e  V a p o r  P h ase

log p = , B X 1 0 ! 
f ( ° K .)

Composition, mole % ZrFi A
??ZrF4

B Temp, range, °C. A
pNaF

B Temp, range,
100 (solid) 13.3995 12.3760 616-881
7-4.50° (liquid) 9.869 8.528 817-878
67.79“ (liquid) 9.887 8.745 760-870
59.33° (liquid) 10.040 9.227 664-862
53.16 (liquid) 9.939 9.448 621-887
53.16 (solid) 13.86 12.95 599-621
50.00 (liquid) 9.3510 9.0432 682-884
46.50 (liquid) 9.263 9.267 771-969
41.88 (liquid) 8.862 9.338 729-985 9.10 11.45 825-985
38.00 (liquid) 8.441 9.511 811-1039 9.10 11.67 811-1039
33.50 (liquid) 9.498 11.950 948-1037 9.42 12.5 948-1037
32.72 (liquid) 9.643 12.303 922-1049 9.33 12.6 873-1049
28.27 (liquid) 9.675 13.33 984-1051 8.990 12.569 978-1067
19.54 (liquid) 8.8 13.3 994-1059 9.087 12.396 994-1059
11.89 (liquid) 8.7 14.0 976-1053 9.190 12.276 976-1058

Pure NaF (liquid) 9.4188 12.4283 996-1075
Pure NaF (solid) 11.3315 14.8557 934-996

“ The constants for the solidus region are the same as those for ZrF4.
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composition is changed. To resolve the problem 
presented in Fig. 5 where the partial pressures of 
both NaF and ZrF4 increase as the composition 
is shifted toward pure ZrF4, the assumption was 
made that a complex molecule composed of NaF 
and ZrF4 exists in the vapor phase. In accord
ance with the Duhem-Margules equation, the 
exact molecular composition of this complex is 
given by the peak of the partial pressure curve of 
NaF.

From Fig. 5, it is noted that the peak of the 
partial pressure curve has obviously not, yet been 
reached over the 0-42 mole %  ZrF4 composition 
range. Flence, the peak of the apparent activity 
curve of NaF must occur in the 42-100 mole %  
ZrF4 composition region which means that in the 
complex, the mole ratio of NaF to ZrF4 must be 
smaller than 1.38. Unfortunately, the limitations 
of the chemical analysis for NaF in the condensates 
in that region were such that pNaF was known only 
as having less than a certain maximum value. 
This maximum was too high to be of any use in 
locating the maximum in the partial pressure curve.

A plot of the activity of ZrF45 6 of the NaF-ZrFt 
system at 918° (Fig. 6) suggests the possibility 
that the complex has a NaF to ZrF4 ratio of 1:1,
i.e., that the simple complex NaZrFg exists in the 
vapor phase. Such a complex would satisfy the 
requirement that it occur in the 42-100 mole %  
ZrF4 region.

On the basis that NaZrF5 exists in the vapor 
phase, a plot of the activity of ZrF4 at 918° was 
constructed for the NaZrFg system (Fig. 7).6 The 
fact that the deviations from Raoult’s law in Fig. 7 
are not nearly as great as those in Fig. 6 makes the 
assumption that the complex is NaZrF6 seem 
reasonable. The fact that the activity of ZrF4 
does not go to zero at zero mole fraction ZrF4 im
plies partial dissociation of NaZrF5.

Derived Partial Pressures of NaF, ZrF4 and 
NaZrFg.—As a first approximation, the vapor 
phase of the NaF-ZrF4 system was treated as 
consisting only of NaF, ZrF4 and NaZrF5. Fur
thermore, NaZrF5 was considered to dissociate 
partially into NaF and ZrF4, the extent of dis
sociation being a function of the temperature. 
The partial pressures of the various vapor phase 
components were calculated by the following 
procedure. (Refer to Fig. 5.) For compositions 
containing more than about 30 mole %  ZrF4, the 
vapor phase was assumed to consist almost entirely 
of pZrF4 and pNaZrF5 with pNaF being considered 
negligible. Hence, the apparent7 pNaF in this re-

(5) Defined as pZrF4/p°ZrTY The standard state, p°ZrF4, is 
the vapor pressure of liquid ZrFi. Since ZrFi sublimes at a pressure 
of 1 atm., the vapor pressure at the melting point (018°) had to be 
calculated from the P -T  equation for ZrFi, namely, pZrlu — 13.3995 — 
12376.0/iF(oK.). From this equation, •p°ZrIr4 - 1020 mm. mercury at 
918°.

(6) The mole fraction, iV'o, of ZiTh in the NaZrFo- ZrFi system is 
given by AA/o — (Ao — A;)/A'o, where Ah and Ar are the mole fractions 
of ZrF.i anti NaF, respectively, in the NaF-Zrlih system.

(7) Throughout the following discussion the “ apparent”  partial 
pressures are those which were calculated for a vapor phase assumed 
to consist simply of NaF and ZrFi. Since the vapor phase is more 
accurately described as consisting of NaZrFs, NaF and ZrFi, the par
tial pressures of NaF and ZrFi where NaZrFg is taken into account-
will be referred to as the “ true”  partial pressures.

Temperature,°C.
Fig. 3.— Partial pressures of NaF for the 0 to 28.3 mole % 

ZrF4 region. Values based on assumption that only NaF 
and ZrF4 exist in vapor phase. Figures denote mole % 
ZrF4.
gion became pNaZrF6.8 The ZrF4 tied up as NaZrF6 
was then subtracted from that given by the ZrF4 
curve to yield the true pZrF4. In the composition 
region of 0 to about 20 mole %  ZrF4, the vapor 
phase was assumed to consist almost entirely of 
NaF and NaZrF5, with ZrF4 making only a neg
ligible contribution to the total vapor pressure. 
Hence, the apparent pZrF4 in this region became 
the pNaZrF5. The NaF tied up as NaZrF5 was 
then subtracted from that given by the NaF curve 
to give the true pNaF. The pNaZrF5 for the 28.3 
mole %  ZrF4 composition could not be determined 
in this manner since all the components exert com
parable vapor pressures. Ffowever, from a plot of 
pNaZrF6 values already calculated for the other 
compositions, an interpolated value for the 28.3 
mole per cent, composition could be obtained. This 
pNaZrFs was then subtracted, respectively, from 
the apparent pNaF and pZrF4 to give the true 
pNaF and pZrF4. Figure 8 shows the resulting 
curves of pNaF, pZrF4 and pNaZrF5 at 1026°. 
The vertical lines through the pNaZrF5 curve quali
tatively reflect the degree of uncertainty of the 
partial pressures of NaF and ZrF4 (see Figs. 2 and

(8) This is so since for the transpiration method
partial pressure of component =

(moles of component) (total pressure of system) 
moles carrier gas +  2(moles of components)

From the standpoint of ZrFi, the number of moles is the same 
whether ZrF< is present as such or whether it is part of the NaZrFs 
complex.
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1050 1000 950 900 850 800
Temperature,*C.

Fig. 4.— Partial pressures of NaF for the 28.3 to 41.9 mole %  ZrF4 region. Values based on assumption that only NaF
and ZrF4 exist in vapor phase. Figures give mole %  ZrF4.

T a b l e  I I
P a r t ia l  P ressu r e s  as a  F unction! o f  R e c ip r o c a l  T e m p e r a t u r e  an d  C om po sitio n

Compo
sition, 

mole % 
Z r F i

pZrF*, mm., at given recipro
cal temp.,

7.50 7.70 8.00

10*
n °k .)
8 . 3 9 5

pNaZrFs,
7.50

mm., at given recip
rocal temp.

7.70 8.00

in*
t (°k .;
8.395

pNaF, ; 

7.50
mm., at given recip- __l®.4.-.
rocal temp. T (° K.) 

7.70 8.00 8.395
41.9 69.0 45.1 23.8 10.3 3.3 1.94 0.88 0.31 negligible
38.0 18.2 11.8 6.21. 2.60 2.24 1.29 0.58 0.20 negligible
33.5 2.32 1.30 0.61 0.20 1.07 0.60 0.26 .085 negligible
32.7 1.85 1.06 0.45 0.15 0.88 .51 0.21 .070 negligible
28.3 0.150 0.074 0.025 0.0007 .33 .185 0.078 .024 0.036 0.020 0.0081 0.0011
19.5 negligible .054 .028 0.012 . 003C . 560 .317 .136 .0443
11.9 negligible .0138 .0062 0.0026 .00075 .948 .540 .231 .0725“
0 0 0 0 0 0 0 0 0 1.25 .706 .280 .0725“
° These values are the same since the solid NaF phase is present in both cases.

4) from which pNaZrF5 is derived. This calcu
lation procedure was carried out also for other 
temperatures. Table II gives the partial pres
sures as a function of composition and reciprocal 
temperatures obtained from smoothed-out plots of 
the information obtained. Table III gives the 
derived values for the constants of the partial pres
sure equations for NaF, ZrF4 and NaZrF5.

With the aid of this information, an activity plot 
(Fig. 9) was constructed for the pseudo-binary sys
tem NaF-NaZrF6.9 The marked negative devia
tions from Raoult’s law indicate strong attraction 
of the components in the liquid phase, suggesting 
the presence of a complex such as Na3ZrF7 in the

(9) The activity of NaZrFg is defined as ?>NaZrF6/p°NaZrF6, 
where p°NaZrFs is approximated by the extrapolated pNaZrFs value 
at 50 mole % ZrF4 (Fig. 8).

liquid phase. To what extent such a complex is 
present in the vapor phase is not readily apparent. 
It is evident that because of possible further com
plexities in the vapor phase, the treatment of the 
NaF-ZrF4 system as consisting of NaF, ZrF4 and 
NaZrF6 in the vapor phase must be regarded only as 
approximate.

Dissociation of NaZrF6.—From Fig. 8 and others 
constructed for different temperatures, approxi
mate values were obtained for the dissociation 
constant K p =  [(pNaF)(pZrF4) l/(pNaZrF6) as a 
function of temperature. For least uncertainty, 
data were obtained for the 25, 27 and 28.3 mole %  
ZrF4 region. The results are given in Table IV. 
An average value was obtained for each of these 
reciprocal temperatures, and.the best curve was 
drawn. The following results were obtained over
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0 10 20 30 40 50
Mole %  ZrF4.

Fig. 5.— Apparent partial pressures at 1026° C.

Fig. 6.— Activity of ZrF4 for the NaF~ZrF4 system at 918°.

Fig. 7.— Activity of ZrF4 for the pseudo binary system 
NaZrF5-ZrF4 at 918°.

the 918-1060° temperature interval

log K ,  =  6.4 -  (2)

AS =  29 e.u. (3)

Mole %  ZrF4.
Fig. 8.— Partial pressures at 1026°.

0 0.2 0.4 0.6 0.8 1.0
Mole fraction NaZrF6.

Fig. 9.— Activities of NaF and NaZrF6 for the system N aF- 
NaZrF5 at 1026°.

AH — 67 kcal./g. mole (4)
for the reaction

NaZrF5 =  NaF +  ZrF4 (5)
Partial Phase Diagrams Derived from Vapor 

Pressure Data.-—With the aid of Table III, partial 
phase diagrams were constructed. Figure 10 shows 
such a phase diagram for a total pressure of 1 mm. 
mercury. A constant-boiling mixture correspond
ing to the compound Na3ZrF7 is shown to exist. 
To determine whether or not the composition of the 
constant-boiling mixture changed with pressure, 
phase diagrams for various pressures were con
structed. Figure 11 shows the results in the vicinityand
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T arde  III
D e r iv e d  V a p o r  P r e ssu r e  C on stan ts  for  tu e  N a F ZrF4 S ystem  B ased  o x  th e  A ssu m ption  t h a t  th e  V a p o r  P h ase  Is

C om posed  of NaF, ZrF4 an d  NaZrFj

7)ZrF4 7?NaF pNaZrFs
A Hv, kcal./ M.]>.,<• B.p.V

Composition, mole % ZrF4 A B A B A B mole °C. °C.
100 (solid) 13.3995 12.3760 56.63'' 918“ 903'
74.50" (liquid) 9.869 8.528 39.0 817 947
67.79'* (liq lid) 9.887 8.745 39.9 760 976
59.33" (liqi lid) 10.040 9.227 42.2 664 1010
53.16 (liquid) 9.939 9.448 43.2 1072
53.16 (solid) 13.86 12.95 59 621
50.00 (liquid) 9.3431 9.0372 9.1 11.2 41.4 1125
46.50 (liquid) 9.243 9.252 9.1 11.3 1177
41.88 (liquid) 8.762 9.229 9.13 11.48
38 00 (liquid) 8.259 9.332 9.14 11.72
33.50 (liquid) 9.249 11.845 9.25 12.30
32.72 (liquid) 9.338 12.095 9.16 12.28
28.27 (liquid) 10.49 15.08 8.3 12.9 8.90 12.51
19.54 (liquid) 8.7 15.3 8.92 12.23 8.59 13.14
11.89 (liqi id) 9.323 12.467 8.76 14.16

Pure NaF (liquid) 9.4188 12.4283 56.9 1628
Pure NaF (solid) 11.3315 14.8557 68.01 996

a The constants for the solidus region are the same as those for ZrF4. h This denotes the heat of sublimation, 
the sublimation point. d Derived from vapor pressure curves. e From thermal analysis.

c This

of the azeotrope. The fact that the composition 
of the azeotrope does not appear to change with a 
change in pressure seems to indicate that Na3ZrF7 
exists in the liquid state. Previous indications that 
such a complex might exist in the liquid state were 
already apparent from the activity plot given in 
Fig. 9.

From the vapor pressure data obtained, a melting 
point curve also could be constructed. Figure 12 
shows this liquidus curve as part of a phase diagram 
for P  =  760 mm. The experimental point at the 
lower end of the curve was obtained by filtration 
and subsequent analysis of the filtrates of two NaF- 
ZrF, salt mixtures at 586 ± 2 ° .  The compositions 
of the initial salt mixtures were 41 mole %  NaF-59 
mole %  ZrF4) and 30 mole %  NftF“ 70 mole %

ZrF4. The two filtrates were found to contain 
ZrF4 mole fractions of 0.554 and 0.567, respectively. 
The difference between these two figures was not 
considered to be significant. The melting point 
(918°) of pure ZrF4 was obtained by thermal analy
sis.

From Fig. 2, it is noted that the pZrF4’s in the 
solid region for the 74.5 and 59.3 mole %  ZrF4 com
positions coincide with the vapor pressure of pure 
ZrF4. This implies that the solid phase for compo
sitions from 100 down to at least 59.3 mole %  ZrF4 
consists of ZrF4. However, the pZrF4 curve for 
the solidus region of the 53.2 mole %  ZrF4 system 
(i.e., where 1/°K . >11.2 X 1CD4) is displaced from 
the pure ZrF4 vapor pressure curve (if extended). 
This implies that the solid phase for this particular
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Mole fraction ZrF4.

Fig. 11.— Phase diagrams in vicinity of azeotropes for various 
pressures.

exists in the vapor phase, the results would be af
fected in the following manner. As an extreme 
case, if Na3ZrF7 existed virtually undissociated in 
the vapor phase at a ZrF4 mole fraction of 0.25, the 
total vapor pressure would have a value about one- 
third10 of that indicated in Fig. 13. As the salt 
composition becomes either richer or poorer in 
ZrF4 than 0.25, the change in the indicated total 
pressure decreases. For compositions in which the 
ZrF4 mole fraction is greater than 0.38, the change 
in the total vapor pressure would not be discernible 
on this plot. It is likely that Na3ZrF7 is largely 
dissociated in the vapor phase. Depending on the 
extent of dissociation of Na3ZrF7, the total vapor 
pressure at 0.25 mole fraction ZrF4 would then be 
somewhere between the value given in Fig. 13 and 
one-third of that value.
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Fig. 13.— Total vapor pressure of the N aF -Z rF 4 system for various temperatures.
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A p p e n d ix
Calculations of Partial Pressures.—The partial 

pressures of the components of a system are cal
culated according to the relation

Since for vapor pressures of about 10 mm. or less, 
the number of moles of inert gas collected is much 
greater than the number of moles of salt collected, 
there results for low vapor pressures

m  > >  y ;  rm (c)
i

and therefore
m  i r>

Pi =  ----------——  1
M  +  vi j

i

where

(a)

V i =  partial pressure of the ith component 
P =  total pressure of system
ini =  moles of ith component in condenser (corrected for 

quantity which diffused into condenser)
M  =  moles of carrier gas collected

P  remains essentially constant, since the total pres
sure was always only slightly greater than atmos
pheric. Hence

m\Pi « ----------— ----- -
m  t  vi j

i

( b )

P i  a TOi (d)

For the extreme case discussed previously,10 
the sum of the partial pressures of the components 
was less than 1 mm. for the 25 mole %  region (Fig. 
13). Therefore, inequality (c) is satisfied and equa
tion (d) is applicable.

Hence, two moles of NaF and one mole of NaZrF5 
in the vapor phase exert a vapor pressure of three 
arbitrary units. If the two moles of NaF com
bined with one mole of NaZrF6 to form one mole of 
Na3ZrF7 in the vapor phase, a vapor pressure of one 
arbitrary unit would result. The summation value 
in the denominator of (b) would change but the to
tal value of the denominator would remain essen
tially the same because of (c).
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An investigation has been made into the possibility of changing the separation factor for the fractionation of the isotopes of 
hydrogen during the distillation of water by the addition of various solutes to the system. The experimental procedure in
volved the direct determination of the separation factor for the system under study by analysis of the two phases at equilib
rium, rather than carrying out experiments on solutions in the pure waters and attempting subsequent predictions which 
could be in serious error. The results indicate that there is little possibility of improving the separation by additions to the 
water phase at room temperature. Apparently anything which is added to water disrupts its structure to some extent and 
thus reduces the separation factor. This reduction in the separation factor amounts to more than 6 0 %  of its excess over one 
when zinc iodide is used as solute.
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Distillation of water at low temperatures has 
been proposed1 as a method for the separation of 
the isotopes of hydrogen because of the increase 
of the separation factor. There are cases2-3 
reported in which distillation at moderately low 
pressures has proved successful, but the lowest 
temperature reached was approximately 40° at 
the top of the column and 65° at the bottom (A p  = 
128 mm.). Here the separation factor for a single 
stage is 1.05 compared to 1.03 at 100°. If a mate
rial could be found which would, when added to the 
liquid phase, increase the separation of the isotopes 
from that found for pure water, the ordinary dis
tillation operation could be modified to extractive 
distillation.4-5 This research has consisted pri
marily of the measurements of the effects of a 
series of salts on the separation factor of the iso
topes of hydrogen during distillation. The sepa
ration factor {alpha) may be defined by

(H /D U  
“ (H/D)nqllid

where (H /D ) is the molar ratio of hydrogen to 
deuterium in the gas or the liquid phase as is indi
cated by the subscript.

In order to obtain the desired results, either the 
bonding of the hydrogen in the water structure is 
going to have to be increased to some small extent 
or it is going to have to be decreased greatly. 
In this connection, a survey of the literature gives 
some interesting theories of the structure of 
water8-8 and of its solutions.6-9-11 The small

(1) G. N. Lewis and R. E. Cornish, J. Am. Chem. Soc., 55, 2616 
(1933).

(2) M. Randall and W. A. Webb, Ind. Eng. Chem., 31, 227 (1939); 
I. Dostrovsky, E. D. Hughes and D. R. Llewellyn, Nature, 161, 858 
(1948).

(3) J. O. Maloney, G. F. Quinn and H. S. Ray in “ Production of 
Heavy Water,”  McGraw— Hill Book Co., New York, N. Y., 1955, p. 
73; P. J. Selak and J. Finke, Chem. Eng. Prog., 50, 221 (1954).

(4) J. H. Perry, “ Chemical Engineers Handbook,”  3rd ed., M cGraw- 
Hill Book Co., Inc., New York, N. Y., 1950, p. 629.

(5) A. Weissberger, “ Technique of Organic Chemistry,”  Vol. 4, 
Interscience Publishers, Inc., New York, N. Y., 1951, pp. 317-356.

(6) J. D. Bernal and R. H. Fowler, J. Chem. Phys., 1, 515 (1933).
(7) J. Morgan and B. E. Warren, ibid., 6, 666 (1938).
(8) J. Lennard-Jones and J. A. Pople, Proc. Roy. Soc. {London), 

A205, 155 (1951).
(9) E. J. W. Verwey, Rec. trav. chim., 61, 127 (1942).
(10) G. W. Stewart, J. Chem. Phys., 11, 72 (1943).
( 1 1 )  E. C. Bingham, T h i s  J o u r n a l , 45, 8 8 5  ( 1 9 4 1 ) .

cations produce no change, or changes which are 
similar to those produced by decreases in the 
temperature of the solvent, while the large cations 
and the anions produce changes similar to increases 
in temperature when the X-ray spectra, Raman 
spectra, temperature of maximum density and 
viscosity of the solutions are considered. The 
concept of a structural temperature has received 
further support in the effect of salts on the infra
red spectrum of water12 although one investiga
tor13 regards the observed changes as more char
acteristic of the salt added than of a change in the 
temperature of the solvent. The water relaxation 
time as indicated by the dielectric properties of 
water is shortened by the addition of positive 
ions and is lengthened by hydrogen bond-forming 
molecules.14

Considering next some possible differences in the 
properties of light and heavy water, some in
vestigators16-16 found the ratio of the vapor pres
sures of the solvents (light to heavy water) is not 
affected by the addition of potassium chloride 
within the experimental error of the determination 
which is about 0.01 mm. When data17 for satu
rated solutions of sodium sulfate are calculated on 
the same basis, using solubility data from another 
source,13 there is no difference in the ratios. From a 
series of determinations on saturated solutions of 
cupric sulfate19 it was found that the lowering of the 
vapor pressure of the light water was that ex
pected from Raoult’s law multiplied by 1.022 while 
the results for the heavy water required a factor 
of 1.030. Only one determination20 with the mixed 
waters, where H20, D20  and HDO species are 
present, was found. Here, the separation was

(12) E. Ganz, A n n .  Physik, [5] 28, 445 (1937).
(13) T. H. Kujumzelis, Z. Physik, 110, 742 (1938).
(14) G. H. Haggis, J. B. Hasted and T. J. Buchanan, J. Chem. Phys., 

20, 1452 (1952).
(15) K. Niwa and E. Shimazaki, J . F a cu lty  S c i .  H o k k a id o  I m p .  

U n iv ., S er . I l l ,  3 , 35 (1940).
(16) Z. Shibata and K. Niwa, Z. p h y s ik . C h em ., A173, 415 (1935).
(17) L. Iiiguchi, J . C h em . S o c . J a p a n , 58, 193 (1937); C . A . ,  31,

33631 (1937).
(18) R . D. Eddy and A. W. C. Menzies, T h is  J o u r n a l , 44, 207 

(1940).
(19) F. T. Miles and A. W. C. Menzies, J. Am. Chem. Soc., 60, 87 

(1938).
(20) E. Lange, W. Martin and H. Sattler, Z. ges. Naturw., 1, 441 

(1936).
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better when no salt was added to the pot than 
when either sodium chloride or magnesium sulfate 
was present. The vapor pressures of the two 
waters over solid solvates have been investigated to 
some extent,17'19,21 and, in the majority of cases, 
the differences between the vapor pressures of the 
waters over the solvates are less than that for the 
pure liquids at the same temperature. Some excep
tions are potassium fluoride dihydrate and nickel- 
ous chloride hexahydrate in which the ratios of 
the vapor pressures are 1.4 and 1.25, respectively, 
at 25°. The ratio for the pure solvents at the same 
temperature is 1.158.21 22 23 There are some data avail
able on the isotopic variation of water removed 
from cupric sulfate pentahydrate crystals28 which 
indicate that the sulfate ion, which is supposed to 
hold the last molecule of water by means of hydro
gen bonds, favors the light isotope of hydrogen as 
compared to the four molecules of water about the 
cation. The distribution of the isotopes between 
the water of hydration and the mother liquor has 
been measured for a few hydrates,24 25 and this dis
tribution indicates that no separation takes place 
within the experimental error which should have 
allowed detection of a factor of about 1.001. The 
heat of solution of salts in heavy water is smaller 
than in the light water except for some fluorides 
of small cations.26'26 In the halogen series, the 
difference in the heats of solution increases with the 
increasing size of the anions reported, being the 
greatest for the iodide. The cations produce less 
difference as the size of the ion is decreased. Light- 
water is generally a better solvent than is heavy 
water, but one instance, lithium fluoride,26 has been 
found where the unhydrated salt is more soluble in 
heavy water. For hydrates, it has been reported18 
that sodium iodide dihydrate, lithium chloride 
monohydrate, lithium bromide dihydrate and 
strontium chloride hexahydrate are less soluble 
in the light water system, but the differences 
observed may be due to the change in the struc
ture of the solid phase as much as to the proper
ties of the solution. For potassium salts, the 
salts of large anions, like the iodide and the di
chromate, show greater solubility differences than 
those of the smaller anions like the nitrate and 
sulfate.27 This survey indicates possible solutes 
to be used in an extractive distillation process for 
the separation of hydrogen and deuterium as well as 
possible properties for correlation of the results 
obtained in this investigation.

Experimental
The experimental procedure has been the direct deter

mination of the separation factor for the system under study 
by analysis of the two phases at equilibrium. This was 
done to avoid predictions attempted on the basis of data for

(21) J. Bell, J. Chem. Soc., 459 (1937); 72 (1940).
( 2 2 )  R. L. Combs, J . M. Googin and H .  A. Smith, Tins J o u r n a l , 

58, 1000 (1954).
(23) J. C. Anderson, R. H. Purcell, T. G. Pearson, A. King, F. W. 

James, H. J. Emeleus and H. V. A. Briscoe, J. Chem. Soc., 1392 (1937).
(24) J. N. E. Day, E. D. Hughes, C. K. Ingold and C. L. Wilson, 

ibid., 1593 (1934).
(25) E. Lange and W. Martin, Z. physik. Chem., A180, 233 (1937).
(26) W. Birnthaler and E. Lange, Z. Elektrochem., 44, 679 (1938).
(27) T. Chang and Y. Hsieh, Sci. Repts. Natl. Tsing Hua Univ., A5,

252 (1948), (C.A., 43, 6492c (1949)); J. Chinese Chem. Soc., 16, 10, 65
(1949), (C.A. 43, 8321 g (1949); 44, 28f (1950)).

the pure waters, making correction for the presence of pro- 
tium deuterium oxide. The Rayleigh method of distilla
tion28’29 was used to determine the actual separation factor 
for the distillation process, and the calculations will be de
scribed later. To allow measurement of the separation 
factor with the greatest ease for a given accuracy, the 
solvent was mixed to contain approximately 50 mole %  
of heavy water, as the greatest actual change in the concen
tration was produced by a. single stage separation at this 
concentration. The method of analysis involved the deter
mination of the density of the water by means of the time of 
fall of a drop of known size through a column of an im
miscible liquid of smaller density and has been previously 
described.22 To ensure the purity of the water required by 
this method, the apparatus, which is shown in Fig. 1, and 
in which the Rayleigh distillation was carried out, was con
structed so that the water could be redistilled. W ith the 
pot held at 27 ±  2 ° and the condensing trap at 0 ° the con
dition of zero reflux which was necessary for the success of 
this distillation was maintained easily. To ensure equilib
rium within the body of the liquid in the pot, agitation was 
supplied with a magnetic stirrer which also turned another 
agitator in the beaker of liquid used to control the tempera
ture of the pot. Investigation of alpha as a function of 
agitation indicated that some agitation (80 and 400 r.p.m . 
were satisfactory) was necessary to prevent too low an ap
parent alpha, due probably to a concentration of the heavy 
isotope on the surface. The rate of stirring of 80 r.p .m . was 
used in the subsequent experiments. The several joints 
and stopcocks in the apparatus were lubricated with “ Apic- 
zon M ” 30 which had neither exchangeable hydrogen nor high 
enough vapor pressure to contaminate the condensate. 
A typical experiment was performed in the following manner. 
The salt to be used was added to a tared pot with caps and 
dried by heating under vacuum to 290° using a glycerol- 
bath. This system was pumped through a trap cooled in 
Dry Ice-acetone mixture until no further accumulation of 
ice was observed, when the cooling bath was raised to an ice- 
free part of the trap. W ith this procedure, it was found 
that a sample of 20 g. of calcium sulfate could be freed 
from light water, wet with a half-gram sample of 48.26  
mole %  heavy water, and then dried, with the water re
covered analyzing 48.22 mole % heavy water. After drying 
the salt and removing the grease with carbon tetrachloride, 
the weight of the salt was obtained. Next, water of known 
isotopic composition was added, and its weight (varying 
from one to three grams) was obtained. The water which 
was added was expected to give a solution which was be
tween one-half and two-thirds of saturation at the operating 
temperature. Then, the pot containing the solution was 
returned to the distillation train, was frozen with the Dry 
Ice-acetone mixture, and was evacuated through a trap in a 
similar cooling mixture. The latter trap served to catch any 
water which might have been above the cold zone in the pot. 
When the pressure had been reduced to less than one m m ., 
the system was isolated from the pump and the water in the 
trap was allowed to distil back to the pot. The pot was then 
warmed to the desired temperature and the agitator was 
started. When there was no further rise in the tempera
ture of the pot, as indicated by a constant pressure in the 
apparatus, the trap was cooled in ice-water for the Ray
leigh distillation. The area of the trap cooled, or the stop
cock between the pot and the trap was adjusted so that 5 to 
15 minutes were required for the collection of the sample, 
usually consisting of about 2 5 %  of the original solvent. 
With the pot shut off from the rest of the apparatus, the 
condensate was redistilled to the removable sample holder 
which was kept at ice-water temperature while the trap was 
warmed. It was found that the amount of water vapor 
remaining using this method was enough to affect signifi
cantly the analysis of the recovered water and, thus, the 
vapor was condensed with the Dry Ice-acetone mixture 
after the distillation was completed. This cooling mixture 
was not used initially because the liquid which was dis
tilling froze, and this slowed the distillation considerably. 
After the last distillation and before the removal or warming 
up of the sample, air was admitted to the system through a

(28) J. W. S. Rayleigh, Phil. Mac.. [5] 42, 493 (189(1); [0] 4, 521 
(1902).

(29) J. H. Perry, ref. 4, p. 580.
(30) Obtained from the James G. Biddle Co., Philadelphia, Penn

sylvania*
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drying tu be  _ contain ing m agnesium  perchlorate. T h e  
errors o f the distillation  process were few , and it  was foun d  
that sam ples o f w ater cou ld  b e  carried through  all the 
operations w ith  the exception  o f  the R ay le ig h  distillation  
w ith  errors no larger than 0 .0 1 % . T h is  included those 
errors w hich  m ight result from  the short tim e w hen the 
water was exposed to  m oist air during the transfer from  the 
storage container to  the p o t  and from  the sam ple receiver 
to  the analysis p ip et. A fter th e distillation  and analysis, 
the w eight o f  so lven t lost was determ ined b y  rew eighing the 
p o t . T h is, w ith  the analysis o f the condensate, and the 
w eight and the com position  o f  the original solvent, were 
all the data needed for the calcu lation  o f alpha.

T h e above  m ethods cou ld  n ot app ly  fo r  solutions of 
sodium  hydrogen  sulfate and potassium  h ydroxide where the 
solute contained exchangeable hydrogen . A fter a R a y 
leigh distillation  o f a sodium  hydrogen  sulfate solution , the 
residue was analyzed for  h eav y  w ater b y  neutralizing with 
anhydrous potassium  carbonate and recovering the water 
for isotop ic analysis b y  the usual vacu um  drying techn ique. 
W ith  the potassium  h ydroxide solution , the w ater was re
covered  after neutralizing w ith  anhydrous carbon  dioxide 
added through the drying tu be used for  the adm ission o f 
air to  the apparatus. A lum inum  sulfate and zinc sulfate 
gave trouble  because o f  their ten den cy  to  h ydro lyze  to  
sulfuric acid  on  deh ydration  and this difficu lty  was elim i
n ated , as a b ov e , b y  neutralization , recovery  and analysis o f 
the w ater rem aining in the p o t . F or  the zinc sulfate solu
tion , a m aterial balance for  the w ater recovered  indicated an 
original com position  o f 47 .74  m ole %  h eavy  w ater in satis
fa cto ry  agreem ent w ith  the analysis o f 47 .80  m ole %  o f the 
original w ater added.

T h e  values fo r  alpha were relatively  insensitive to  small 
errors in the w eight o f  the condensate o f the fraction  re
m ov ed  and were less sensitive as the w eight o f the conden
sate decreased. As an exam ple, for the rem oval o f 2 0 %  of 
the solven t, a  1 0 %  error in w eight rem oved  w ould on ly 
change an alpha o f  1.060 to  1.059. T h e  value obta in ed  for 
alpha w as m ore sensitive to  errors in one o f the w ater anal
yses. A n  error o f  0 .0 3 %  in one o f the values at the 5 0 %  
level w ould  m ake an error o f  0.001 in alpha. A  constant 
error in b o th  o f the com position s, how ever, had little effect 
on the value o f  alpha. A n  error o f this kind am ounting to  
0 .1 %  produced  a change o f less than  0 .0001 . T h us, the 
internal consistency o f the results was m uch m ore im portan t 
than absolute a ccu racy .

In  the distillation  step , there w ould be fraction ation  o f  the 
isotopes o f  oxygen  as w ell as the isotopes o f  hydrogen . 
Since the separation fa ctor  for  the oxygen  isotopes is low  
(1 .0 0 7 ), and the oxygen  in the w ater w hich  was used had 
been norm alized to  g ive  on ly  a  sm all con centration  o f the 
h eavy isotope ( 0 16/ 0 18 =  511 and the abundance ratio for 
0 16/ 0 17 is five tim es th at for 0 16/ 0 18) ,31 no correction  o f the 
derived results was m ade.

I f  the effect is assum ed to  be entirely due to  O 18 and this 
isotope causes the sam e change in the density o f w ater as the 
presence o f  tw o  deuterium  atom s, the fraction ation  o f  the 
oxygen  isotopes produced  less than 0 .0 1 %  error in the deu
terium  analysis. T h is w ould be true even  w ith  the in
creased separation factors reported  for  the oxygen  when 
salts are presen t.32

T h e substances exam ined were generally lim ited to  those 
w hich  cou ld  be separated from  w ater b y  the app lication  of 
heat and w hich  were free o f hydrogen  atom s w hich  cou ld  
undergo exchange w ith  w ater under the experim ental con 
dition . These lim itations were im posed  so that an effective 
agent, if fou n d , cou ld  be used in extractive  distillation . 
M ost o f  the salts were used as th ey  are com m ercia lly  sup
plied in the reagent grade. T h ose  w hich  were unavailable 
in this form  were prepared , w here possib le, from  the reagent 
grade oxide or carbonate o f the m etal and the reagent grade 
o f the desired acid . In  preparation  for an experim ent, the 
salts were pu lverized before  th ey  were com pletely  dehydrated 
in the vacu u m  apparatus. Sodium  dichrom ate, available 
in on ly  the techn ical form , was purified b y  recrystallization  
to  give a bou t 2 0 %  y ie ld . F or lith ium  ferrocyan ide, the 
required acid was prepared b y  the addition  o f h ydroch loric 
acid and ether to  a con centrated  solution  o f  potassium

(31) I. Kirshenbaum, “ Physical Properties and Analysis of Heavy 
Water,”  McGraw-Hill Book Co., Inc., New York, N. Y,, 1951, p.29, p. 
416.

(32) H; M. Feder and H. Taube, J. Chem. Phys., 20, 1335 (1952).

Fig. 1.— T h e distillation  apparatus: A , drying tu b e ; B , to  
pu m p ; C , sam ple holder; D , traps; E , pot.

ferrocyan id e .33 T h e  precip ita ted , solvated acid  was washed 
w ith  co ld  w ater and then was used to  neutralize a solution 
o f reagent grade lithium  h ydroxide. T h e  tétram éthy l
am m onium  brom ide was the w hite label grade supplied  by  
E astm an K od a k  C om p an y . N o  additional purification  
was attem pted  w ith  this salt.

Calculations
A Rayleigh distillation28'29 requires that a por

tion of the solvent be vaporized from the solution 
under equilibrium conditions at zero reflux. From 
the analysis of the condensate and the original 
solvent, and a knowledge of the amount of each, 
the separation factor (alpha) can be calculated 
from an equation due to Rayleigh

In ( A . i / A . f )

where Di and Ii\ are the moles of deuterium and 
hydrogen, respectively, in the liquid phase initially 
or finally as is indicated by the subscript. In the 
experiments performed, it was inconvenient to 
determine the composition of the solvent in the 
pot after the distillation because of the salt present, 
so the material balance equation

-D m  =  D i , i  —  D i , e

where the c references to the condensate, was in
corporated into the above equation to give

=  In ( l  -  C i .c /A .i )

"  =  ' ” ( w v b n )

As the use of this equation involved considerable 
computation time, an apparent alpha, defined by 

, _  (H/D)c
“  ( H /D ) ,

was calculated and a graphical approximation out
lined by Cohen34 was set up to allow a more rapid 
solution. Plots were made of the quantity 
(a1 — a)/{a — 1) vs. fraction of solvent removed for 
values of alpha in the desired range, and alphas 
determined from the apparent alphas with the 
aid of these plots. The apparent alpha is equal 
to alpha when the amount of condensate is van
ishingly small, and the difference between the two 
alphas increases as the fraction of condensate in
creases.

As there was a considerable change in the con
centration of the salt during the Rayleigh distilla-

(33) N. V. Sidgwick, “ The Chemical Elements and Their Com
pounds,”  Oxford University Press, London, 1950, p. 1336.

(34) K. Cohen, “ The Theory of Isotope Separation as Applied to 
the Large-Scale Production of U235,”  McGraw-Hill Book Co., Inc., 
New York, N. Y., 1951, pp. 150-153.



348 John M. Googin and H ilton A. Smith Vol. 61

Fig. 2 .— T h e relationship o f delta  alpha to  con centration  
for solutions o f potassium  iod ide: A , from  data  o f R . L. 
C om bs obtained b y  m ethod of Sm ith, C om bs and G oog in .36

tion, the average value was used for the calcula
tion of the effective concentration. The concen
tration of the salt was expressed as the mole frac
tion of the anion in the solvent as most of the 
literature8'10'11-26-27 indicated that this ion is more 
influential in the structure of the solution contain
ing the hydrogen atoms. This fact should be kept 
in mind for the comparisons of salts with ions of 
different valences. In order to test a postulated 
linear relationship between the change in the sepa
ration factor and concentration of the solution, a 
series of determinations was made with potassium 
iodide which was found to have one of the larger ef
fects on the separation factor. The results are 
given in Fig. 2 with the point “ from data by R. L. 
Combs” coming from his dissertation36 and made by 
an independent method on apparatus which is 
described elsewhere.36 With the confidence inter
val found for the distillation of water (see Results), 
and an estimated uncertainty in the concentration 
of 0.002, the experimental relationship was found 
to be in agreement with the postulated linearity. 
Some of the experiments with other salts have been 
made using two concentrations to give a further 
check of the linearity of the relationship, and these 
are given in the first four lines in Table I. The 
agreement of the determinations of k was as good 
as could be expected from the standard deviation 
on the value of alpha. Thus, for the expression

(35) R. L. Combs, Ph.D. Dissertation, The University of Tennessee, 
Knoxville, Tennessee, 1955.

( 3 5 )  H .  A. Smith, F,. L .  Combs and J .  M .  Googin, T h i s  J o u r n a l , 
58, 997 (1954).

of the results, it .has been assumed that the change 
in the value of alpha is proportional to the con
centration of substance added. On the basis of 
this linear relationship, a constant, k, characteris
tic of the solute was calculated for each anion ac
cording to the equation

Ace =  kN

where delta alpha is the separation factor for the 
pure solvent at the experimental temperature 
minus the separation factor for the solution, and N 
is the average mole fraction of the anion. The re
sults of this investigation are summarized and com
pared with others on the basis of the values of k.

Results and Discussion
The first determination was the separation factor 

for the distillation of the pure solvent in the ap
paratus. An average of four results, with the stir
ring equal to or greater than 80 r.p.m., was 1.078 
with a standard deviation of 0.0015. The 90% 
confidence interval would thus be ±0.003 on the 
value of a single determination. Determination 
of the value of alpha by a more precise method 
gave a value of 1.078 at 27°,22 while interpolation 
of Kirshenbaum’s data gives the figure of 1.074.37 
The value of 1.078 was used as alpha for the pure 
solvent in all subsequent calculations. In the 
calculations of the values of the error(s) placed on 
the determinations of k, it was assumed that the 
determination of the value k was only in error by 
the amount introduced by the uncertainty in the 
value of alpha, and that the standard deviation 
for this was the same as that found for the experi
ments above on the pure solvent in which there 
could be but one correct result. The results ob
tained from the salts examined are presented in 
Table I. The relatively small effect of variation 
in the cation size can be seen from the similarity 
of the k’s for the chlorides of lithium, potassium 
and cesium. A much greater change has been 
found for the variations in the size of the anions, 
with the lowering for the iodide being definitely 
outside of experimental error. No salt examined 
increased alpha and there is no possibility indicated 
of improving the isotopic separation by addition 
of a salt to the water phase. Apparently anything 
which is added to water disrupts its structure to 
some extent, and, since it is the structure of the 
liquid which makes the separation by distillation 
possible, the alpha is reduced.

Those salts which disrupt the structure most on a 
per mole of anion basis are potassium ferrocyanide, 
potassium orthophosphate, lithium ferrocyanide, 
sodium hydrogen sulfate and potassium iodide. 
Due to its greater solubility, zinc iodide gave the 
lowest alpha of 1.029 which is a reduction of the 
separation to less than 40% of its excess over one. 
There are indications38'39 that the separation for 
the distillation process reverses at higher tempera
tures and that the above salts could increase the 
separation at these high temperatures.

(37) I. Kirshenbaum, ref. 31, p. 25.
(38) F. T. Miles and A. W. C. Menzies, J. Am. Chem. Soc., 58, 1067 

(1936).
(39) E. H. Riesenfeld and T. L. Chang, Z. physik. Chem., B33, 120 

(1936).
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T a b l e  I

T h e  E f f e c t s  o f  S a l t s  o n  A l p h a  a t  2 7 “

Salt Alpha N k

k 2c o 3 1.051 0 .1 3 6 0 .2 0  ±  0 .0 1
k 2c o 3 1 .0 60 .086 .21 ± .02
N aC 104 1 .0 59 .232 .0 8  ± .01
N aC 104 1 .067 .171 .06  ± .01
L iC l 1 .056 .210 .10  ± .01
K F 1.063 .128 .12  ± .01
KC1 1 .0 6 8 .091 .11 ± .02
K B r 1 .0 65 .081 .16  ± .02
K I (F rom  slope o f Fig. 2) .34  ± .02
CsCl 1 .061 .100 .17  ± .02
N (C H 3)4Br 1.061 .084 .21 ± .02
LiNOs 1 .0 72 .151 .04  ± .01
N a N 0 3 1 .073 .159 . 03 i .01
K N O s 1 .073 .044 .11 ± .04
C a (N 0 3)2 1 .065 .126 .10  ± .01
AI2(S 0 4)3 1.061 .051 .33  ± .04
M n S 0 4 1.062 .069 .27  ± .03
N a2S 0 4 1 .076 .022 .09  ± .08
Z n S 0 4 1 .0 64 .047 .30  ± .04
N a H S 0 4 1 .067 .026 .42  ± .07
K 4F e (C N )6 1 .0 64 .014 1 .0  ± .13
Li4F e(C N )6 1 .055 .053 0 .4 3  ± .03
LilOj 1 .059 .085 .22 ± .02
N a2Cr207 1.063 .066 .23 ± .03
k 2c 2o 4 1 .068 .045 .22 ± .04
K O H 1.015 .217 .29 ± .01
k 3p o 4 1.060 .038 .47 ± .05
N iC l2 1 .070 .083 .10 ± .02
Zn l2 1 .029 .260 .19  ± .01

A determination of the value for potassium chlo-
ride also has been made by independent means35 
involving no change in the concentration of the 
solute and using better temperature control, 
giving a k value of 0.14 which is in substantial 
agreement with the 0.11 found by the Rayleigh 
distillation method. However, computing a k', 
equivalent to that used here, from the determina
tion of the vapor pressures of solutions of potas
sium chloride in heavy16 and light16 water for the 
highest concentration of the salt used, a mole frac
tion of 0.0601 and 0.0535, gives a value of less 
than 0.01 for approximately 10° if the assumption 
of Lewis and Cornish1 is used. This difference,
0.11 versus 0.01, illustrates very well the difficulty 
of deriving accurate separation factors for the 
water systems from the properties of the pure 
waters.

Because of the rather small effect of sodium ni
trate on the separation factor, an experiment 
was performed at —10° which is near the eutectic 
of the system. The temperature of the pot was 
maintained during the distillation by the manual 
addition of Dry Ice to a bath of acetone. The 
very low vapor pressure of the water over the solu
tion at this temperature made the time necessary 
for the accumulation of a sample a matter of hours 
rather than the few minutes involved in the 27° 
experiments. The condenser had to be kept in the 
Dry Ice-acetone bath to get the needed tempera
ture differential. The separation factor found at 
this temperature was 1.122, uncorrected for the 
salt present. A linear extrapolation of other

data22 at higher temperatures gave an expected 
value of 1.126 for the solvent at this temperature, 
indicating that the sodium nitrate still has little 
effect at low temperatures.

The k values indicate that the salts all produce a 
higher structural temperature, and that, as with 
the temperature of maximum density, the smaller 
effects are produced by the salts of the smaller 
ions.6 Comparison of the apparent volumes of the 
ions in solutions6 with the k values indicates that 
there is essentially no correspondence between the 
two. A comparison of the k values with heat40 
and entropy41 for the hypothetical process of 
vaporization of the ions from the solution and 
with the molar fluidity elevations11 indicates that 
the alkali halides fit into a qualitative trend with 
all of the properties listed. As soon as one applies 
the same information to salts of the other metals, 
there is essentially a complete breakdown in the 
agreement even on a qualitative basis. Evidently 
the process of solution of the gaseous ions involves 
reactions other than those in which the bonding of 
the hydrogen is an important factor. The larger 
the value of the fluidity, the more the water struc
ture in the solution is supposed to be broken down, 
but some of the salts which would be expected to 
have the least effect, such as aluminum sulfate, have 
some of the largest values of k.

There is again a qualitative agreement between 
the k values and the differences in the heats of 
solution of salts in heavy and light water25 as long 
as one restricts the comparison to a common ion. 
There is also qualitative agreement between the 
ratio of the solubility of the salts in heavy water to 
that in light water18-27 to the k values for several 
salts, but others such as aluminum sulfate are com
pletely out of line. This salt is also out of line 
with respect to the other properties discussed.

Most of the salts which fell in the category of 
salts of weak acids and bases showed relatively 
large effects on the separation factor. This might 
be due either to the formation of the hydronium 
and hydroxide ions in the solution or to the forma
tion of the undissociated acid or base. It has been 
shown by analogy with other compounds for which 
spectra are available, hydronium ion compared to 
ammonia, etc., that one can expect a concentration 
of light isotope of hydrogen in the hydronium and 
hydroxide ions when these ions are in equilibrium 
with liquid water.42 There is a qualitative correla
tion between the solubility of the hydroxides of the 
metal in terms of the hydroxide ion concentra
tion45-44 and the value of k. Thus, the reduction 
in the separation produced by the alkali metal 
salts of the weaker acids may be the result of a 
similar combination of circumstances since both 
species, hydroxide ion and the hydrogen form of the 
anion, produced by hydrolysis of the anion are 
expected to show a preference for the light hydro-

(40) W. M. Latimer, K. S. Pitser and C. M. Slansky, J. Chem. Phys., 
7, 108 (1939).

(41) H. S. Frank and M. W. Evans, ibid., 13, 507 (1945).
(42) H. Suess and H. Jensen, Naturwissenschaften, 32, 372 (1944).
(43) W. M. Latimer and J. H. Hildebrand, ‘ 'Reference Book of 

Inorganic Chemistry,”  Revised Ed., The Macmillan Co., New York, 
N. Y., 1940, p. 506.

(44) N. A. Lange, “ Handbook of Chemistry,”  Fourth Ed., Hand
book Publishers, Sandusky, Ohio, 1941, p. 1143.
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gen as compared to the water. The difference be
tween potassium hydroxide with a (k) of 0.29 and 
potassium phosphate with 0.47 could be inter
preted as an indication of a stronger preference of 
the phosphate ion for the light hydrogen. In most 
of the comparisons with the other properties of the 
solutions, the difficulties encountered with potas
sium fluoride may arise from the weakness of the 
acid. The hydrogen involved in the un-ionized

hydrofluoric acid and the hydrogen difluoride ion 
which are found in such a solution would be ex
pected to favor the light isotope as do the other 
weak acids.
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T h e  surface chaiacteristics o f neutron  irradiated graphite h ave been investigated. Studies include m easurem ents o f sur
face area, density, heat o f adsorption  and pore size d istribution . T h e  results obta in ed  indicate th a t th e m agnitude o f these 
properties decreases w ith  increasing irradiation  exposures. I t  has been proposed  th a t th e graphite crystallites in expanding 
upon  neutron  irradiation, o ccu p y  the void s  in their im m ediate v ic in ity , thus causing th e changes in surface properties.

Introduction
The use of graphite as moderator material in 

atomic reactors resulted in the accumulation of a 
large quantity of information concerning the ef
fects of radiation flux on its physical and chemical 
properties. Research undertaken at various lab
oratories dealt primarily with the effects of radia
tion flux on physical properties of graphite such as 
dimensional characteristics, electrical resistivity, 
thermal conductivity, Hall coefficient, crystalline 
structure and stored energy. All of these properties 
undergo significant changes when graphite is sub
jected to radiation flux, and in particular, energetic 
neutron flux.

One of the most important effects induced by 
neutron irradiation on graphite, in a low tempera
ture (20-100°) environment, is the change of its 
physical dimensions.3 This radiation effect can be 
detrimental to the over-all structure of an atomic 
reactor. Although X-ray diffraction studies on 
graphite have indicated a crystalline growth or ex
pansion along the C axis caused by neutron irradia
tion, this crystalline expansion has been found to 
be many times greater than the increase in physical 
length experienced for irradiated artificial graphite.4 
This phenomenon has been attributed to the fact 
that the individual crystallites, in expanding during 
neutron irradiation, have occupied neighboring 
empty pore space.5

The existence of this empty pore space has been 
found by comparing apparent graphite density to 
crystallite density.6

(1) Excerpted from the thesis of C. N. Spalaris submitted to Oregon 
State College in partial fulfillment of the requirements for the Ph.D. 
degree.

(2) General Electric Company, APED, San Jose, California.
(3) W. K. Woods, L. P. Bupp and J. F. Fletcher, Paper $746 pre

sented at the Geneva Conference on Peaceful Uses of Atomic Energy.
(4) W. C. Riley, “ Technical Activities Report, Graphite Develop

ment,”  Hanford Report HW-25678, 1953.
(5) C. N. Spalaris, “ Surface Studies of Irradiated Graphite,”  

Hanford Report HW-29082, 1953.
(6) L. E. J. Roberts and E. M. Dresel, Nature, 171, 170 (1953).

The purpose of this study was to investigate the 
changes that take place on the surface of the graph
ite after its exposure to radiation. These investiga
tions include measurements of the surface area 
magnitude, pore-size distribution, density and 
heat of adsorption.

Methods and Materials
S am ples.— T h e graphite samples used th rou gh ou t the 

experim ents were all m anufactured artificially . A lm ost 
an y  organic m aterial th at yields a high carbon  con ten t on 
pyrolysis  can be used as a raw m aterial. T y p ica l exam ples 
are anthracite coke and petroleum  cok e . Unless otherw ise 
specified , all types o f  graphite used in this w ork  were 
m anufactured from  petroleum  coke. T h e  various letter 
titles used in this report to  designate the sam ples in  the 
experim ents, den ote  the kind o f  com m ercia l coke and pitch  
binder used in their m an ufactu re.3'4 A rtificia lly  m anu
factu red  graphite has crystalline characteristics sim ilar to  
natural graphite. T h e  crystallites in the form ed artificial 
graphite are held together w ith  a “ b in d er”  w hich  is graphi- 
tized a t high tem peratures. T h e  m anufactured graphite 
is extruded in bars o f  desired size w ith  the lon g  dim ension  
parallel to  the extrusion  axis. T h e  crystallites are prefer
entially  oriented parallel to  the extrusion axis, as evidenced  
b y  the an isotropy o f physica l properties such as therm al 
con d u ctiv ity . Sam ples exposed in  various atm ospheres, 
and in vacuo, were enclosed in quartz containers equipped 
w ith  a break -off seal.

Irradiation F lu x.— Irradiation  exposures for the graphite 
samples were obta in ed  in the p roduction  reactors at H a n fo rd . 
T herm al neutron  flux is calcu lated from  specific pow er gen
eration in the H an ford  reactors. I t  is assum ed th at all heat 
generation originates from  fission o f uranium  and is trans
ferred to  the w ater since heat loss b y  other m eans in a pile 
is negligible.

T h e  radiation  flux in the H an ford  reactors is usually ex
pressed in m egaw atts per central ton  o f a ctive  m etal ( M W /  
C T ) .  T h is  value is obtained  from  the average heat genera
tion  o f the uranium  loaded tubes surrounding the exposure 
facility  and an assum ed cosine flux d istribution  a long the 
tu be. T h e  n v t values in neutrons per square centim eter 
used in this rep ort express the tota l integrated flux to  w hich 
the a d jacen t uranium  colum ns were exposed during the 
tim e the sam ples were in the pile.

T h e  exposure o f  a sam ple in a given  position  is expressed 
in m egaw att d a y  per central ton  o f a ctive  m etal ( M W D /  
C T ) .  T h e  conversion  factor  o f flux from  M W D /C T  to  
n vt is: 1 M W D /C T  =  3 X  1017 n v t. T h e  neutron  flux 
(n e u tro n /cm .V se e .)  gives the rate o f bom bard m en t w ith
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neutrons; the integrated neutron flux or integrated flux is the 
product of neutron flux and the length (time) of irradiation. 
The integrated flux thus represents the amount of bombard
ment by neutrons in neutrons/cm .2 denoted by the conven
tional symbol nvt. The M W D /C T  and nvt values reported 
are accurate to within a nominal 10 to 2 0 % . The descrip
tion of test hole and process tube experimental facilities at 
the Hanford piles is given in detail elsewhere.7 The radio
activity level of graphite samples after exposure never 
exceeded 1 /50  of a roentgen at a distance of 2 cm. from the 
surface. When the samples were enclosed in glass con
tainers the radioactivity level was reduced to 1 /250  of a 
roentgen. There was no particular difficulty, therefore, in 
handling the irradiated samples.

Experimental Procedures.— An experimental system  
was designed to investigate the surface characteristics of 
graphite. This apparatus was similar to that suggested and 
used by Brunauer, Emmett and Teller.8 Graphite-nitro
gen gas adsorption isotherms were obtained at liquid nitro
gen and liquid oxygen temperatures. Desorption isotherms 
were determined at liquid nitrogen temperatures only. The 
B E T  method was used to compute the surface area. The 
pore size distribution curves were obtained from the anal
ysis of the nitrogen desorption isotherms using the BJH  
method.9 The heat of adsorption of nitrogen on graphite 
was calculated from the isotherms obtained at the two tem 
peratures (e.g., liquid nitrogen— 195° and liquid oxygen—  
183°) using the Clausius-Clapeyron equation. Prior to the 
determination of the surface characteristics, each sample was 
evacuated for three hours at high temperature to remove 
most of the adsorbed bases. The surface area of graphite 
increased with increasing outgassing temperature, but such 
increase was very small beyond 5 0 0 °.10 For this reason all 
of the outgassing in these experiments w'as done between 
500 and 1000° unless otherwise mentioned. Density stud
ies were made at 25.0  ±  0 .1 °  using the helium immersion 
method described elsewhere.10

Experimental Results
For this experiment a large number of graphite 

samples was exposed to radiation under different 
flux and atmosphere conditions. The surface area 
of all graphites decreased during irradiation re
gardless of the surrounding atmosphere in which 
they were exposed. The area of the irradiated speci
mens increases with increasing annealing tempera
ture, but never reaches the pre-irradiation value 
recorded for the sample. Furthermore, the sam
ples initially having large surface area show the 
greatest decrease as compared to their correspond
ing pre-irradiation values. Data for some samples 
are shown in Table I. The surface area decrease, 
due to irradiation in high flux environment, de
pends on the total amount of integrated radiation 
flux received by the sample. If the total exposure 
is plotted versus the change in surface area a linear 
curve is obtained as in Fig. 1. A relatively large 
change in surface area occurs during the initial 
stages of neutron irradiation. Unfortunately, data 
for short pile exposures are not available to justify 
the extension of the curve in Fig. 1 to the origin.

Experimental runs with non-irradiated and irra
diated graphites reveal some important changes of 
their pore size distribution caused by radiation. In 
general, samples initially having large surface area 
were effected more by irradiation than those having 
small surface area. Typical nitrogen gas desorption 
isotherms of graphite before and after irradiation

(7) J. C. Fox, “ Special Irradiations Manual,’ ’ Hanford Report HW- 
295-48, 1954.

(8) S. Brunauer, P. H. Emmett and E. Teller, J. Am. Chem. Soc., 
60, 309 (1938).

(9) E. P. Barrett, L. G. Joyner and P. P. Halenda, ibid., 73, 303 
(1951).

(10) C. N. Spalaris, T his Jou rn al , 60, 1480 (1956).

1.00 2.00 3.00 4.00 5.00 6.00
Exposure, nvt. X  10 20.

Fig. 1.— Decrease of surface area of graphite due to 
radiation exposure in a Hanford reactor at low tempera
tures (20 -5 0°).

Relative pressure, P/Po.
Fig. 2.— Typical desorption isotherms for two types of 
graphite (powdered form) before and after irradiation.

are presented in Fig. 2 for convenient comparison. 
In all cases the adsorption and desorption isotherms 
coincided below relative pressure of 0.4 with only 
one hysteresis loop occurring between 0.4 and 0.5 
P/P0. The adsorption isotherms were omitted 
from Fig. 2 because of space limitations. The pore 
size distribution curves computed from these iso
therms and illustrated in Fig. 3, indicate clearly the 
effect of radiation on the pore sizes of artificial 
graphite.

A general “ shrinkage”  or porosity decrease is ob
served for all sizes of pore radii, which is typical of 
all graphites studied. The irradiation exposure 
took place in a water-cooled process tube (annulus 
tube) in a Hanford reactor with an average tem
perature of about 20c. The samples, both in 
formed as well as in powdered state were enclosed 
in quartz tubes, outgassed at 660° and evacuated
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T a b l e  I

E f f e c t  o f  R a d i a t i o n  o n  t h e  S u r f a c e  A r e a  o f  G r a p h i t e “
Before irradiation After in•adiation

Outgassing Surface Annealing Surface
Exposure temp. area temp. area

Sample and type (nvt X 10’9) (°C.) (m.VgO <°C.) (m.!/g .)

K C  (cylindrical form, exposed in vacuo) 14.47'’ 1000 0.52 350 0.47
450 .49
550 .49

W SF  (powder, exposed in vacuo) 14.47'' 1000 4.04 300 3.50
420 3.87
650 3.96

CSF (powder, exposed in vacuo) 8.21“ 1000 0.20 75 5.05
145 5.10
165 5.18
300 5.51
500 6.02
550 6.06

Lamp Black (powder, exposed in vacuo) 8.21e 1000 14.44 70 11.97
160 12.67
300 13.08
520 13.62
660 13.62

75 13.62
K C  (powder, exposed in oxygen) 8.21e 900 0.01 65 3.56

125 3.66
350 4.44
550 4.58
630 4.69
650 4.84
720 4.84

K C  (cylindrical form, exposed in carbon monoxide) 8.21e 950 0.00 85 0.42
150 .43
300 .43
450 .44
450 .44

W SF  (two cylindrical pieces, exposed in carbon dioxide) 8.24e 000 0.95 280 .82
450 .85
500 .85

“ This table includes only samples irradiated and then annealed in an oven. The number of samples examined in this man
ner is limited because of the lengthy experimental procedures involved. The change in surface area with increasing neutron 
exposure is best illustrated in Fig. 1. 6 Reactor exposures were carried out at temperatures not exceeding 50°. c Reactor
exposures were carried out at temperatures not exceeding 20°.

to 10-6 mm. for three hours before sealing. Sev
eral of the quartz containers in addition to graphite 
samples were filled with gases after evacuation. 
Samples exposed in vacuo, oxygen, carbon dioxide 
and carbon monoxide have been studied, and it was 
observed that there is no difference of irradiation 
effects among samples exposed in these atmos
pheres.5 The quartz containers for most of the 
samples were found in good condition after expo
sure to radiation, although a good number of them 
developed microscopic leaks during reactor expo
sure. All containers were leak-tested with a mer
cury manometer before and after the break-off 
seal was openec.

The density of the artificial graphites studied de
creases upon irradiation. The density decrease 
depends upon the length of exposure as well as the 
temperature maintained during irradiation. If the 
reactor exposure is carried out at low temperatures, 
below 50°, the surrounding atmosphere has no ef
fect on density. If, however, the temperature is 
high and the surrounding atmosphere is capable of 
oxidizing the graphite sample, then the density 
increases as a result of oxidation. In other words,

the effect of oxidation on the density at high tem
peratures is greater than that induced by irradia
tion alone. Densities of a few samples irradiated 
at low temperatures are presented in Table II.

T a b l e  I I

E f f e c t  o f  L o w  T e m p e r a t u r e  I r r a d i a t i o n  o n  t i i f . 

D e n s i t y  o f  A r t i f i c i a l  G r a p h i t e

Density

Sample
Type of 

graphite®
Total 

exposure, 
nvt X 1020

Before 
irradiation 

(g./cm .3)

After
irradiation
(g./cm .3)

106-28 CSF C.62 2 .0 7 1.81
111-95 CSF 4 .52 2 .11 2 .07
107-251 CSF 4 .8 2 2 .1 5 2 .0 9
“ Density decrease due to reactor exposure was also 

observed for T S -G B F , W SF  and K C  graphite.

All samples in Table II were exposed to tempera
tures not exceeding 50°. They were 10 cm. in 
length and 1 cm. in diameter. It can be concluded 
from the data on Table II that the density decrease 
of artificial graphite depends on the total irradia
tion exposure. The decrease of graphite surface 
area and density are concurrent with the shrinkage 
in the pore-size distribution. After being reduced
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by irradiation, the surface area of a given graphite 
sample increases on thermal annealing and ap
proaches asymptotically the value found before ir
radiation. It was first thought that this variation 
in an area was just a normal increase with increas
ing outgassing temperature, as is the case of non- 
irradiated samples. This was proved not to be the

50 70 90^ 110
Pore radius (A .).

Fig. 3.— Typical pore distribution curves for O ®  K C  and 
A A  T S -G B F  graphite before and after irradiation.

case. The samples in Table I were all outgassed at 
high temperatures. Some of them were enclosed in 
vacuum before pile exposure, then opened in vacuo. 
The pre-irradiation outgassing temperatures were 
high, beyond which further surface area increase is 
quite small. The vacuum was maintained during 
the reactor exposure. Because of the reasons stated 
above, it was concluded that the surface area in
crease of irradiated graphites upon heat treatment 
was due to temperature annealing. This effect is il
lustrated in Fig. 4. Furthermore, the density de
crease and pore shrinkage which occur during reac
tor exposure anneal upon heat treatment. The heat 
of adsorption of nitrogen on graphite was deter
mined isosterically by the method of Clausius- 
Clapeyron. In order to use this equation, two 
adsorption isotherms obtained at different tempera
tures were needed. The adsorption isotherms at 
— 183 and —195° were obtained using liquid oxy
gen and liquid nitrogen cooling baths, respectively. 
Volume-pressure plots of graphite-nitrogen iso
therms determined at the two temperatures were 
used to calculate the heat of adsorption at constant 
volume, by the Clausius-Clapeyron equation in the 
form
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4.— Temperature effect (annealing) on the surface area 
of graphite irradiated in vacuo.
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Fig. 5.— Effect of low temperature reactor exposure on 
the heat of adsorption (nitrogen on graphite). Circles on 
graph represent T S -G B F  graphite data.

In Fig. 5, AH (differential heat of adsorption) is 
plotted against F /F m or 8, which represents the 
fraction of surface covered by the gas molecules. 
These curves show that the heat of adsorption of ar
tificial graphite decreases with increasing radiation 
exposure. A small quantity of nitrogen gas is ad
sorbed at first evolving high heat, then AH falls, 
approaching rapidly a nearly constant value at high 
surface coverages. The heat of adsorption for the 
TS-GBF sample (lowest neutron exposure) is ab
normally high even at complete coverage of the 
surface with a monolayer. No explanation can be 
offered at this time for this behavior, although the 
experimental points near F /F m =  1 show a decline 
toward lower AH values. High heats of adsorption 
are usually attributed to adsorption of gas molecules 
in cracks and crevices whereas the low values are 
due to adsorption on plane surfaces. Because a 
large number of small pores in irradiated graphite 
have been blocked by crystallite expansion, their 
heats of adsorption at a given F /F m region are 
lower than their corresponding non-irradiated sam
ples.

Discussion and Summary of Results
For all types of artificial graphite investigated the 

surface an a decreased upon low temperature irra
diation. This was true for samples irradiated in 
vacuo as well as for those irradiated in various at
mospheres. Density and porosity of graphite also 
decrease upon irradiation. If samples which were 
irradiated at low temperatures were afterwards 
heated at relatively high temperatures in the lab
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oratory, their surface area increases and gradually 
approaches the area value before irradiation. The 
decrease in surface area, density and pore shrink
age of the irradiated graphite can be attributed to 
the expansion of the individual crystallites. The 
crystallites expand upon neutron radiation and in so 
doing occupy the microscopic void spaces available 
in their immediate vicinity, thus causing a decrease 
in porosity. Although many pores are known to be 
very small in size, others are large, but have small 
bottle-neck-like openings. The small pores are par
tially or completely blocked by graphite crystalline 
expansion. The subject of graphite crystalline ex
pansion has been treated in detail at Hanford, and 
elsewhere, w 1.12

It has been proposed that crystalline expansion is 
caused by interstitial atoms, or groups of atoms, 
tending to position themselves between graphite 
layers. Atoms, acquiring a certain amount of en
ergy from an incoming neutron, vibrate vigorously 
until their bonds break from the regular network of 
hexagons. Once free, they may either move to an 
interstitial position, leaving a vacancy, or replace 
another atom at a regular position, or fill an existing

(11) E. P. Warekois, “ Pile graphite sampling production tests. 
Pile graphite expansion,”  Hanford Report HW-21930, 1951.

(12) B. E. Warren and D. R. Chipman, “ X-Ray measurement of 
radiation damage in graphite,”  Knolls Atomic Power Laboratory Re
port, KAPL-938, 1953.

vacancy. At the end of an irradiation period, the 
once regular structure possesses a large number of 
lattice imperfections which are chiefly responsible 
for crystallite expansion.

Measurements of the physical expansion of 
formed irradiated graphite show a 0.20 to 0.60% 
increase at the most, depending on the length of the 
exposure.8 The range of the irradiation exposures 
studied was up to about 7.53 X 1020nvt. total. The 
same samples, however, show a 15% increase in C 
axis as determined by X-ray measurements. The 
difference in crystallite expansion was absorbed 
into she voids, or micropore structure. This fact 
was substantiated by the observed pore shrinkage 
found for low temperature irradiated graphites.

The time lapse for the establishment of gas-solid 
equilibrium during the adsorption isotherms for ir
radiated graphite was approximately three to four 
times longer than the time ordinarily necessary for 
the non-irradiated solid sample-gas equilibria. 
This also supports the hypothesis of crystallite ex
pansion into the voids. Because the entrances of a 
large number of pores are partially blocked, the 
molecules of nitrogen gas have difficulty in entering 
these pores. The gas molecules diffuse slowly 
through the restricted entrances. This slow equilib
rium phenomenon was not observed after the ir
radiated samples were subjected to high tempera
ture treatment.
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T h e  separation o f w ater-soluble n on -electrolytes b y  elution  through  a colum n o f ion -exchange resin w ith  an aqueous salt 
solution  as eluent is designated as “ sa lting-out ch rom atograp h y .”  Variables such as the fun ction a l group, m esh size and 
cross-linkage o f the resin, th e sam ple size and flow  rate were studied w ith  several a lcohols as solutes. T h e  usefulness o f the 
m ethod  is dem onstrated  b y  a separation o f nine alcohols in a 12-hr. elution.

A process for the chromatographic separation of 
water-soluble non-electrolytes with ion-exchange 
resins and aqueous salt solutions as the stationary 
and mobile phases, respectively, was reported re
cently.1 The designation, “ salting-out chroma
tography” is proposed for this method.

In the interpretation of the results, use is made of 
the equation2 *

u * =  CV +  V ( 1)
where U* is the volume of effluent collected from 
the addition of the sample to the peak, and C is 
the distribution ratio of the alcohol (quantity of 
the alcohol in the resin of any plate divided by the 
quantity in the interstitial solution of the same 
plate). The interstitial volume of the column is 
represented by V.

Experimental
Alcohols.— A ll alcohols were o f the best grade obta in ab le. 

N o  further purification  was necessary for  this stu dy .

(1) R. Sargent and W. Rieman, J. Org. Cheni., 21, 594 (1956).
(2) .T. Bcukenkan p, W. Rieman and S. Lindenbaum, Anal. Chew,.,

26, 505 (1954).

Resins.— T h ree types of anion-exchange resins w ere used. 
D ow ex  1, D ow ex  2 and D ow ex  3 were con verted  to  the sulfate 
form  (in  colum ns) b y  the passage of 3 .0  M  am m oniu m  sulfate 
until the effluent gave a negative test for ch loride. T he 
resins were rem oved  from  the colum ns, slurried w ith  the 
desired eluent and poured into colum ns, 30 cm . X  3.90  cm .2 
(A ce  Glass C o ., draw ing T -3 4 2 2). A fter 5 m in . the excess 
eluent was d ra in ed . A n  additional 1 1. o f  eluent was passed 
through the bed  at a m axim um  flow  rate w ith  occasional 
tappin g o f the side o f the colum n. T h is  procedu re ensures 
air-free and reasonably uniform  pack in g o f  the resin. C on 
siderable shrinking or swelling o f the resin occurs when the 
con centration  o f the eluent is changed m arked ly . In  order 
to  avoid  the form ation  o f channels in the colum n from  this 
cause, the colum n was repoured before  determ ining distribu
tion  ratios with a different con centration  o f eluent. T w o  
cation  exchangers, D ow ex  50 and A m berlite  IR .C -5 0(H ) 
were sim ilarly con verted  to the am m onium  form  and packed .

T h e  interstitial volu m e, V, was found to be 4 4 .0 %  o f the 
bed volu m e for  D ow ex  1 -X 8 , 200 -400  m esh. T h e  values of 
V for D ow ex  5 0 -X 8 , 100-200 mesh and 2 0 0 -400  m esh were, 
respectively , 36 .6  and 3 0 .1 %  o f the bed  volu m e. Values 
o f 4 4 .0 %  for D ow ex  1 and 3 8 .0 %  for D ow ex  50 were used to 
evaluate the elution data.

Elution and Analysis.— T h e eluent was drained to  the to]) 
o f  the bed  o f  resin and the sam ple o f approxim ately  0.1 
m m ole o f the a lcohol in 1 m l. o f  w ater was p ip etted  on to  the 
bed  w ith ou t disturbing the resin. T h e  sam ple was drained
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Fig. 1.— Variables in salting-out chromatography.

to the top of the bed, and the sides of the column were 
washed with two 1-ml. portions of eluent. The alcohol was 
then eluted with a flow rate of 0 .5  cm. per min. unless other
wise specified. Fractions of 6 ml. were collected with the 
aid of a fraction collector.2 The fractions were analyzed by 
mixing them with 0.1 N  sodium dichromate dissolved in 
concentrated sulfuric acid and subsequent measurement of 
the absorbance of the resulting C r f m ) .3’“1

Solubility Studies.— Salting-out constants for ra-propyl 
and sec-butyl alcohol were obtained by the determination of 
relative solubility by shaking an excess quantity of alcohol 
with 2 to 4 M  ammonium sulfate solutions. The relative 
quantity of alcohol in the aqueous phase was determined 
by oxidation of an aliquot with dichromate.3

Results and Discussion
Resins.—Propylene glycol was eluted with 3.0 M  

ammonium sulfate from 20-cm. columns of each 
resin. The elution graphs for Dowex 50 and 
Amberlite IRC-50 were very similar to the graphs 
obtained for Dowex 1 and Dowex 3 (Fig. la), re
spectively. Dowex 1 and Dowex 50 were chosen as 
the best resins for the separation of alcohols.

Mesh Size.—Similar elutions of propylene glycol 
were run on 20-cm. columns of Dowex 1-X10 of 
various particle sizes. Figure lb  shows that the 
smallest mesh, 200-400, produced the sharpest 
elution graph. No significant shift of U * was ob
served for a change in mesh size of resin.

Cross-linking.—The effect of cross-linking was 
investigated by eluting a mixture of methyl and 
ethyl alcohols with 3.0 M  ammonium sulfate from 
columns containing 20 cm. of Dowex 1-X10, Dowex
1-X8 and Dowex 1-X4. All resins were 200-400 
mesh. Although the selectivity of the 10% divinyl- 
benzene resin (Fig. lc) was the greatest, Dowex

(3) R. Sargent and W. Rieman, Anal. Chim. Acta, 14, 381 (1956).
(4) R. Sargent and W. Rieman, J. Phys. Chem., 60, 1370 (1956).

1-X8 was chosen as the resin that gave good selec
tivity and the best elution graph. Slight differ
ences in the peaks of methyl alcohol (first peak) 
with the various resins probably are due to the 
physical inability to prepare columns whose inter
stitial volumes are identical, and not to the nature 
of the resin itself.

Flow Rate.—Figure Id shows the gradation from 
narrow to broad elution graphs when ethyl alcohol 
was eluted from 16.8 cm. of Dowex 1-X8, 200-400 
mesh, at flow rates ranging from 0.3 to 0.9 cm. per 
min. A mixture which is very difficult to separate 
may require the slower flow rate; conversely, the 
flow rate for less-difficult separations may be in
creased. No change in the position of U* was dis
cernible for a change of flow rate.

Sample Size.— An almost linear decrease in the 
value of the distribution ratio C was found with 
increasing the amounts of alcohol eluted. This 
effect shows up as a shift of the leading edge and 
the peak of the elution graph toward the left while 
the trailing edge remains constant. The shift is 
much greater when the alcohol has a large distribu
tion ratio. The quantity of alcohol that may be 
taken for an elution so that the value of C remains 
within 2% of its limiting value, was found to be
0.23, 0.11 and 0.088 mmole for alcohols with C 
values of 1.02, 5.55 and 12.4, respectively. As a 
first approximation the sample size in millimoles, S, 
is governed by the empirical equation S =  0.022 A/ 
log (C +  1), where A is the cross-sectional area 
of the column.

Choice of Salt.— The only convenient method 
known to the authors for the determination of the
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T a b l e  I
V a lu e s  o f  C fo r  V a r io u s  A lcohols  an d  R esin s

Resin
[(NH4)2S0t] 0.0 0.5

Dowex 1-X8 
1.0 2.0 3.0 4.0 0.0 0.5

Dowex 50-XS 
1.0 2.0 3.0

Glycerol 0 .427 0 .45 3 0 .47 3 0 .622 0 .843 1 .16 0 .586 0 .63 5 0 .68 8 0 .901 1 .20
Propylene glycol .477 .647 .740 1 .29 2 .21 3 .8 3 .644 .856 1 .08 1 .77 3 .0 7
Methyl alcohol .507 .670 .804 1 .15 1 .68 2 .33 .839 .950 1.13 1 .59 2 .2 9
Ethyl alcohol .673 .843 1 .12 2 .0 0 3 .7 2 .839 1.08 1 .46 2 .4 6 4 .5 7
Isopropyl alcohol .753 1 .02 1 .53 3 .4 8 7 .7 6 .744 1.21 1.61 3 .5 8 8 .3 4
¿-Butyl alcohol .883 1 .19 1 .96 5 .1 2 1 3 .4 .662 1 .20 1 .90 4 .7 8 12 .9
ra-Propyl alcohol 1 .28 1.71 2 .5 7 5 .4 5 12.3 1 .03 1 .62 2 .35 5 .01
scc-Butyl alcohol 1 .56 2 .2 6 3 .7 9 9 .3 0 2 6 .5 1 .07 1 .73 2 .8 8 7 .4 8
Isobutyl alcohol 2 .4 7 3 .3 4 5 .1 7 12.3 1 .33 2 .20 3 .3 8 8 .7 4
n-Butyl alcohol 2 .37 3 .5 2 5 .6 7 1 3 .8 1 .28 2 .17 3 .53 8 .4 4
n-Am yl alcohol 6 .6 3 11 .0 2 .69 5 .03 8 .33

very small concentrations of alcohol in the effluent 
fractions is the spectrophotometric determination 
of chromic ion produced by the reduction of di
chromate.4 Oxidizing anions such as nitrate and 
reducing ions such as the halides would interfere 
in this determination. These facts imposed a 
severe restriction on the salts suitable for use as 
eluents. Actually, only ammonium, sodium and 
magnesium sulfates were tried. Ammonium sul
fate was best because of its large solubility and 
great salting-out power.

Salting-out Constants.— Values of C (Table I) 
were calculated from the data of the various elu
tions by eq. 1. The logarithms of these values are 
plotted against the concentrations of ammonium 
sulfate for Dowex 1 in Fig. 2. These plots follow 
fairly closely the equation

log C =  log Co +  ItM (2)

where C o is the distribution ratio in pure water, k  
is the salting-out constant and M is the molarity 
of ammonium sulfate. The constants of eq. 2 are 
given in Table III.

Salting-out constants in the absence of resin 
have been determined8 by use of eq. 3

log S =  log So -  kM (3)

where S is the solubility in ammonium sulfate of 
molarity M  and So is the solubility in water. 
The agreement of the k  values in eq. 2 and 3 is 
shown by solubility measurements for n-propyl 
and sec-butyl alcohol. Table II lists the logarithms 
of the quantities of alcohol (in arbitrary units of 
absorbance) that were plotted against the concen
tration of ammonium sulfate to obtain the slope 
of the line.

T a b l e  II

S o l u b il it ie s  in  So lu tio n s  o f  A m m on iu m  S u lfa te  
Arbitrary units

[(NHt)sSOil 2 .0 2.5 3 .0 3 .5 4.0
n-Propyl alcohol 1 .240  1.003 0 .89 7  0 .781  a
sec-Butyl alcohol 1 .069 0 .86 7  0 .601  0 .4 3 8  0 .233  
° Ammonium sulfate precipitated.

T a b l e  III

C o m pa r iso n  o f  V alu e s  for  Co an d  lc
Dowex 1-X8 Dowex 50-X8 Eq. 3

Alcohol log Co k log Co k k
Glycerol 
Propylene gly

- 0 .4 6 5 0 .129 - 0 .2 8 2 0 .12 0

col -  .362 .210 -  .188 .224
Methyl -  .252 .158 -  .095 .151
Ethyl -  .208 .256 -  .083 . 243
Isopropv. -  .170 .353 -  .135 .350
¿-Butyl -  .125 .414 -  .130 .408
n-Propyl .070 .336 .043 .330 0 .341
sec-Butyl .150 .422 .039 .419 .420
Isobutyl .33 .38 .130 .407
n-Butyl .35 .40 .125 .405
n-Amyl .82 .45 .44 .50

Table III reveals the following facts. (1) The 
Co values of the alcohols increase as their hydro
philic nature decreases. (2) Salting-out constants 
k  show a rough tendency to increase as the hydro
philic nature of the alcohol decreases. (3) For 
any one alcohol, the k  values for Dowex 1, Dowex 
50 and eq. 3 agree within experimental error.

(5) Setschenow, Z, physik. Chew,,, 4, 117 (1889).
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In salting-out chromatography, a linear increase 
in the electrolyte concentration of the eluent pro
duces an exponential increase in the distribution 
ratio for a given alcohol, i.e., the affinity of the 
resin for the alcohol is greater for high eluent con
centrations. This is a major difference from ion- 
exchange chromatography where an increase in 
eluent concentration decreases the distribution 
ratio of the sample constituent.

Separation of Alcohol Mixtures.— Figure 3 
shows the separation obtained for a mixture of nine 
alcohols and the changes of eluent that are required 
for the separation. Acetic acid was used to “ salt- 
in”  the amyl alcohol to the aqueous phase so that 
it is eluted more rapidly than with water. Acetic 
acid was chosen since it is one of the few organic 
compounds which will not reduce dichromate in the 
analytical procedure. The elution with the speci
fied flow rate required 12 hr. for completion. Nor
mal propyl and isobutyl alcohols, not included in 
the separation, would be eluted under these con
ditions with U* values very close to ¿-butyl and n- 
butyl alcohols, respectively. Straight-chain, pri
mary alcohols above amyl are absorbed by the resins 
so tenaciously that excessively long elutions would 
ensue.

The conditions for the separation represented by 
Fig. 3 were found almost entirely by calculations 
based on the plate theory. The concentration of 
ammonium sulfate was determined that would 
give a ratio of the values of C ^  1.5 which is neces
sary to separate the alcohols by elution from a 30- 
cm. column. For example, 4 M  ammonium sul
fate is needed to separate the first three alcohols. 
The eluent concentration is then lowered as much 
as possible for the rapid elution of the higher al
cohols. The positions of peak concentration of the 
alcohols in the effluent, U*, were calculated and

later compared with the experimental values. 
Sample calculations for U* of isopropyl alcohol 
are given below.

log C =  log C„ +  kM
log C = - 0 . 1 7 0  +  (0 .3 5 3 ) (4 .0 )

C =  17 .5
u *  =  c v  +  v
U* =  (1 7 .5 )  (3 2 .1 )  +  3 2 .1  

V* ( 4 .0  M  ammonium sulfate) =  594

When the eluent was changed to 2.5 M  ammonium 
sulfate at 150 ml., the isopropyl alcohol had moved 
down the column

X  3 2 .0  =  8 .0 8  cm.
594

At the change of eluent, the interstitial volume 
above the isopropyl alcohol was 8.1 ml. of 4.0 M  
ammonium sulfate. Before the 2.5 M  ammonium 
sulfate reaches the isopropyl alcohol, it will have 
moved an additional 0.4 cm. or 8.5 cm. down the 
column. The remaining interstitial volume is now
23.6 ml.

C (2 .5  M  ammonium sulfate) =  5 .1 4  
U* =  150 +  8 .1  +  (5 .1 4 ) (2 3 .6 )  +  2 3 .6  
U* =  303

The calculated values of U* for the 9 alcohols were, 
respectively, 70, 109, 154, 206, 303, 444, 549, 694 
and 880. The observed values are listed in Fig. 3. 
Agreement was excellent for most of the alcohols.

The height of the column necessary for the sepa
ration was calculated from the results of a prelimi
nary elution on a 24.8-cm. column of the same resin. 
This elution indicated that the separation of 
propylene glycol from methyl alcohol would be the 
most difficult. Application of the equation2 for the 
calculation of column height necessary to separate 
these alcohols gave a value of 32.0 cm., which was
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used for the separation in Fig. 3.
Mechanism of Salting-out Chromatography.—

It is suggested that the mechanism for the chro
matographic process is governed by solvation. 
Consider a ternary mixture of resin, water and a 
small amount of alcohol. The ionic groups on the 
resin are solvated chiefly by water because its 
solvation power and concentration are larger than 
those of the alcohol. When a salt is added, such as 
ammonium sulfate, which is not soluble in (not sol
vated by) alcohol, the resin shrinks because part of 
the water is withdrawn to solvate the ions of the 
salt. The salt, by virtue of its removal of water 
from the resin, has therefore increased the number 
of solvation positions around the ionic groups of the 
resin which can now be occupied by the hydroxyl 
groups of the alcohols. The hydrocarbon tail of the

alcohol would be attracted toward the resin matrix- 
The process is definitely not simple sorption on the 
resin matrix since the value of C for the elution 
of the alcohols from a column of polystyrenedivinyl- 
benzene copolymer with 3.0 M  ammonium sulfate 
is zero.

A study of the salting-out chromatography of the 
ketones is now being pursued in this Laboratory. 
Additional studies of other organic compounds and 
more detailed studies of the nature of the process 
are planned.
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Electron diffraction photographs have been made of cuprous chloride vapor. The C u-C l distance is 2.160 ±  0.015 A . 
A  six-membered alternating ring model of the trimer molecule with Z C u -C l-C u  ~  90° and very large amplitude of sym
metric bending vibration seems plausible and is shown to be in agreement with the diffraction pattern.

Cuprous chloride vapor was long regarded as di
meric, on the basis of early vapor density measure
ments, but in 1948 Brewer and Lofgren3 reported it 
to consist of monomer and trimer with no dimer, 
and said that at 100Q°K. the saturated vapor 
should be 100.0 mole %  trimeric. The present dif
fraction data are apparently similar to those ob
tained earlier by Maxwell and Mosley and not 
found to be entirely compatible with any dimer 
model4; our interpretation in terms of the trimer 
differs, however, from Maxwell’s. He reports6 dis
agreement with “ a six-membered ring structure” 
and agreement with “ a configuration consisting of 
two sphenoids sharing an edge for the trimer in 
equilibrium with a relatively high concentration of 
the monomer.”  We find agreement with an alter
nating six-ring structure, of the sort proposed by 
Brewer and Lofgren (ref. 3, p. 3044) to account for 
the stability and low entropy of the trimer as well 
as the relative instability of the dimer, but with a 
remarkably great amplitude of vibration toward 
and away from she configuration proposed6 by Pro
fessor Pauling, in which “ the copper atoms form a 
small triangle and the chlorine atoms a large trian
gle, each chlorine atom being bonded to two copper 
atoms and each copper atom being bonded to two

(1) Presented at the Pasadena Meeting of the American Crystallo
graphic Association, June, 1955.

(2) This work was supported by the Office of Naval Research under 
Contract NBonr-24423. Reproduction in whole or in part is per
mitted for any purpose of the United States Government.

(3) L. Brewer and N. L. Lofgren, J. Am. Chem. Soc., 72, 3038 (.1950).
(4) L. R. Maxwell and V. M. Mosley, Phys. Rev., 55, 238 (A) (1939).
(5) L. R. Maxwell, Abstract, American Crystallographic Associa

tion Meeting at Pennsylvania State College, April, 1950,
(6) L, Pauling, private communication to V.S., January 31, 1950.

chlorine atoms and also the two other copper at
oms.”

Experimental.— Greenish cuprous chloride of C .p . grade 
was washed in dilute sulfuric acid to obtain a purified white 
powder which was heated to about 450° in a simple monel- 
metal boiler inside our new electron diffraction camera. 
The photographs (Kodak-50 plates; L ~  10 cm .; X ~  0.06  
A .)  weie interpreted visually in the usual way.7

The boiler had a total volume of 0 .8  ml. and was usually 
somewhat less than half full, so that the liquid sample sur
face was about 0 .6  cm .2. The orifice was a tube about 1 mm. 
long and 0.3 mm. or 1 mm. in diameter.

Results.— Our photographs show about eight 
main rings (Fig. 1), graced with a few weak, close- 
in outer shoulders (1, 3, a and b); the radial dis
tribution curve correspondingly has a sharp main 
peak at 2.16 A. and a very broad secondary peak at 
about twice the distance (4.23 A.). There is thus 
substantial agreement with Maxwell and Mosley’s4 
report of “ two prominent distances l and 21”  with l 
equal to 2.13 A.

The necessary information for a detailed demon
stration of the trimer structure is clearly not at 
hand. First of all, there is the possibility that the 
vapor photographed was a non-equilibrium mixture 
of evaporated molecular fragments. We have as
sumed otherwise, however, partly because (1) Pro
fessor Brewer has given us his opinion that, under 
the conditions of the experiment, the vapor from 
our bciler would probably be predominantly tri
meric (the estimated fraction of monomer in the 
saturated vapor at 450° being only about 4 X 
10^6),8 and (2) the change in orifice noted in “ Ex-

(7) K. Hedberg and A. J. Stosick, J. Am. Chem. Soc., 74, 954 (1952).
(8) Leo Brewer, private communication to C. W.
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perimental”  has no perceptible effect on the diffrac
tion pattern. There is also the possibility that the 
vapor contains a significant fraction of higher poly
mers— the tetramer has been found in the vapor 
at 150° (Rosenstock, et a l.; see below), and its 
presence at higher temperatures is suggested by the 
negative value for K 2 obtained by Brewer and Lof- 
gren (ref. 3, p. 3040) when they interpreted their 
data on the reaction of Cu with HC1 on the assump
tion that monomer, dimer and trimer might be 
present. Nevertheless, we have assumed that our 
diffraction pattern is due entirely to trimer, and 
this is probably substantially correct. Even so, 
more than one model can be made to fit. One that 
has to be rejected as structurally impossible con
sists of an equilateral triangle of copper atoms, each 
bonded to a chlorine atom at about 2.16 A. and to 
two copper atoms, also at about 2.16 A.; Cu-Cu =
2.16 A. cannot be accepted.

The planar alternating six-ring with large Z C l- 
Cu-Cl (~150°) and small ZCu-Cl-Cu (~90°) 
seems the most likely; it has general advantages 
as cited by Brewer and Lofgren; the bond angles 
are reasonable9; and the great amplitude of sym
metric in-plane bending vibration that is required 
to wash out the unobserved Cu . . . Cu term sug
gests that Cu . . . Cu is a bonding interaction, as 
suggested by Professor Pauling, but only weakly 
and only when all three copper atoms are brought 
together in quasi-metallic fashion.10 As may be 
seen from the plots of distance vs. Z Cu-Cl-Cu in 
Fig. 1, almost any equilibrium angle value will lead 
to a fit with the radial distribution if the tempera
ture factors are properly adjusted, 90° (or even 
the complementary 150°) then leading to the great
est conspicuous area above background for the 
outer peak, whereas larger or smaller angles, with 
temperature factors adjusted to emphasize the 
longer of the distances Cu . . .  Cl and Cl . . . Cl, 
center the peak more accurately on the distance
4.23 A. Angles of much less than 80°, however, 
would imply zoo short Cu . . . Cu distances,11 or else 
too narrow a Cu . . . Cu distribution, and angles 
greater than about 100° would hardly represent a 
reasonable approximation to the structural ideals 
that we have taken as giving support to the ring 
model. A 'priori estimates of the vibrational am
plitudes would be most helpful but can hardly be 
made, since we know neither the frequencies nor 
the actual forms of the several normal modes. We 
therefore must be content to note that the bending 
amplitudes quite clearly predominate over the 
stretching, as expected, and that the symmetrical 
in-plane bending apparently dominates the asym
metrical, as is made plausible by the argument of 
quasi-metallic bonding. The relative smallness of 
the vibrational amplitude for the longest distance

(9) In C 112O as well as, presumably, other bicoordinate complexes of 
Cu +, Z  X -C u -X  is 180°; Z  M -C l-M  is about 90°, the nominal for p2 
bonds, in PdClz and many other bicoordinate complexes of C l- .

(10) It could even be suggested that this last aspect of the trimer 
structure has something to do with its stability relative to the corre
sponding tetramer, which could have just the ideal bond angles of 90 
and 180° but would contain the germ of a different, possibly less stable 
fragment of metal structure.

(11) The shortest Cu...Cu distance in cuprite is 3.01 A., both for 
inter- and intra-network contacts. In copper itself, Cu-Cu is 2,55 A*

model described in the text.

in the molecule then invariably follows from the r vs. 
ZCu-C l-Cu plots, which of course describe the 
relative effects of the symmetrical bending mode. 
The illustrated theoretical intensity curve12 and 
synthetic distance distribution (drawn with ap
proximate allowance for the artificial temperature 
factor) and the goaje values for the bestorings (Table
I) are for a model with CuCl =  2.16 A., ZC u-C l- 
Cu =  87.5°, acu ... cu =  V 2(<>r2cu ... cu — <>r2cu  -  ci) 
=  0.06 A.2, acu . - • ci =  aci • • • ci =  0.02 A.2, and 
{(Z -  f)cu/(Z -  /)ci}effective =  1.3, as is a fair 
approximation13 for the range 0 <  q <  20 of great
est relevance. The theoretical curve is in good 
agreement with our observations, both of the quali
tative aspects (aci ■ ■ ■ ci should probably be reduced 
somewhat) and, as shown by the arrows, of the ring 
diameters. The determination of Cu-Cl in Table 
I is substantially independent of the exact choice of 
angle and a values, the temperature factor for all 
terms except Cu-Cl being so severe. We conclude 
that Cu-Cl is 2.160 A. with limit of error ±0.015 A. 
and that the trimer structure is probably the al
ternating planar six-ring, with ZCu-Cl-Cu ~  90°

(12) Various theoretical curves were calculated to test our conclu
sions from the radial distribution curve.

(13) .7. A. Ibers and Jean A. Hoerni, Acta C r y s t7, 405 (1954),
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and with a very large amplitude of symmetrical 
bending vibration.

Discussion.— A Cu-Cl distance of 2.16 A.
corresponds to a Cu radius of 1.17 A., in good agree
ment with the value of 1.18 A. from Cu20 ,14 and 
considerably shorter than the tetrahedral value,
1.35 A. The difference between the tetrahedral ra
dius and the Ag20  radius for Ag+ is similar,14 but 
we know no other examples for Cu+.16

Some recent mass-spectrometric observations16 
on the cuprous halides seem to tie in with the no
tion that the copper atoms in (CuCl)3 have a tend
ency to form a bonded group of some stability. 
With 75-volt electrons, the vapor from cuprous 
chloride held at about 150° produced a main se
quence of ions derivable from a parent trimer ion by 
removal of successive chlorine atoms (Cu3Cl3+,

(14) See L. Pauling, “ The Nature of the Chemical Bond,”  Cornell 
University Press, Ithaca, N. Y., 2nd Ed., 1940, p. 186.

(15) N. V. Sidgwiek (“ The Chemical Elements and Their Com
pounds,”  Oxford University Press, Oxford, England, 1950, p. 116) in 
discussing AgCN did not allow for the Ag + difference and so was mis
led into ascribing the correspondingly very large decrement in the ob
served distance entirely to resonance; Ag(CN)2_ (p. 134) similarly 
shows a large decrement.

(16) H. M . Rosen3toek, J. R. Sites, J. R. Walton and Russell 
Baldock, J. Chem. Phys., 23, 2442 (1955).

T a b l e  I

D e t e r m i n a t i o n  o f  rcu-ci i n  (C uC1)3

Min. Max. Çcalcda
(îcalcd/

£obsd)v.S.
( Scaled  ̂
ffobsd)C.W.

4 2 0 .6 (0 .982) 0 .99 9
5 2 5 .6 (1 .0 0 8) .994

5 2 9 .9 0 .99 5 .986
6 3 4 .5 .993 .988

6 39 .1 .999 .996
7 4 3 .7 .999 .988

7 4 8 .3 ..995 .998
8 5 2 .9 .996 .992

8 5 7 .5 .991 1 .003
9 62.1 .983 0 .9 8 4

rcu—ci =  2.

av.8
a.d.

175 X  0 .9933

0 .9939  av.io 
.0036 o 

=  2 .16 0  A.

0 .99 2 8
.0052

“ For model described in text.

Cu3Cl2+, Cu3Cl + and Cu3+) and weaker sequences of 
ions containing one, two or four copper atoms but al
most no ions containing more chlorine atoms than 
copper atoms.

We wish to express our thanks to Professor 
Pauling for suggesting the problem and to Professor 
Brewer for advice about the properties of cuprous 
chloride vapor.
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The kinetics of the liquid phase autoxidation of 1,4-dimethyleyclohexane have been studied. Following the initial auto- 
catalytic increase in both the amount of oxygen absorbed and the formation of 1,4-dimethylcyclohexane hydroperoxide, 
maximum rates of oxidation and steady hydroperoxide concentrations are attained. The results indicate that a chain mech
anism is followed. A  value of 31 was found for the initial chain length of the reaction at 95°. In later stages of the reaction, 
the products of oxidation reduce the rate of oxygen absorption while accelerating the decomposition of the hydroperoxide. 
The decomposition of 1,4-dimethylcyclohexane hydroperoxide in its parent hydrocarbon also was studied. A second-order 
dependence of the hydroperoxide concentration was operative at the concentrations and temperatures employed in the 
autoxidations. A t higher temperatures and low hydroperoxide concentrations a first-order dependence was obtained.

The first comprehensive interpretation of the ki
netics of the autoxidation of various hydrocarbons 
was reported by Bolland and Gee.2-3 <* Since that 
time a number of olefinic hydrocarbons hi the initial 
stages of autoxidation have been found to follow 
the kinetic scheme proposed by those authors.4 
This scheme involves a free radical chain process 
with the initial formation of a hydroperoxide 
which acts as the initiator of further autoxidation.

The Bolland and Gee mechanism can be ex
tended mathematically, as shown previously by 
Tobolsky and co-workers6 to predict the kinetic 
behavior occurring upon extensive autoxidation. A 
recent study of she kinetics of tetralin oxidation ac
tivated by cobaltous acetate6 gave support to this 
theory.

(1) This work was supported by the Office of Naval Research, Proj
ect Number NR 033-292.

(2) J. L. Bolland and G. Gee, Trans. Faraday Soc., 42, 236 (1946).
(3) J. L. Bolland, Proc. Roy. Soc. (London), 186A, 218 (1946).
(4) L. Bateman, Quart. Revs., 8, 147 (1954).
(5) A. V. Tobolsky. D. J. Metz and R. B. Mesrobian, J. Am. Chem. 

Soc., 72, 1942 (1950).
(0) A. E. Woodward and R. B. Mesrobian, ibid., 75, 6189 (1953).

To explore the occurrence of maximum rates of 
oxidation accompanied by steady hydroperoxide 
concentrations as predicted,6 the kinetics of 1,4- 
dimethylcyclohexane (DMCH) autoxidation initi
ated thermally has been studied and the results 
presented herein. This specific hydrocarbon was 
selected for reasons of ready availability, ease of 
purification, oxidizability at measurable rates be
low the boiling point, and previous knowledge of 
the oxidation products.7

Experimental
Reagents.— 1,4-Dimethylcyclohexane (Dougherty Chemi

cal, technical grade) was freed from olefins by shaking with 
sulfuric acid and fractionally distilled, the fraction boiling at 
120° being taken for use. Only minute traces of peroxide 
could be detected iodometrically in the hydrocarbon after 
purification.

1,4-Dimethylcyclohexane hydroperoxide was prepared 
by the thermal oxidation of 1,4-dimethylcyclohexane at 
95° up to a point where all the oxygen gas absorbed could 
still be accounted for as the hydroperoxide. The solution 
obtained was then concentrated at room temperature under

(7) G. Chavanne and E. Bode, ibid., 52, 1609 (1930); P. George and 
A. D. Walsh, Trans. Faraday Soc., 42, 94 (1946).
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vacuum to give a solution containing 4 5 %  of the hydro
peroxide. Portions of this solution were diluted with a 
given amount of pure 1 ,4-dimeth3Tlcyclohexane and used 
for the kinetic studies of the hydroperoxide decomposition.

A  commercial grade of benzoyl peroxide was purified by 
dissolving in chloroform and precipitating by the addition 
of methanol, the precipitated peroxide then being filtered 
and dried under vacuum.

Reagent grade chlorobenzene was taken from freshly 
opened bottles and distilled before use.

Reagent grade materials were employed in the analytical 
procedure for estimation of hydroperoxides.

Procedures.— The simultaneous measurement of oxygen 
absorption and hj^droperoxide content were carried out using 
a constant pressure type apparatus. A  U-tube manometer 
containing tricresyl phosphate was used to detect small 
changes in internal pressure. The reaction flask was of the 
erlenmeyer type fitted with an extra ground glass socket 
on the side of the flask by which a thermometer was placed 
in the oxidizing liquid. Stirring was carried out mag
netically. The reaction flask, stirrer and a compensation 
vessel were enclosed in a constant temperature box.

Measured amounts of each reagent used in a particular 
run were added to the reaction vessel, the flask connected 
to a manifold line with a mercury sealed ground glass joint 
and the whole apparatus flushed with oxygen. The box 
was raised to the desired temperature, the excess gas re
leased, and stirring started. As oxygen was absorbed the 
pressure was adjusted back to atmospheric. The volume of 
gas absorbed was read off on a graduated buret and the 
l eadings corrected to 0 ° .  The data were further corrected in 
order to express the amount of oxygen absorbed in terms 
of the unreacted hydrocarbon content of the reaction mix
ture.

Stirring rates of 75 r.p .m . or greater gave rates of oxida
tion independent of the stirring speed. The same oxida
tion rates were found when different sized reaction vessels 
were used and when glass beads were added to increase the 
surface area.

To measure the hydroperoxide content of the hydrocar
bon, the thermometer was removed from the reaction vessel 
and a slow stream of oxygen passed through the apparatus. 
A one-ml. sample of hydrocarbon was then removed using a 
pipet fitted with a rubber bulb. The oxygen flow was 
stopped, the thermometer replaced and the gas buret set back 
to zero at atmospheric pressure. As the whole operation 
only took about three minutes, -whereas the absorption ex
periments lasted several days, no appreciable error was in
volved by the temporary opening of the apparatus.

The hydrocarbon samples were analyzed for hydroperoxide 
using a procedure which was essentially that of Wagner, 
Smith and Peters.8

The kinetics of the decomposition of 1,4-dimethylcyclo- 
hexane hydroperoxide under non-oxidizing conditions were 
studied, using an experimental method described pre
viously.9

Results and Discussion
The Bolland and Gee mechanism2-3 may be rep

resented as follows when the oxygen pressure is suf
ficiently high to produce termination by equation 
4A

ki or R H
(1A ) Initiator------------>  free radicals— R- (A )

(2A ) R- +  0 2 — >- R O r
fo>

(3A ) R 0 2- +  R H  -— >  R O O H  + R-

h
(4A ) R O r +  R 0 2- — >■ Products + O

The free radicals formed by decomposition of the 
initiator extract a hydrogen atom from the hydro
carbon (RH) to give the hydrocarbon radical (R-) 
which enters into a chain reaction to form the hy-

(8) C. D. Wagner, E. II. Smith and E. D. Peters, Anal. Chem., 19, 
976 (1947).

(9) V. Stannett and R. B. Mesrobian, J. Am. Chem. Soc., 72, 4125 
(1950).

droperoxide (ROOH). In the case of the oxidation 
of 1,4-dimethyl cyclohexane, product analysis indi
cates7 that the tertiary hydrogen atom is extracted 
and the hydroperoxide group is found at that posi
tion on the ring.

Termination steps other than the one represented 
in this mechanism (step 4) are not appreciable when 
[R02-] is large with respect to [R-]. Under these 
conditions the rate of oxygen absorption is inde
pendent of the oxygen pressure.2-3 To check this 
independence the rate of oxygen uptake of a given 
amount of DMCH at 95° using pure oxygen was 
studied and then a similar run with dry air substi
tuted for the oxygen was made. The oxygen absorp
tion rates were found to he the same.

Kinetic analysis of mechanism A, when benzoyl 
peroxide (Bz02) is acting as the sole initiator, leads 
to the following equation for the initial rate of oxy
gen absorption

-  =  f a ( e i W / >  [RH] [Initiator] '/« (1)

where e, is the efficiency of the initiator and ki the 
rate constant for the decomposition of the initiator. 
Since the decomposition of benzoyl peroxide in the 
presence of radical acceptors is essentially first or
der,10 the initiator concentration appears in the 
rate expression to the ‘/ 2 power.

The half power dependence of the rate of oxida
tion on the benzoyl peroxide concentration has been 
found for 1,4-dimethylcyclohexane oxidation as is 
shown in Table I.

T a b l e  I

Oxidation o f  1,4-Dimethylcyclohexane a t  71°
Initial rate vs. [BzOil Initial rate vs. [ROOH]

[BzO,],
Cor.
rate ̂ [ROOH1,

Cor. 
rate ft

Rate® moles/1. [BzOjF » Rate® moles/1. [R o o m
0 .3 7 0 0 .3 7 0
3 .2 0 0 .1 0 4 8 .5 2 .0 4 0 .3 1 5 5 .3
6 .0 3 0 .4 8 9 8 .1 2 .7 6 .4 4 2 5 .4
8 .0 5 1 .0 0 7 .7 3 .7 4 .6 6 2 5 . 2

1 0 .4 1 .5 2 8 .1 4 .7 5 .8 4 3 5 .2
* Moles of oxygen absorbe:l/25 ml. of soln./hour. 6 The 

corrected rates were obtained by subtraction of the rate in 
the absence of initiator from the observed rates.

When DMCH hydroperoxide is used as the ini
tiator, a first power dependence of the initial rate 
of oxygen absorption on the initiator concentra
tion, [ROOH], is found, as can be seen in Table I. 
This proportionality between the oxidation rate and 
the hydroperoxide concentration has been obtained 
previously for certain olefins2-4 and indicates the 
participation of two hydroperoxide molecules in the 
decomposition step. This behavior was explained 
as being due to the formation of hydroperoxide di
mers,11 strong association in concentrated solutions 
being indicated from infrared data.

For a further confirmation of the oxidation rate 
dependence on the initiator concentration, the de
composition of DMCH hydroperoxide in DMCH 
was studied, as briefly reported elsewhere.12 At a

(10) C. E. H. Bawn and S. F. Hellish, Trans. Faraday Soc., 47, 1216 
(1951).

(11) L. Bateman and H. Hughes, J. Chem. Soc., 4594 (1952).
(12) V. Stannett and R. B. Mesrobian, Faraday Soc. Disc., 14, 242 

(1953).
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Fig. 1.— The decomposition of 1,4-dimethylcyclohexane 
hydroperoxide in 1,4-dimethylcyclohexane at 85°.

Fig. 2.— The deeomposition of 1,4-dimethylcyclohexane 
hydroperoxide in 1,4-dimethylcyclohexane at 120°.

temperature of 85° and an initial hydroperoxide 
concentration of 1.09 molar, a reaction second order 
with respect to the hydroperoxide concentration 
occurred; a plot of these data is given in Fig. 1. 
However, other studies at high temperatures and 
more dilute initial hydroperoxide concentrations

gave a first-order dependence as is seen from the log 
concentration versus time plot in Fig. 2. This same 
behavior has been reported for cyclohexenyl hydro
peroxide11 and is consistent with the postulate of 
hydroperoxide association mentioned above. The 
first- and second-order rate constants for the de
composition of DMCH hydroperoxide were deter
mined at a number of temperatures and are given in 
Table II. From these data activation energies of
32.8 local, for the first-order reaction and 28.6 keal.

T a b l e  II

D e c o m p o s i t i o n  o f  1 , 4 - D i m e t h y l c y c l o h e x a n e  H y d r o 

p e r o x i d e  a t  V a r i o u s  T e m p e r a t u r e s

T e m p . ,  ° C . 1 st o rd e r -h r . 1
R a t e  co n s ta n ts  
2 n d  o r d e r -m o le s

O b s d .

R O O H /m o îe  R H /  
hr.

C a lc d .

85 0 .026 0 .01 8
95 0 .091 0 .09 8

100 0 .141
106 0 .30 0 0 .4 5
110 0 .017
120 0 .059 1 .00
137 0 .11 4

for the second-order reaction were calculated. The 
calculated values listed in the fourth column are 
discussed in the last paragraph of this article.

In accord with the results given above, the 
breakdown of the hydroperoxide during oxidation 
of DMCH would be concurrently first and second 
order with respect to the hydroperoxide concentra
tion. However, due to the temperatures employed 
for the oxidations and the hydroperoxide levels 
reached in the early stages, the second-order de
composition would predominate, as is indicated by 
the first-order dependence of the initial oxidation 
rate on the hydroperoxide concentration.

The rate of autoxidation, as given by mechanism 
A, would be2’3

_  1 ^ 1  =  k, ( | ) 1A [ROOH] [RH] (2) 

assuming the initiation step2'3

2ROOH R 0 2- +  RO- +  H 20

occurs. During the early stages of autoxidation the 
amount of hydroperoxide present is equal to the 
amount of oxygen absorbed. Under these condi
tions the hydroperoxide which decomposes to initi
ate further oxidation is very small. However, as 
the hydroperoxide concentration increases, with a 
proportional increase in the rate of oxidation, the 
rate of decomposition increases to a point where it 
equals the rate of formation. The steady concen
tration of hydroperoxide, [ROOH]ra, which results 
is given by6

[ROOHl. -  | ! ™ 1  (3)

The resulting maximum rate of oxidation, (d [02] /  
di)œ, is found to be5

[ —d [0 2]/di]
fra*[RH]a 

& 6
(4)

As can be seen in Fig. 3, where plots of oxygen ab
sorption and hydroperoxide content of DMCH with 
time at 95° are given, the general qualitative fea-
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tures outlined above are apparent. There is, how
ever, a decrease of the hydroperoxide content after 
attainment of the steady concentration, accompa
nied by a falling off of the rate of oxygen absorption. 
These effects occur at a point where appreciable 
amounts of hydroperoxide decomposition products,7 
principally 1,4-dimethylcyclohexane-l-ol, are pres
ent. Since water and acids7 are also products, this 
decomposition may proceed partly by an ionic 
mechanism18 giving products which do not initiate 
oxidation.

The dependence of the maximum rate of oxida
tion on the square of the hydrocarbon concentra
tion, predicted in equation 4, was confirmed for 
DMCH oxidation at 100° in chlorobenzene solu
tions. A plot of the maximum rate values versus 
the square of the appropriate hydrocarbon concen
tration of the oxidizing solution gives a straight line 
passing through the origin, as shown in Fig. 4.

As demonstrated previously,5 integrated expres
sions, assuming the hydrocarbon concentration is 
constant, can be obtained which express the amount 
of oxygen absorbed, — [02]t, and the concentration 
of hydroperoxide present, [ROOH],, at time t dur
ing hydrocarbon autoxidation in terms of 
[ROOHJco, a constant, a, equal to k3(k1/k ey /i- 
[RH], the initial hydroperoxide content, [ROOH]0, 
and the time, i. These expressions can be written 
as5
In

\ [ROOH] „  _  1
( [ROOHff S

In
\ [ROOH] «  
) [ROOHjo

— at (5)

- [ 0 2]t =  [ROOH] co at +  [ROOH] „  In

[ROOH]
[ROOH]»

/  [ROOH]„ \ 
V [ROOH] co/

) ) • - (6)

The quantity [ R O O H ] „ / [ R O O H j o  appearing in 
these equations has been shown5 to be equal to the 
initial chain length of the reaction.

As is evident in Fig. 3 at 95° the hydroperoxide 
concentrations reach a maximum value of 0.267 
mole/mole R H .  Taking this value as [ R O O H J „ ,  a 
plot of [R O O H J t  as a function of time using equa
tion 5 gives a straight line from which values of 
0.060 for a and 31 for [ R O O H  ]„/  [ R O O H ]0 were ob
tained. Since the latter value, as pointed out 
above, is equal to the initial chain length, 31 mole
cules of hydroperoxide are formed per free radical 
initiating the reaction before termination occurs in 
the initial stages of the autoxidation of D M C H  at 
95°. By substitution of these values for ft and 
[ R O O H ] „ / [ R O O H j o  in equation 6, a curve ex
pressing the amount of oxygen absorbed as a func
tion of time was calculated and is shown in Fig. 3. 
It is seen that the theoretical curve, although in 
agreement with the experimental points in the au- 
tocatalytic region, exhibits a higher maximum rate. 
The reason for this discrepancy is not completely 
clear but may be connected with the decrease of the 
hydroperoxide content at relatively high extents of 
oxidation. Among the major products of the oxi
dation other than the hydroperoxide is the tertiary 
alcohol, 1,4-dimethylcyclohexane-l-ol.7 For this 
reason the effects of adding small amounts of a ter
tiary alcohol, i-amyl alcohol, were studied. Defi-

(13) A. V. Tobolsky and R. B. Mesrobian, “ Organic Peroxides,’ 1 
InterBcienoe Publishers, New York, N. Y., 1954, pp. 117-120.

TIME 2N HOURS.
Fig. 3.— Thermal autoxidation of 1,4-dimethylcyclohexane 
at 95 ° : O , oxygen absorbed; 0 ,  oxygen absorbed as R O O H ; 

----------------- , theoretical curve.

Fig. 4.— Dependence of the maximum rate of oxidation on 
the square of the 1,4-dimethylcyclohexane concentration in 

chlorobenzene at 100°.

nite decreases in the oxidation rates occurred. This 
effect of alcohols on the rate of oxidation of hydro
carbons also has been noted by other workers.14

(14) A. Robertson and W. A. Waters, Trans. Faraday Soc., 42, 201 
(194G); P. George, E. K. Rideal and A. Robertson, Proc. Roy. Soc. 
(London), 185A, 288 (1946).
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Rates of oxidation and hydroperoxide concentra
tions also were measured at two other tempera
tures, the experimental curves showing similar be
havior to that seen in Fig. 3. The observed maxi
mum rates and steady hydroperoxide values at the 
three temperatures are given in Table III. Using 
these data, activation energies of 16.8 kcal. for the 
experimental maximum rate and —10.7 kcal. for 
the steady hydroperoxide concentration [ROOH]„ 
were calculated. From the theoretical plots of the 
oxygen absorbed as a function of time, obtained as 
outlined above, maximum oxidation rates at 85, 
95 and 106° were calculated and are compared with 
the observed values in Table III.

By inspection of equations 3 and 4, it is seen that 
ki, the rate constant for the decomposition of

T a b l e  III
M a x i m u m  R a t e s  o f  O x i d a t i o n  a n d  S t e a d y  H y d r o p e r 

o x i d e  C o n c e n t r a t i o n s  f o r  1 , 4 - D i m e t h y l c y c l o h e x a n e

Temp., °C. Max. rate, moles 
obsd.

0,/m ole RH/hr. 
caled.

[ROOHlco, 
moles/mole 

RH/hr.

85 0 .0037 0 .0069 0 .4 5
95 .0070 .0099 .267

106 .0136 .028 .173

the hydroperoxide, is equal to [ —d [0 2]/dt]o>/ 
[ROOH]£. Rate constants calculated in this 
manner from the data given in Table III, using the 
observed maximum rate values, are compared in 
Table II with those found by measurements of hy
droperoxide decomposition under non-oxidizing 
conditions.

T H E  E Q U IL IB R I A  O F  C A D M I U M  H Y D R O X I D E  I N  A C I D I C  A N D  B A S IC
M E D I A  A T  25°

B y  K. FI. G a y e r  and  L eo  W oon tn er1 
Contribution from, the Department of Chemistry, Wayne State University, Detroit, Michigan

Received October 26, 1956

The solubility of cadmium hydroxide has been studied in perchloric acid and in sodium hydroxide solution at 2 5 °. Cad
mium hydroxide was found to have fairly strong basic properties but it was also found to exhibit some acidic properties.

The purpose of this investigation was to obtain 
solubility and reaction data for cadmium hydroxide 
in dilute perchloric acid and sodium hydroxide 
solutions. At present the published work is in
complete (1) in regard to reaction of cadmium 
hydroxide in acidic and basic media, (2) the ionic 
species involved in these reactions, and (3) the 
thermodynamic quantities involved.

A summary of published work on cadmium hy
droxide equilibria is collected in Table I.

Source
Bodlander2
Piater3
Ishikawa and 

Shibata4 
Oka6 
D eW ys6 
Ishikawa. and 

Shibata4 
Moeller and 

Rhymer7 
Feitknecht and 

Reinmann8

T a b l e  I
Equilibria reported 
Water solubility 
Water solubility 
Water solubility

Water solubility 
Solubility product 
Solubility product

Solubility product

Solubility product

Value reported
8 .1  X  1 0 “ 6 m ole/1.
1 .8  X  10 -6 m ole/1.
1 .4  X  10 -6 m ole/1 .

8 .5  X  1 0 -6 m ole/1 . 
A sp =  2 .8  X  1 0 “ 14 
A sp =  1 .1 8  +  10~14

A sp =  3 .2  X  10“ 14

A sp =  6 .1  X  10“ 16

Piater3 reported a solubility minimum of 1.3 X 
10-6 mole/1. between 0.01 and 0.10 N NaOH and

(1) From a dissertation submitted by Mr. Woontner in partial 
fulfillment of the requirements for the Doctor of Philosophy degree at 
Wayne State University.

(2) G. Bodlander, Z. physik. Chem., 27, 66 (1898).
(3) J. Piater, Z. anorg. allgem. Chem., 174, 321 (1938).
(4) F. Ishikawa and E. Shibata, Sci. Reports Tohoku Imp. Univ.
(5) Y. Oka, J. Chem. Soc. Japan, 61, 311 (1940).
(6) H. J. deWys, Rec. trav. chim., 44, 663 (1925).
(7) T. Moeller and P. W. Rhymer, T h is  J o u r n a l , 46, 477 (1942).
(8) W. Feitknecht and R . Reinmann, Helv. Chim. Acta, 34, 2255 

(1951).

a primary acid dissociation constant of 1 X  10-19. 
Scholder and Staufenbiehl9 obtained a solid, Na2Cd- 
(OH)4, from 15 N  NaOH solutions of Cd(OH)2 
while Latimer10 states that no appreciable amounts 
of cadmate ion are formed in dilute hydroxide 
solutions.

Experimental
The preparation of general reagents (conductivity water, 

N aO H  solutions, H C 104 solutions), equilibration samples 
and the procedures and equipment used in equilibration, 
filtration and the determination of hydrogen ion concentra
tion have been previously described by Gayer and Leider.11

Cadmium Hydroxide.— Relatively large crystals of Cd- 
(O H )2 were obtained by means of the slow hydrolysis of a 
dilute solution of cadmium acetate. The cadmium acetate 
was prepared by dissolving 10 g. of Merck cadmium metal in 
100 ml. of B. & A . acetic acid and 5 ml. of Mallinckrodt 3 0 %  
hydrogen peroxide. The crystals obtained by evaporation 
were dissolved in conductivity water and boiled for several 
weeks while maintaining a constant solution volume by the 
addition of water. An intermediate fraction of the hy
drolysis-deposited solid was thoroughly washed and trans
ferred to the sample preparation apparatus together -with a 
few drops of carbonate free N aO H  solution. Washing was 
then continued to the absence of a sodium flame test. The 
product was found to be both carbonate and acetate free.

Analysis for Cadmium.— The concentration of the cad
mium-bearing species in solution was determined by means 
of a model B Beckman spectrophotometer as the cadmium 
dithizone complex. The analytical procedure was adapted 
from that described by Saltzman.12

The Data and Calculated Results 
T h e  Equilibria in Dilute Acid.—T h e  s o lu b il it y  

d a ta  a n d  th e  n u m e rica l v a lu e s  o f  th e  e q u il ib r iu m
(9) E. P. Scholder and E. Staufenbiehl, Z. anorg. Chem., 247, 259 

(1941).
( ID )  W. M. Latimer, “ Oxidation Potentials,”  Prentice-Hall, 

Inc.. New York, N. Y., 2nd Edition, 1952, p. 172.
(11) K. H. Gayer and H. Leider, J. Am. Chem. Soc., 77, 1448 

(1955).
(12) B. E. Saltzman, Anal. Chem., 25, 493 (1953).
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constant for the reaction in acid solution are col
lected in Table II.

T a b l e  II
So l u b il it y  o p  C ad m iu m  H y d r o x id e  in  P e r c h lo r ic  A cid  

a t  25°

Obsd. pH 
(equilibrium)

Activity of 
HClOi 
X 10»

Molai concn. 
of cadmium 

X 10* K i X 10 ■
8 .9 8 (Water solubility) 0 .1 5 1 .4
7 .6 2 2 .4 15.1 6 .3
7 .3 5 4 .5 19.5 4 .3
7 .05 8 .5 44 5 .2

The range of data obtainable in the presence of 
acid was quite limited due to the basic nature of 
cadmium hydroxide. Several additional samples 
which were prepared so as to yield information in 
more acidic solution are not included in Table II 
since they had no solid phase remaining at equilib
rium. This roughly supports the observation of 
Britton,13 who reported that the formation of a 
precipitate during the titration of a cadmium salt 
with base first appears between pH 7 and pH 8.

Within the limited range of concentration over 
which data are available, the absence of drift in 
the equilibrium constant for reaction 1

Cd(O H )2(s) +  H +  CdO H + +  H 20  (1)

indicates this to be the principal reaction governing 
the dissolution of cadmium hydroxide in dilute 
acid. The average value of Ki in this region is
4.3 X  104 for which AE029s =  — 4600 cal./mole.

The data cannot be interpreted as indicating any 
significant contribution of either divalent or undis
sociated cadmium-bearing species in this pH range.

The Equilibria in Basic Solution.—The solubility 
data and the numerical value of the equilibrium 
constants for the reactions in sodium hydroxide 
solutions are collected in Table III.

T a b l e  III
T h e  S o l u b il it y  o f  C ad m iu m  H y d r o x id e  in  Sodium  

H y d r o x id e  a t  25°
M  on 
X  10»

Jl/Cd + +
X 10»

K 2
X  10»

K ,
X 10»

K t
X  106

1 .00 15 .0 1 .5 15 1 .5 X  105
1 .60 7 .9 1.3 7 .9 4 .9 X  104
2 .3 0 7 .0 1 .6 7 .0 CO o X  104

66 3 .5 23 3 .5 530
560 3 .6 183 3 .6 64

5500 5 .9 2200 5 .9 10.7
10100 6 .2 3700 6 .2 6 .1
2 .8  X  10« 7 .5 10500 7 .5 2 .7
5 .4  X  104 8 .8 2 .2  X  104 8 .8 1 .6
9 .0  X  104 13 .0 5 .4  X  104 13.0 2 .0
1 .4  X  105 22 1 .4  X  105 22 1 .6
1 .8  X  10s 38 3 .3  X  10» 38 2 .1
2 .1  X  105 63 6 .3  X  106 63 3 .1

(13) H. T. S. Britton, J. Chem. Soc., 127, 2148 (1925).

The constancy of K2 in the region of low basic
ity—before the solubility minimum—indicates 
that reaction 2

C d(O H )2(8, CdOH + +  O H - (2)

can account satisfactorily for the solubility. 
This reaction, however, is related to reaction 1 
by the water ionization reaction

H 20 ^ f l H +  +  0 H -

and it seems reasonable that Ki should continue to 
be valid in this region. A value for K\ can be 
determined from the average K 2 as

K i  =  1.5 X  H r 10

This shows fair agreement with K 2, 4.3 X  104, 
while the relative magnitudes of K\ and K 2 indicate 
that the reaction represented by the former ac
counts for the dissolution of cadmium hydroxide in 
slightly basic and neutral solution. The average 
over-all constant throughout this extended concen
tration range is 3.2 X  104 ±  2.0 X  10_4 and 
AE°298 = —4800 cal./mole.

A solubility minimum exists between 10 _4 and 
10-2 molar sodium hydroxide, in which region it 
may be assumed that -he undissociated species 
predominates. The average value of K2 for the 
reaction

C d(O H )2(8) ¡^ ± 1  C d(O H )2 aq. (3)

is 4.3 X  10“ 6 ±  1 X 10~6 for which AE°298 =  5900 
cal./mole.

As the basicity increases, the concentration of 
cadmium in solution also increases. Such behavior 
can only be attributed at low ionic strength to 
amphoteric properties of the oxide. This is best 
supported by the constancy of K i} representing the 
reaction

Cd(O H )2(s, +  O H - IIC d 02-  +  H 20  (4)

The average value of Kit selected from those in 
which the hydroxyl ion concentration is greater 
than 10” 2 molar, is 2.1 X 10-5 ±  0.5 X lO-6 and 
AT°298 =  6400 cal./mole.

In the region of highest basicity studied, K 6 also 
exhibits constancy, which appears to indicate the 
occurrence of the cadmate ion as a product of reac
tion 5

Cd(O H )2(s) +  2 0 1 1 - (^ ± 1  C d 0 2"  +  2IBO (5)

This reaction is apparently simultaneous with 
reaction 4 above 1 N sodium hydroxide and the 
data are insufficient to indicate over what concen
tration range reaction 5 extends. A tentative 
value of 7.3 X 10-6 ±  2.5 X 10~6 can be selected 
as a lower limit for K s. The corresponding value 
of AH° 298 for this reaction is 7000 cal./mole.
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NOTES

THE CHLORINE TRIFLUORIDE HYDRO
GEN FLUORIDE SYSTEM. SOME VAPOR 
PRESSURE AND CONDUCTANCE MEAS

UREMENTS1
B y M a x  T . R o g e r s , J o h n  L. S p e i r s  a n d  M o r t o n  B. 

P a n i s h

Kedzie Chemical Laboratory, Michigan State University, East Lansing 
Michigan

Received September 20, 1956

The possible existence of a stable complex be
tween chlorine trifluoride and hydrogen fluoride2 
made further study of this system desirable. We 
have therefore investigated the vapor pressures and 
specific conductances of liquid solutions of hydro
gen fluoride in chlorine trifluoride.

The vapor pressure-composition data at 0° are 
shown in Table I.

T a b l e  I

T h e  V a p o r  P r e s s u r e s  o f  C h l o r i n e  T r i f l u o r i d e -  

H y d r o g e n  F l u o r i d e  S o l u t i o n s  a t  0 °
Mole Pressure, Mole Pressure,

%  HF mm. %  HF mm.
0 .0 44 8 6 9 .0 645

1 0 .5 562 8 6 .0 527
3 3 .2 592 1 0 0 .0 398

The system shows large positive deviations from 
Raoult’s law at this temperature. There is an azeo
tropic mixture with maximum vapor pressure the 
composition of which is about 65 ±  10 mole %  
hydrogen fluoride.3 Although the probable error 
in our pressure measurements was not over ±5.0 
mm. we would not claim an accuracy in the vapor 
pressures better than about ± 3 %  since there was 
some evidence of reaction of the materials with the 
apparatus and consequent drift of pressure with 
time.

The specific conductance of chlorine trifluoride 
and of various solutions of hydrogen fluoride in 
chlorine triflucride at 25 and —78° are shown in 
Table II. The specific conductance of chlorine 
trifluoride may be compared with an unpublished 
value4 of 3 X 10-9 ohm-1 em u1 at 0°. The addi
tion of hydrogen fluoride increases the conductance 
markedly but molar conductances are low indicat
ing a low degree of ionization.

A measurement of the density of a single solution 
(53.0 mole %  hydrogen fluoride, d254 1.60 g./cc.) 
gave an observed average molar volume of 33.8

(1) Physical Properties of the Halogen Fluorides. X . For the 
preceding article of this series see M. T. Rogers and J. L. Speirs, T his 
J o u r n a l , 60, 1462 (1956).

(2) D. F. Smith and J. P. Pemslcr, “ Symposium on Spectroscopy,’ ’ 
Ohio State University, June 18, 1954; M. T. Rogers and J. J. Katz, 
J . A m . C h em . S o c ., 74, 1375 (1952).

(3) An azeotrope containing 67 mole % hydrogen fluoride has 
been reported recently by another method; R. M. McGill, W. S. 
Wendolkowski and E. J. Barber, Abstracts of the 126th National 
Meeting of the American Chemical Society, New York, N. Y., Septem
ber, 1954.

(4) A. A. Banks quoted by N. N. Greenwood, R evs. P u r e  a n d  A p p lie d  
C h em . (A u s tr a lia ), 1, 84 (1951).

T a b l e  II

C o n d u c t a n c e s  o f  C h l o r i n e  T r i f l u o r i d e - H y d r o g e n  

F l u o r i d e  S o l u t i o n s  a n d  o f  C h l o r i n e  T r i f l u o r i d e  a t  

25 and —78°

(moles IIF/1. 
-at 25°)

L ,  ohms 
-7 8 °

1 em u 1 X 10» 
25°

a  x  io<
(at 25°)

0 0 .65 0 .49 0
1 .00 4 .5 2 .96 0 .2 5
1 .35 9 .5 5 .4 9 0 .4 5
2 .57 8 2 .5 4 3 .7 1 .6 8
4 .6 7 460 350 7 .5

cc./mole which is 3.3% smaller than the ideal aver
age molar volume (35.0 cc./mole). This is close to 
the observed decrease in volume found in other hy
drogen fluoride-halogen fluoride systems5; molar 
conductances A  were calculated with the aid of this 
result.

Experimental
Materials.— Chlorine trifluoride and hydrogen fluoride 

(Harshaw Chemical Co.) were purified by a simple distilla
tion in Monel apparatus. For conductance work the hy
drogen fluoride was dried over cobaltic fluoride (L = 2 . 9  X  
10” 4 ohm ” 1 cm .” 1 at 2 5 °) .

Our data provide no evidence for the existence of a stable 
complex between chlorine trifluoride and hydrogen fluoride. 
While it is possible that such a complex exists as a transient 
intermediate in exchange reactions it evidently does not exist 
in important concentrations at room temperature.

Apparatus and Method.— These were essentially the same 
as described elsewhere.6-6 All measurements were made as 
soon as possible after the mixtures were prepared.

Acknowledgment.—This work was supported by 
the Atomic Energy Commission through contract 
AT (11-1)-151.

(5) M. T. Rogers, J. L. Speirs and M. B. Panish, J. Am. Chem. Soc., 
78, 328S (1956); M. T. Rogers, J. L. Speirs, M. B. Panish and H. B. 
Thompson, ibid., 78, 936 (1956).

(6) H. B. Thompson and M. T. Rogers, R ev. Sci. Insir., 27> in 
press.

THE ELECTRIC MOMENTS 
OF LITHIUM-ALKYLS

B y  M a x  T . R o g e r s  a n d  T . L. B r o w n 1

K e d z ie  C h em ica l L a b o r a to r y , M ic h ig a n  S ta te  U n iv er s ity ,
E a st  L a n s in g , M ic h ig a n

R eceiv ed  S ep tem b er  7 , 1 9 5 6

The only electric moment measurement re
ported for an organolithium compound is the value
0.97 D. computed for n-butyllithium by Rogers and 
Young2 from the measured dielectric constants of a 
series of solutions of n-butyllithium in benzene. 
They assumed that the compound was a monomer 
but it is now known that these compounds are 
polymerized in benzene solution.3 In view of the 
interest in the carbon-lithium bond moment, and

(1) DuPont Teaching Fellow, Michigan State University 1955- 
1956; Noyes Chemical Laboratory, University of Illinois, Urbana, 
Illinois.

(2) M. T. Rogers and A, Young, J . A m . C h em . S o c ., 68, 2748 
(1946).

(3) E. Warhurst, D is c .  F a ra d a y  S o c ., 2, 239 (1947).
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in the nature of the polymer in solution, it seemed 
desirable to make measurements on another al
kyl-lithium compound. We report here some meas
urements on ethyllithium, a substance which can 
be isolated as a pure crystalline material. The de
gree of polymerization in benzene is available.

Experimental
Materials.— Crystalline ethyllithium of at least 9 9 %  

purity was used. The preparation and methods of analysis 
have been described elsewhere.4 A series of solutions of this 
material in benzene were prepared in an atmosphere of dry, 
oxygen-free nitrogen. The concentrations were measured 
by direct titration of an aliquot with standard acid after the 
material had been decomposed with water.

Benzene was purified by a single fractional-freezing step 
followed by distillation over calcium hydride, d254 0.87356; 
it was stored over sodium wire.

Apparatus and M ethod.— The densities and dielectric 
constants of the solutions were measured by use of appara
tus described elsewhere.6 The dielectric constant cell was 
made of nickel with Teflon insulation and had a replaceable 
capacitance of 84.4  /¿/¿farads. From the dielectric con
stants of three solutions of molalities 0.0779, 0.249 and 0 .347, 
a value of the molar polarization of ethyllithium of 26.9  
cm .3 was calculated for the monomer by the method of Hal- 
verstadt and Kumler. The constants of their equation 
were found to be a =  0 .78 , b =  0 .1225, eo =  2.2725 and 
«10 =  1.14530. The molar refraction of lithium ethyl was 
found to be 14.3 from measurements of the refractive indices 
and densities of the solutions. However, because the prob
able error in the measurements of refractive index was 
rather large we prefer to use a value of 11.5 cm .3 for the 
electronic polarization of lithium ethyl which is just the 
molar refraction calculated from atomic constants with the 
atomic refraction of lithium estimated at 1.5 cm .3. The 
electric moment, computed assuming a monomer, and 
making no correction for atomic polarization, is then 0.87  
D; for reasons discussed below this number has only formal 
significance.

Discussion
The average degree of association reported for 

ethyllithium in benzene, on the basis of freezing 
point depression measurements, is nearly six and 
appears to be independent of concentration in the 
range of concentrations employed here.4 If the 
monomer were highly polar and the polymer non
polar and there were an equilibrium between these 
species then the dielectric constants of the solu
tions would not be expected to be the linear func
tion of concentration which we observe; also, the 
infrared data indicate that the relative amount of 
monomer must be quite small even in the most di
lute solution run.4 If it is assumed that all the 
ethyllithium is present as hexamer the molar polari
zation of the hexamer would be 161.4 cm.3 and the 
sum of the atomic and orientation polarizations 
would be 90.6 cm.8. The atomic polarization, Pa, 
is unknown and may be rather large in a com
pound of this type with many low frequency 
stretching and bending modes. An approximate 
upper limit of 44 cm.8 may be placed on the 
atomic polarization of the hexamer by considera
tion of the values found by measurements on 
analogous compounds. The contribution of the 
C Li bending modes should be less than half the 
value of P a = 3.19 found for dimethylmercury6 
since there is only one carbon-metal bond in the 
former and the frequencies are lower. For the

(4) T. L. Brown and M. T. Rogers, unpublished results.
(5) M. T. Rogers, J. Am. Chem. Soc., 77, 3681 (1955).
(6) E. Bergmann and W. Schütz, Z. physilc. Chem., B19, 401 

(1932).

hexamer then the contribution of the C-Li bending 
modes to Pa should be less than 19 cm. (assuming, 
at most, two lithium-carbon bonds per lithium 
atom). The skeletal modes of vibration in the 
polymer would surely contribute less to P a than 
the value Pa = 25 cm.3 observed for beryllium 
acetoacetonate in which there are two non-planar 
six-membered rings.

The minimum orientation polarization for the 
hexamer would then be estimated at 46.6 cm.3 and 
the minimum dipole moment would be 1.50 D.

Our present knowledge of these systems sug
gests that n-butyllithin m is probably also best rep
resented as a hexamer in benzene solution. Recal
culating the data of Rogers and Young on this as
sumption and assigning a maximum value of 50 
cm.3 to the atomic polarization, the electric moment 
of the hexamer of n-butyllithium would be 1.43 D.

It is interesting that the electric moment of the 
associated species is about 1.4-1.5 D for both n- 
butyl- and ethyllithium. Since nothing is known of 
the configuration of this species the calculation of 
C-Li bond moment made by Rogers and Young is 
scarcely justified.

THE EXCHANGE REACTION BETWEEN 
TIN  (IV) CHLORIDE AND TIN  (II) CHLORIDE 

IN ABSOLUTE METHANOL
B y  E . G e r a l d  M e y e r  a n d  M i t c h e l l  A. M e l n i c k 1

Department of Chemistry, New Mexico Highlands University, Las Vegas, 
New Mexico

Received October 8, 1956

Previous investigations of the exchange between 
Sn(IV) and Sn(II) in absolute ethanol2 and in 10 F 
hydrochloric acid3 solutions have produced rate of 
exchange equations, R — 1.4 X  1013 e~izrm/RT 
(SnCl2) (SnCh), and R = 7.5 X 105 e- w-m'RT 
(Sn II) (Sn IV) where R is in units of moles liter-1 
sec.-1. From these equations molar activation en
tropy values of —0.4 and —50 e.u. are obtained. 
Due to the considerable divergence of these rate 
equations it seemed appropriate to run the ex
change in absolute methanol.

Experimental
The radioactivity employed was 1.1 day Sn121 prepared 

and used as described in the earlier work.2 The chemicals 
used were also the same -with the addition of absolute meth
anol which was Baker C .p . Analyzed. The methanol was 
stored over Drierite, and deoxygenated with oxygen-free, 
dried nitrogen gas.

The irradiated sample of SnCh was distilled into dried, 
oxygen-free methanol discarding the first third and last- 
third of distillate and keeping the entire system closed and 
moisture free. The SnCfi was then dissolved in treated 
methanol using a nitrogen-filled dry-box. Aliquots of each 
solution were analyzed, the Sn(IV) gravimetrically by pre
cipitation with phenylarsonic acid4 and the Sn(II) iodimet- 1 2 3 4

(1) (a) A portion of this work is abstracted from the thesis of
Mitchell A. Melnick submitted in partial fulfillment of the require
ments for the M.S. decree, New Mexico Highlands University, Septem
ber, 1955. (b) Los Alamos Scientific Laboratory, Los Alamos, New
Mexico, (c) Presented in part before the Division of Physical and 
Inorganic Chemistry, 129th Meeting of the American Chemical So
ciety, Dallas, Texas, April, 1956.

(2) E. G. Meyer and M. Kahn, J. Am. Chem. Soc., 73, 4950 (1951).
(3) C. I. Browne, R. P. Craig and N. Davidson, ibid., 73, 1946 

(1951).
(4) S. Knapper, K. A. Craig and G. C. Chandlee, ibid., 55, 3945 

(1933).
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Fig. 1.— Semi-logarithmic plot of (1-fraction exchange) 
against time for runs 33.1°.

Fig. 2.— Semi-logarithmic plot of (1-fraction exchange) 
against time for runs 40.5°.

Time, hours.
Fig. 3.— Semi-logarithmic plot of (1-fraction exchange) 

against time for runs 47.2°.

rically. The solutions were then placed in a thermostated 
bath ( ± 0 .1 ° )  to bring them to the reaction temperature. 
A t all times an atmosphere of nitrogen was kept over the 
solution surfaces.

A t a predetermined time the active SnCl4 solution was 
mixed with the SnCh solution and an aliquot taken for Sn- 
(II) analysis. Additional aliquots were taken at specific 
time intervals: one such aliquot being analyzed for Sn(II) 
and a second being subjected to the S n (IV )-Sn (II) separa
tion _ procedure. The separation was accomplished by pi
petting the exchange mixture aliquot into a nitrogen-filled 
test-tube containing an excess of powdered oxalic acid. A  
precipitate of stannous oxalate was thus formed which was 
separated by centrifugation along with the unreacted oxalic 
acid. The precipitate was washed twice with methanol to 
remove SnCU and then dissolved in hydrochloric acid. The 
Sn(II) was oxidized with an excess of iodine solution which 
was then back-titrated with sodium thiosulfate, and pre

cipitated with phenylarsonic acid.4 The precipitate was 
then ignited to SnC>2, weighed and transferred to a 1 in. 
diameter filter circle which was placed in the center of a 2.5  
in. X  3 .5  in. aluminum plate. The oxide was spread evenly 
over the filter circle and covered with a gummed label hav
ing a 1 in. diameter cellophane window. The sample was 
counted with a methane proportional counter so that the 
counting error was less than 1 % . The sample size and 
specific activity were regulated so that no self absorption 
or coincidence corrections were necessary. An appropriate 
aliquot was taken from each run and oxidized without sepa
ration of the species. This sample was precipitated and 
mounted as described above, and counted to determine the 
equilibrium activity.

Results
As shown in Table I, a series of runs were made 

at 33.1,40.5 and 47.2°. In each of these theSn(IV) 
and Sn(II) concentrations were varied, and the 
values of ln(l — F) were plotted against time in ac
cordance with the well-known first-order exchange 
law

i n _  -  flUSnCh) +  (SnCI2))
U  1 (SnCl4)(SnCl2)

where (SnCl2) =  total concentration (active +  in
active) of SnCl2 in moles per liter; (SnCU) =  total 
concentration (active +  inactive) of SnCU in 
moles per liter; F =  fraction exchanged at time, t, 
=  specific activity of stannous chloride at time, t, 
divided by the equilibrium specific activity of 
stannous chloride (specific activity of stannous 
chloride at time, t =  ) where the specific activity
of stannous chloride =  0 at time, t =  0. R is the 
actual rate at which the exchange of tin atoms be
tween SnCl2 and SnCU takes place. For any one 
experiment, R will be constant because (SnCl2) and 
(SnC'U) are constant.

T a b l e  I

B asic  D a t a  o f  A l l  E x c h a n g e s  
Total

Sn(IV) Sn(II) Sn Half K,
Temp., molar molar molar times, mole 1 Av.

°C. concn. concn. concn. hr. 1. h r."1 K
33.1— 1 0.0523 0.0523 0.1046 26.0 0.255

2 .0865 .0822 .1687 16.0 .257
3 .0979 . 0464 . 1443 18.7 .257
4 .1345 .0958 . 2303 11.8 .255 0.256

40.5— 1 . 0453 .0307 .0760 16.2 .563
2 .0638 .0242 ' .0880 13.8 .568
3 .0510 .0527 . 1037 11.9 .566
4 .0838 .0416 .1254 9.8 .564 0.565

47.2— l a .0315 .0444 .0759 7.8 1.171
2 .0491 .0451 .0942 6.4 1.149
3 .0845 .0493 .1338 4.5 1.151
4 .1056 .0634 .1690 3.6 1.139 1.156

° Run with small hollow glass rods to demonstrate the 
absence of heterogeneous catalysis.

The graphs thus produced are shown in Figs. 1, 
2 and 3. The half-times of exchange obtained 
from these graphs were then plotted against the 
reciprocal of the total tin concentration as shown in 
Fig. 4. The straight lines thus obtained indicate 
that the rate of exchange is first order with respect 
to the concentrations of Sn(II) and Sn(IV) at each 
of the three temperatures investigated. From the 
slopes of the three lines of Fig. 4 the velocity con
stant was determined at each temperature. A 
semi-logarithmic plot of these velocity constants vs. 
l/T as shown in Fig. 5 yielded a straight line from 
whose slope an activation energy of 20.9 kcal. was
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l /[(S n C l2) +  (SnCl,)], moles -1 1.
Fig. 4.— Effect of total tin concentration on the half-time of 

the exchange.

Fig. 5.— The temperature dependence of the exchange 
reaction.

calculated. An over-all rate of exchange equation 
ft =  5.5 X 1010 e-2°,»/^(gnCh)(SnC]2) mole 
liter-1 sec.-1 was obtained which is valid within 
the indicated concentration and temperature 
ranges. The molar activation entropy calculated 
from this equation is —11.5 e.u. It is estimated 
that the data are accurate to ± 2 % . The principal 
sources of error are the uncertainty in the solution 
concentrations (ca. ± 1 % ), the uncertainty in the 
counting sample weights (ca. ±0.5% ), and the sta
tistical fluctuation in the counting rate (ca. ±  0.5%).

Acknowledgment.—The authors wish to thank 
the Research Corporation for financial support, 
and the water-boiler reactor group of the Los 
Alamos Scientific Laboratory for irradiating the 
SnCI4 samples.

TLIE INTERACTION OF IRON (II) BROMIDE 
AND W ATER
B y  N . W . G b e g o r y

Department of Chemistry, University of Washington, Seattle, 
Washington

Received September 10, 1956

During studies on the iron-bromine system, it

became necessary to investigate the interaction of 
water with FeBr2 in the temperature range 25- 
400°. Equilibrium water vapor pressures charac
terizing the decomposition of FeBr2-lI20, FeBr2-  
2H20  and FeBr2-4H20, respectively, have been 
measured and X-ray powder patterns obtained 
from the solid phases participating in the equilibria. 
In the absence of oxygen, appreciable amounts of 
HBr were not observed in the vapor phase over the 
entire temperature range.

Equilibrium pressures are shown in Fig. 1. At 
least four independent samples were used to estab
lish each curve. From 0.2 to 0.8 g. of anhydrous

T

Fig. 1.— Equilibrium water vapor pressure over FeBr2 and 
its hj'drates.

FeBr2, prepared by reaction of bromine with A.R. 
iron wire, was initially sublimed under high vac
uum, either directly into the Pyrex equilibrium 
vessel, volume ca. 20 ml., or subsequently trans
ferred into the vessel in a dry-box. Water vapor was 
then admitted and equilibrium pressures, usually 
established within 30 minutes or less, measured 
in one of three ways: below 20 mm., the vapor 
phase was allowed to come into direct contact with 
a mercury manometer at room temperature; at 
higher pressures, a glass diaphragm gage1 (lines 1 
and 2) or alternately (lines 3, 4,5) a mercury U-tube 
extending to the opening of the electric furnace was 
placed between the sample and manometer to pre
vent condensation of water vapor. Pressures were 
read with an uncertainty of ±0.5 mm.; tempera
tures were controlled to ±0.7°. No change in to
tal moles of vapor with temperature could be de
tected in diaphragm gage measurements above the 
region of hydrate formation (200-400°); neither 
were appreciable amounts of HBr released on de
composition of the hydrates at lower temperatures. 
Water collected from complete dehydration of a

(1 ) For design see R .  O . MacLaren and N. W. Gregory, T h is  
J o u r n a l , 59, 1 8 4  ( 1 9 5 5 ) .
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solution of FeBr2-4H20  (volume ca. 1 ml.) was found 
to have pH ca. 3. Sublimation of the remaining an
hydrous FeBr2 left only a trace of oxide residue. If 
air is not rigorously excluded during the hydration, 
however, significant amounts of FeO are formed in 
this treatment.

Formulas of the hydrates were ascertained from 
data shown in Fig. 2. In two series of measure
ments known amounts of water, determined by 
measuring the volume of liquid removed from a 
calibrated 2-mm. capillary tube, were added to 
known amounts of FeBr2. The results are shown 
by plotting the temperature at which the pressure of 
water vapor is 10 mm. as a function of the ratio of 
moles of water to FeBr2. Aliquots of water were 
added until the sample had dissolved completely; 
the equilibrium points were measured again during 
dehydration. The mono- and dihydrates are 
white; the tetrahydrate is a light green.

100 3 o eo 
e e  o ©

ecoe eo

coee cdqQ) &

o o o e

1 _1_ _L _

moles HgO 
mclas FeBr^

Fig. 2.— Tempsratures at which hydrate decomposition 
pressures are 10 mm. Points indicated by 0 correspond to 
measurements made after successive additions of aliquots 
of water; those by O at various stages of dehydration.

An interesting problem arose in the study of the 
first stage of the hydration. With the addition of 
small amounts of water to anhydrous FeBr2 pre
pared by vacuum sublimation at 475° (crystals 
formed in the sublimation have a Cd(OH)2 type 
structure2 with the halogen atoms in a hexagonal 
close-packed array (HCP) and with dimensions of 
the order of one mm.) apparent equilibrium pres
sures lying on line 2 (Fig. 1) were observed in both 
direct and diaphragm gage measurements. In the 
latter, a sequence of measurements up to 180° 
made during a two-day period gave pressures mu
tually consistent for ascending and descending tem
peratures. However, when a limited amount of 
water vapor was left in contact with the FeBr2 at 
100° for several weeks, a slow change of pressure 
from line 2 to line 1 was observed. If the FeBr2 is 
converted completely to mono-hydrate (or higher 
hydrates) by addition of sufficient water (the reac
tion occurs quite rapidly at lower temperatures) sub
sequent study of the dehydration and rehydration 
equilibrium always gave pressures falling on line 1.

Hence only line 1 has been assumed to give an 
equilibrium relationship between the monohydrate 
and anhydrous forms. However, the anhydrous 
phase participating in this equilibrium is found to 
have a crystal structure somewhat different from 
that of the starting material. X-Ray powder 
patterns (Fig. 3) of FeBr2, formed by dehydration 
of the monohydrate at ca. 110°, show layers of bro
mine atoms packed in a random fashion instead of 
the HCP arrangement characteristic of the original 
crystals. (This modification of structure has also 
been observed on similar treatment of FeCl2.2) 
In addition the random packed material appears to 
be finely divided and consequently to have a 
greater surface area than the starting material.

FeBr2 (R)

i 1 . ______________

1

FeBr2 (HCP)

II I 1 1 i ll 1 1 1

1 [
j ! I FeBrx-H.O

III II  I I I  1

U ¡1 1 1 1

I FeBr2-2H O 

1 1 1

L _____

1 1 

FeBr^ 4 H£0

1 1 l i n i  M__ Lj___u ____________t________________-------------------------------- 1 I—I------------- p— I— I I I II 1_! ------------------------| 
0  10 20 30 40

e.

Fig. 3.— Powder patterns of FeBr. and its hydrates.

If these changes are responsible for the shift in 
equilibrium pressures from line 2 to line 1, the an
hydrous phase must be thermodynamically less 
stable than the starting material (since the H20  
pressures are lower) and its formation attributed to 
kinetic factors. The vapor pressure of FeBr2 in the 
vicinity of 100° is not sufficient to facilitate crystal 
growth (v.p. ca. 2 X 10~6 mm. at 350°3) ; hence the 
random structure, if formed by the dehydration, 
could not easily change to the ordered form by a 
vaporization mechanism. On this basis lines 1 and 
2 might serve to relate thermodynamic properties of 
the ordered- and random-packed phases; however, 
the structural and concomitant crystal size effects 
cannot be separated from the present information 
alone.

Alternately, changes in the monohydrate phase 
may be largely respbnsible for the observed shift 
although no other evidence was observed to support 
this. Water pressures above the mono- and dihy
drates did not show irregularities; also once the 
random form of FeBr2 had been prepared, equilib
rium pressures throughout its hydration were 
found to fall on line 1.

The data summarized in Fig. 1 lead to the rela
tionships

( 2 )  R .  O .  MacLaren and N. W .  Gregory, J. Am. Chem. Soc., 76, ( 3 )  R .  O .  MacLaren and N, W .  Gregory, Tins J o u r n a l , 59, 1 8 4
5 8 7 4  ( 1 9 5 4 ) .  ( 1 9 5 5 ) .
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Equilibrium A F c
(temp, range studied)

FeBr2-H20 (s )  =  FeBr2(R .P „ s) +  H 20 (g )  (90 -160°)
F eB iy2H 20 (s )  =  FeBr2 H 20 (s )  +  H 20 (g )  (70 -1 50 °)
V 2FeBi'2-4H20 (s )  =  7 2FeBr2-2H20 (s )  +  H 20 (g )  (3 5 -9 2 °)
Vapor pressure of water above a satd. soln. of FeBr24 I I 20  (2 0 -8 1 °)

= AH ° -  7’AN° = -  RT In
(cal./mole)

A F° =  15250 - 32. IT
AF° =  13460 - 29.72'
AF0 =  13070 - 32.4 T
A  F ° =  10400 - 26.12’

Line
( i )

( 3 )
(4)
(5)

An uncertainty of ±400 cal. in AH° and of ± 1  e.u. 
in AS° is estimated. Calculation of absolute ther
modynamic properties of the hydrates must await 
determination of the relationship of the random 
and HCP packed forms of FeBr2; standard values 
are available only for the latter.

The two levels seen in Fig. 2 (at 102 and 95°) in 
the region of mono-hydrate formation correspond to 
lines 1 and 2, respectively, in Fig. 1. No evidence to 
indicate existence of hydrates with less than one 
mole of water for each mole of FeBr2 was observed. 
With the mole ratio of H20/FeB r2 between five and 
six, liquid became visible in the system at 25°. The 
actual solubility limit was not determined. The 
existence of higher hydrates at lower temperatures 
has been reported.4 The heat of vaporization of 
water from the saturated solution corresponds to 
that of pure water within limits of the rather large 
experimental error.

Nearly pure samples of each hydrate phase were 
prepared and placed in Pyrex capillary tubes. X - 
Ray powder patterns were obtained using Cu Ka- 
(X =  1.542) radiation. Values of the Bragg angle 
theta are shown for the principal reflections in Fig. 
3, along with those observed for the two anhydrous 
phases, HCP and RP. Relative intensities, esti
mated visually, are indicated by the heights of the 
lines. Cell dimensions for the random packed 
structure were not materially different from those 
previously reported for the HCP structure.2

This work was supported in part by the Office of 
Ordnance Research, U. S. Army.

(4) F. Schimmel, Ber., 62, 963 (1929).

LIGHT SCATTERING MEASUREMENTS ON 
A FRACTIONATED NON-IONIC 

DETERGENT
B y L. M . K u s h n e r , W . D. H u b b a r d  a n d  A. S. D o a n

S u rfa ce  C h em is try  S ec tio n , N a tio n a l B u re a u  o f  S tan d ard s, W a sh in g to n  
2 5 , D .  C .

R ece iv ed  S ep tem b er  IS , 1 95 6

In an earlier publication1 the results of visco
metric and turbidimetric measurements on dilute 
aqueous solutions of the non-ionic detergent, 
Triton X-100, were presented. At that time it was 
pointed out that, in contrast to the ionic types of 
detergents, there was no well defined critical 
micelle concentration apparent from the turbid
ity data. Instead, in the concentration range 
from 0 to 0.3 g./dl. of Triton X-100, there is a 
gradual increase in the fraction of added detergent 
forming micelles. At concentrations higher than 
about 0.3 g ./d l, virtually all of each increment of 
detergent added to the solution becomes micellar.

An explanation for this behavior was presented 
in terms of the distribution of polycther chain

(1) L. M. Kushner and W. D . Hubbard, T ins J o u r n a l , 58, 1163 
(1954).

lengths that must necessarily occur in a material 
such as Triton X-100, which is prepared by a poly
condensation reaction. Those molecules in the 
sample having short polyether chains would be ex
pected to undergo micelle formation at lower con
centrations than those having the longer chain 
lengths. Even if each molecular species had a 
sharp critical micelle concentration, the net result 
would be the gradual appearance of micelles, as 
observed, rather than a single, well-defined critical 
micelle concentration. This does not mean that 
above a concentration of about 0.3 g./dl. of Triton 
X-100, each micelle is composed of molecules all 
having the same length of polyether chain, since 
it must be remembered that a dynamic equilibrium 
exists among all of the molecular and micellar 
species in the solution.

In order to provide additional data pertinent to 
the question of micelle formation in non-ionic de
tergent solutions, a sample of Triton X-100 was 
fractionated by molecular distillation and tur
bidity measurements were made on aqueous 
solutions of two water-soluble fractions.

Experimental
Materials.— The sample of Triton X -100  which was frac

tionated was from a different batch than that used in our 
earlier work.1 However, since measurements of turbidity as 
a function of concentration for the two samples were iden
tical within the limits of experimental error, it was assumed 
that they are virtually identical in composition and the two 
sets of data were combined. According to the manufac
turer (Pcohm and Haas Compaiw, Philadelphia, P a.), 
Triton X -100  is the product of the condensation of a highly 
branched octyl phenol and ethylene oxide. Its formula 
can be represented by

C H 3C (C H 3)2C H 2C (C H i)2C6H.i0 (C H 2C H 20 )„H

where the average value of n is close to 10
Distillation.— The separation of the sample into fractions 

was performed with a molecular still similar to that de
scribed by Matalon and Smith.2 The still was operated 
at a pressure of about 10_4 m m . The first step was to split 
the sample into two fractions, one distilling below 200° and 
the other between 200 and 220°. The low boiling fraction 
was insoluble in water. The high boiling fraction dissolved 
to give clear solutions. Each of these fractions was then 
re-introduced into the still and split into a high- and a low- 
boiling sub-fraction. In each case, the low-boiling sub- 
fraction was insoluble in water at room temperature but the 
high boiling sub-fraction dissolved to give a clear solution. 
The two soluble sub-fractions were used for the subsequent 
measurements. Measurements of freezing point depression 
in benzene indicated that n —  12 for the higher boiling of the 
two soluble sub-fractions and n —  8 for the lower boiling 
soluble sul¡-fraction.

Recombination of the fractions obtained in any one of the 
distillations always gave a substance whose solubility char
acteristics were the same as those of the starting material for 
that distillation. This leads one to conclude that the dis
tillation procedure did not involve significant amounts of 
degradation or other changes in the samples.

M easurements.— Turbidity and differential refractive 
index measurements were made at 25° and at 436 m/o as 
previously described.1

(2) R. Matalon and C. C. Smith, Nature, 165, 613 (1950).
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Fig. 1.— The dependence of turbidity on concentration 
for unfractionated Triton X -100  (U ), for a high- (H ), and 
for a low-boiling (L) fraction derived from it.

C O N C E N T R A T I O N  ( g / m L x l O 2 ).

Fig. 2.— The dependence of H ( c/t ) on c for Triton X -100  
and for two fractions derived from it. U , H  and L desig
nate the unfractionated detergent, and high- and the low- 
boiling fractions, respectively.

Results and Discussion
In Fig. 1 is shown the dependence of turbidity 

on concentration for the unfractionated detergent 
U, the high-boiling soluble sub-fraction H, and the 
low-boiling soluble sub-fraction L. At any given 
concentration L has the highest turbidity and H 
the lowest.

In Fig. 2, the data have been plotted according 
to the method of Debye.3 H is the usual light

(3} P. Debye, Ann. N. Y. Acad. Sci., 51, Art. 4, 575 (1949).

scattering constant. The quantity c is concentra
tion of detergent in g./ml. and t  is the turbidity 
of the solution minus that of the solvent. For a 
solution of colloidal particles whose size distribu
tion is independent of concentration, a straight 
line should result. The intercept at c =  0 is the 
reciprocal of the weight average molecular weight 
of the particles.
T  For each sample, it is clear that below a concen
tration of about 0.3 to 0.4 g./dl. (Fig. 2), the mean 
degree of association of the detergent is a ra.pidly 
changing function of the concentration. Under the 
circumstances it is not possible to determine un
equivocally the molecular weight of the detergent 
micelles. However, by a procedure previously dis
cussed,1 it is possible to reduce the data so that 
straight lines are obtained and the following micel
lar weights calculated:

Sample Micellar wt.
L 208,000
u 90,000
H 53,500

Because the extrapolation by which they were ob
tained was not to infinite dilution of micelles, the 
percentage error in each micellar weight is about 
5-10%. This is larger than is ordinarily the case 
with light scattering measurements; however, the 
substantial differences between the micellar weights 
of the samples are greater than can be accounted 
for by experimental and other errors.

It is of interest to compare these experimental 
results with a theory for non-ionic detergent mi
celles recently presented by Reich.4 From con
siderations of the change of interfacial energy in
volved in the aggregation of N detergent mole
cules into a micelle and the entropy change ac
companying the association process, Reich is able 
to calculate the size distribution of the micelles as 
a function of the concentration of monomeric 
detergent. His conclusions are (1) the formation of 
micelles of non-ionic detergents occurs at a sharp 
critical micelle concentration, (2) for a given hydro- 
phobic group, the critical micelle concentration 
should increase with increasing length of the hydro
philic chain, and (3) the most probable number of 
detergent molecules/micelle depends on the ratio 
S/A, where A is the total area of the hydrocarbon 
portion of the molecule and S is that portion of 
A that is covered by the polar group.

The data shown in Fig. 1 do not indicate a 
sharper critical micelle concentration for either 
of the fractions than for the unfractionated sample. 
This may be due to insufficient resolution of the 
fractions in the two distillations, although the dif
ference between sub-fractions L and H is substantial 
as shown in Figs. 1 and 2. In Reich’s theory, 
however, the sharpness with which micelles appear 
is markedly dependent on the values assigned to the 
entropy and energy change associated with micelle 
formation. His assignment of a high negative 
value ( —20/c) for the entropy change is probably 
unwarranted since it is based primarily on con
siderations of the heat of vaporization of dodecane 
and neglects the positive contribution to the total

( 4 )  I .  Reich, T h i s  J o u r n a l , 60, 2 5 7  ( 1 9 5 6 ) .
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entropy change which results from the uncurling 
of the hydrocarbon portion of the detergent mole
cule when it enters a micelle. Choice of a smaller 
value for the entropy change would reduce the 
predicted sharpness of micelle formation.

Although no critical micelle concentrations were 
observed in this work, the data in Fig. 2 suggest 
that a mean micelle size which is concentration 
independent is achieved at a lower concentration 
with sample L than with the unfractionated deter
gent or fraction H. This is expected on the basis of 
solubility considerations and is predicted by Reich.

The very large difference between the micelle 
weights for fractions L and Ii is surprising, and 
shows that the ratio S/A, which should be identi
cal for the two fractions and the unfractionated 
sample, is not the primary factor determining the 
most probable size of a stable micelle. The higher 
micelle weight for the lower molecular weight frac
tion shows that the mean degree of association in
creases as the hydrophilic group is shortened. 
The micelles formed by L contain at least four times 
as many detergent molecules as those formed by 
sub-fraction H. Such a large difference, if the 
hydrocarbon portions of the molecule are identical 
in the two fractions, probably reflects a different 
type of packing and micelle shape.

THE CHEMICAL REACTIONS OF CALCIUM 
HYDROXIDE, SILICA AND WATER M IX 

TURES AT 82°
B y  S i d n e y  A. G r e e n b e r g 1

Johns-ManviUe Research Center, Manville, New Jersey 
Received September 17, 1956

The chemical reaction of calcium hydroxide with 
colloidal silicas in the presence of excess water was 
investigated by examining periodically the liquid 
and solid phases during the course of the reaction. 
Electrical conductivity and pH measurements were 
used to follow the changes in composition of the 
liquid phases. The formation of the solid products 
was studied by differential thermal analysis (DTA), 
surface area, weight loss and X-ray techniques.

Experimental
Materials.— The Mallinckrodt S p .B ., S .L . and aerogel 

silicas have been described.2 The diatomaceous silica D .S . 
(Celite 403, Johns-Manville Corp.) was mined at Lompoc, 
Calif. Both Baker A .R . calcium hydroxide and some pre
pared from Mallinckrodt S .L . calcium carbonate were used.

Equipment.— M ost of the apparatus'Las been described.2 
The differential thermal analysis equipment is essentially 
like one in the laboratory of Professor P . Kerr at Columbia 
University.3

Procedure.— In each experimentT25 'gToffcalcium  hy
droxide was allowed to react with an equimolar quantity of 
SiOj in 800 m l. of water at 8 2 °. Samples were removed 
periodically and the phases were separated by filtration.

Results and Conclusions
Liquid Phases.— After 20 minutes of reaction 

the pH values of the solutions were between 12.1
(1) Chemistry Department, Seton Hall University, South Orange« 

New Jersey.
(2) S. A. Greenberg, T h is  J o u r n a l , 58, 362 (1954); 60, 325 (1956).
(3) P. Kerr, et al., Preliminary Reports, Reference Clay Minerals, 

American Petroleum Institute, Research Project 49, Columbia Uni
versity, New York, N. Y,, 1951.

and 12.3 and remained at this level for the greater 
part of the reaction period. The conductivity of 
the solution containing Sp.B. silica decreased from
3.0 to 1.3 X 10-3 ohms-1 in four hours. In con
trast the solution with S.L. silica showed a small 
increase from 3.8 to 4.3 X 10-s ohms-1 in agree
ment with the pH measurements. The electrical 
conductance of the solution with D.S. fluctuated 
between 4.0 and 5.8 X 10-3 ohms-1 during the 
course of the reaction. Essentially, therefore, most 
of the reaction proceeds in a saturated solution of 
calcium hydroxide.2

Solid Phases.—The DTA curves showed endo
thermic peaks at 490° for the decomposition of 
calcium hydroxide and at 825° exothermic peaks 
were found which correspond to the conversion to 
/3-wollastonite of tobermorite.2’4 The peak heights 
at 490° decrease with reaction time for samples con
taining S.L. and D.S. silicas; however, only a very 
small peak was found for the sample with Sp.B. sil
ica after 20 minutes of reaction. The peak heights 
at 825° increased rapidly with reaction time for the
S.L. and Sp.B. samples, and somewhat less rapidly 
for the mixture with D.S. silica, but after 3 hours of 
reaction all the peaks reached the same height. 
There is a rapid rise in surface area for the mixture 
with D.S. silica from 15 to 78 sq.m./g. in 210 min
utes. In Table I the surface area of products af
ter 3 to 4 hours of reaction are listed.

T a b l e  I

Silica type
Surface areas, 
sq. m ./g. SÌO2

Reaction 
time, hr.

Surface areas, 
sq. m ./g. Bample

S.L. 750 4 61
Sp. B. 383 3 54
D .S. 22 3 61
Aerogel 247 3 45

The 1000° weight losses of the solid phases ini
tially dried at 115° decrease with reaction time and 
level off at 12.5 to 13.8% (g. loss/100 g. ignited 
sample) after two hours of reaction. After 45 min
utes of reaction the X-ray patterns of the mixtures 
with S.L. and Sp.B. silicas showed evidence for the 
presence of tobermorite in lines at 3.05 and 1.82 A .4 
No such lines were found in the pattern of the sam
ple containing D.S. silica.

Conclusions.— The reactions rates are different 
but are not necessarily proportional to the surface 
areas of the silicas. (It should be noted that the 
absolute rate of reaction is slower for these large 
crystallite size, chemicallv-pure, calcium hydroxides 
than for fine-particle size, commercial grade 
limes.6) Although the products show essentially 
the same surface areas (Table I), those with D.S. or 
Sp. B. silicas are thixotropic gels,6 but high surface 
area, S.L. silica does not form such a gel. It is clear 
that tobermorite forms immediately on reaction. 
Both the thixotropic behavior and electron micros
copy6 indicate that the products are plate-like crys
tals. Although it is difficult to propose a complete 
mechanism, nevertheless because of the insolubility 
of calcium silicate in the presence of excesss calcium

(4) H. F. M. Taylor, J. Chem. See., 3682 (1950); 163 (1953).
(5) S. A. Greenberg, unpublished results.
(6) A. Grudemo, in article by J. D. Bernal, “ The Structures of Ce

ment Hydration Compound,”  Prceeedings of the Third International 
Symposium on the Chemistry of Cement, London, 1952.
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hydroxide,1 2 it seems reasonable to assume that re
action of colloidal silica with calcium hydroxide so
lutions must occur in situ and not in solution. (The 
same kind of reaction would be expected for the hy
drolysis of tricalcium silicate.) According to this 
hypothesis calcium hydroxide would first be chemi
sorbed by silica, then in the presence of the Ca++ 
and OH -  ions and water, which would diffuse into 
the silica structure, hydrolysis of SiOSi bonds re
sults (pH 12.3 ±  0.2) and simultaneously the Si04 
tetrahedra reorient into the tobermorite structure.
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THE CRITICAL PRESSURE AND TEM PERA
TURE OF DIM ETHYL OXALATE

By S. A l e x a n d e r  S ter n  an d  W e b s t e r  B. K a y

Department of Chemical Engineering, The Ohio State University, Colum
bus, Ohio

Received October 10, 1956

The critical pressure and temperature of dimethyl 
oxalate, (COOCH3)2, are reported in the Interna
tiona] Critical Tables1 as9.48atmospheresand260°, 
respectively, based on older experimental data.2’3 
A critical pressure of 9.48 atmospheres appears 
abnormally low for this compound when compared 
with that of other esters of organic acids. Conse
quently, it was decided to measure the critical con
stants of dimethyl oxalate in order to determine 
whether the low value reported for the critical 
pressure is in error or whether it represents a possi
ble anomalous behavior.

Experimental
Eastman Kodak Co. research grade dimethyl oxalate 

was fractionally crystallized from ethyl alcohol five times. 
The purified fraction was then degassed under high vacuum  
(less than 1 X  10“ 5 m m .) and a portion was distilled into 
the experimental tube, and was frozen, and the remainder 
of the tube filled with mercury preparatory to the deter
mination of the critical constants.

The experimental method for the determination of the 
critical constants consisted essentially in the determination 
of the temperature at which the liquid-vapor interface 
disappeared when the sample was heated. The apparatus 
has been described elsewhere.4

Dimethyl oxalate was found to be thermally unstable 
above 200 ), decomposing to form a dark colored liquid and a 
relatively insoluble gas. It was necessary therefore to raise 
the temperature of the sample rapidly to the critical tem
perature in order to minimize the effect'of the decomposition 
products on the value of the critical constants. While this 
procedure results in a fair approximation of the critical tem
perature, the pressure observed is considerably higher than 
the true critical pressure because of the presence of the 
gaseous decomposition product. '■

To obtain a value of the pressure consistent with the ex
perimental critical temperature the critical pressure was 
calculated from a Clausius-Clapeyron vapor pressure equa
tion of the form log P =  A — B /T  established at lower tem-

(1) “ International Critical Tables,“ Vol. I ll , McGraw-Hill Book 
Co., New York, N. Y., 1928, p. 248.

(2) H. V. Régnault, Mem. Acad. Boy. Sci., 26, 335 (18G2).
(3) ¥. Wegnr, Ann., 221, 61 (1883).
(4) W; S, Kay and G, M, Ramboirk, inti, tiny. (7hem., 45, 221

(1038).

peraturss. Such a procedure is justified, as the above equa
tion is known to fit the vapor pressure data of a large num
ber of substances reasonably well up to the critical point, 
even though the basic assumptions usually made in its 
derivation are not valid over so extensive a range.5 While 
of a lower order of accuracy, the above method is ca
pable of bracketing the values of the critical constants 
within reasonable limits.

Results
In order to evaluate the constants, “ A ”  and 

“B,”  of the equation log P = A — B/T, the follow
ing vapor pressure data were obtained for dimethyl 
oxalate.
Temp., °C . 163 .3  180 220 260
Pressure, atm. 1 .03  1 .56  3 .9 9  8 .8 7

The values of “ A ”  and “B ”  were calculated by 
the least-squares method and found to be 5.2240 
and 2280, respectively, when the pressure is given in 
atmospheres and the temperature in °K. The av
erage deviation of the vapor pressures computed by 
means of the equation from the experimental data is 
less than ± 3 % .

The critical temperature of dimethyl oxalate 
was observed to be 355 ±  7°, while the critical 
pressure, calculated by means of the vapor pressure 
equation as the pressure at the critical temperature, 
was estimated to be 39.3 ±  4 atm. The pressure 
observed at the critical temperature was 55.4 atm. 
indicating the presence of gaseous decomposition 
products.

Using the empirical methods for estimating criti
cal constants developed by Lyderson,6 the critical 
temperature and critical pressure of dimethyl oxa
late were calculated to be 366° and 39.4 atmos
pheres, respectively, in fair agreement with the val
ues reported here.

It is concluded, therefore, that the critical tem
perature and pressure previously reported for di
methyl oxalate are grossly in error.

(5) B. F. Dodge, “ Chemical Engineering Thermodynamics,”  1st 
Ed., McGraw-Hill Book Co., Inc., New York, N. Y., 1944, p. 248.

(6) O. A. Hougen, K. M. Watson and R. A. Ragatz, “ Chemical 
Process Principles,”  Vol. I, John Wiley and Sons, Inc., New York, 
N. Y., 1054, p. 87.

SHEAR DEPENDENCE OF VISCOSITY OF 
NATURAL RUBBER SOLUTIONS

By M o rto n  A. G o lu b

Contribution from the B. F. Goodrich Company Research Center, Brecks- 
ville, Ohio

Received October 19, 1956

In an earlier paper1 viscosity measurements on 
dilute Alfin polyisoprene solutions at quite low 
shear rates were reported. It was shown that the 
limiting slope of the intrinsic viscosity vs. rate of 
shear plot at low shear rates, (A[ri]/AD) d-+0, is 
proportional to the square of the zero shear intrin
sic viscosity [77 ]q2. This relationship suggested the 
possibility of using the slope of the (A [rfl/AD)d — o 
vs. [77 o2 plot as a  molecular weight-independent pa
rameter expressing the magnitude of the shear de
pendence of intrinsic viscosity, and thus as a possi
ble means for studying polymer microstructure, It

(1) Ms A» JouBNAii) 00, 431. (1956)»



was thought that polymers having different struc
tures would give rise to linear plots of the latter 
type, but with different slopes. To test this view, it 
was deemed desirable to extend viscosity measure
ments to another polyisoprene system, namely, 
natural rubber. This note describes the results 
obtained from viscosity measurements on Iievea 
fractions, and shows the comparative shear effects 
for both the natural cis and the predominantly trans 
Alfin polyisoprenes.

Experimental
The Hevea was a sample of pale crepe. The polymer was 

dissolved in benzene and the gel fraction extracted by filtra
tion through a fine wire screen. The soluble portion was 
then fractionated by the usual precipitation of polymer 
from benzene solution with methanol. The six highest 
fractions, varying in molecular weight from about one to 
four million (Table I), were employed. The natural rub
ber solutions were stabilized by incorporation of tetra- 
methylthiuram disulfide to the extent of 1 %  on poly
mer. Viscosity measurements were carried out on benzene 
solutions of polymer fractions at 25 ±  0.01° over the 
approximate shear range of 100 to 600 sec. ” 1 in the horizon
tal capillary viscometer previously described,1 following the 
same procedure as before.

T a b l e  I

March, 1957

M o le c u l a r  W e ig h ts  o p  H e v e a  F r actio n s
Fraction hi" Mol. v t. X 10-f

A 14.0 3.87
B 1 2 . 1 3.12
C 1 0 .8 2.70
D 9.2 2.25
E 8.4 1.95
F 5.8 1.07

Ü (Unfractd.) 8 . 8 2 . 1 0

Results and Discussion
Experimental curves of reduced viscosity vs. rate 

of shear were obtained for three concentrations of 
each of the various fractions, as well as for the un
fractionated polymer. Typical plots are shown in 
Fig. 1. From such graphs, isoshear plots of i?sp/c  
vs. c at various gradients were constructed, and 
these in turn were extrapolated to zero concentra
tion to give intrinsic viscosity at various rates of 
shear over the range considered. Figure 2 shows the 
shear dependence of intrinsic rdscosity for the vari
ous Hevea fractions. The slopes of these lines were 
then plotted against the squares of the zero shear 
intrinsic viscosities, as shown in Fig. 3, where they 
are seen to fall along the straight line obtained pre
viously for Alfin polyisoprene.1 Now, the all- 
m-l,4-polyisoprene structure of Hevea contrasts 
with the very high trans-1,4-structure of the Alfin 
polymer which also contains substantial pendant 
vinyl and isopropenyl groups.2 Thus, in spite of 
the known structural differences between the two 
polyisoprenes, the non-Newtonian behavior of their 
dilute solutions as represented by the suggested 
molecular weight-independent parameter is virtu
ally the same.

There is, however, one interesting qualitative 
difference between the shear effects for the two 
polymers. The slopes of the lines in Fig. 1 are all 
greater than corresponding ones for the Alfin poly
mers of roughly the same molecular weight and 
solution concentration. (Compare Fig. 1 of the

(2) W. S. Richardson and A. Sacher, J. Polymer Sci., 10, 353 (1953),
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Fig. 1.— Reduced viscosity vs. rate of shear for Hevea frac
tions of different molecular weight in benzene at 25°.

Fig. 2.— Shear dependence of intrinsic viscosity for various 
Hevea fractions in benzene.

present paper with Fig. 2 of ref. 1). This may be 
seen from Table II, although, fortuitously, no

T a b l e  II
S lopes  o f  T y p ic a l  V isc o sity - S h e a r  P lots fo r  V a r io u s

P olymers
/  Atjsp/c

Concn.  ̂ AD
Fraction Wo g./dl. (ijsp/i-Jo X 103

Hevea— B 12 1 3.0460 14.80 4 .2 0
B .0241 13.50 3 .0 0
C 1 0 .8 .0550 12.55 3 .2 4
C .0260 11.47 1 .84

Alfin— lc 1 2 . 8 .0500 16.24 2 .86
lc .0250 14.62 2 .2 4
3c 10.3 .0595 14.00 2 .6 8
3a .0298 1 2 . 1 0 1 .64

strictly comparable results are available. Neverthe
less, it is evident that Hevea fraction B, with a 
somewhat smaller estimated molecular weight than 
Alfin lc, has a much larger viscosity-shear slope
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Fig. 3.— The limiting slope of the intrinsic viscosity-rate 
of shear curve plotted against the square of the zero shear 
intrinsic viscosity. The circles correspond to present data 
for Hevea fractions and the line represents the relation ob
tained previously for Alfin polyisoprene.

than does the latter, at more or less the same con
centrations; similarly for Hevea fraction C and 
Alfin 3a. Unfortunately, these results cannot be 
conveniently reduced to any common denominator 
for comparison short of the molecular weight-inde
pendent parameter already mentioned. This, of 
course, has been shown to be insensitive to the 
structural differences between the two samples of 
polyisoprene under consideration.

As pointed out by Goldberg and Fuoss,3 the non- 
Newtonian behavior of polymer solutions can arise 
from either the shear dependence of interaction be
tween polymer molecules or the shear dependence 
of the intrinsic viscosity, or both. Since the latter 
factor is apparently the same for the two polymers 
in question, it follows that the remaining difference 
between them must be ascribed to the difference in 
the shear dependence of polymer interaction. Now, 
examination of the isoshear plots of Alfin polyiso
prene1 reveals that the Huggins k' is more or less 
constant over the shear range 0-600 sec.“ 1 (e.g.,
0.36 for fraction la), whereas with the natural rub
ber molecule k' decreases with shear rate (e.g., 
from k' =  0.41 at D =  0 to k' =  0.25 at 600 sec.“ 1 
for Hevea fraction B). The explanation for this 
disparity in the shear dependence of interaction is 
presently unknown.

It appears from the above that the shear effect 
in dilute solutions may not be used readily for 
studying micrcstructural differences in polymers, 
although concentrated solutions may actually show 
definite differences between such polymers. More
over, for most polymers of interest, the dilute solu
tion viscosities are smaller than those considered 
here and as a result their shear effects are much 
less pronounced, in which case the suggested pa
rameter would be even less likely to be useful for mi- 
crostructural studies.

(3) P. Goldberg and R. M. Fuoss, T h is  J o u r n a l , 58, 648 (1954).

Acknowledgment.—The assistance of Mrs. Co
rinne Bonar with the experimental work is grate
fully acknowledged.
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By G e o r g e  K. E s t o k
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The Guggenheim method for determining electric 
moments, using dielectric constant and refraction 
measurements on solutions, has been developed in 
recent years.2“ 4

Some confusion, however, appears to have 
arisen6-6 as an outgrowth of the original manner of 
deriving the equation,2 in which an arbitrary sym
bol representing a fictitious atomic polarizability, 
7 a ', was introduced. Another contributing factor 
was the elimination of two small terms from the 
original exact equation, yielding an approximate 
equation.

The purpose here is to derive, in a concurrent and 
completely analogous manner, both the conven
tional and Guggenheim equations, starting with the 
same initial equations used by Guggenheim. This 
aids in making a simple comparison of the two 
equations. It will further be demonstrated that the 
derivation made by Palit,5 who used a different set 
of starting equations, leads to exactly the same 
equation as that of Guggenheim.

Symbols used in the following treatment are: 
M , v, V, e, n, P, 7 and g, which refer, respectively, 
to: molecular weight, specific volume, molar vol
ume, dielectric constant, index of refraction, molar 
polarization, polarizability and electric moment. 
Subscripts are: 1 (pure solvent); 2 (pure solute); 
a, atomic; and e, electronic. For convenience, 
symbols without subscripts refer to solution values, 
except that x  and w  refer to mole fraction solute 
and weight fraction solute, respectively, in the 
solution.

The original derivation by Guggenheim2 used the 
Debye equations as a basis

( r i b ) r -  (S r i ) Fi(l -  x) +

“IT 7e +  7a + T ri)
UTJ

. 4:irN 
X) 4-----5-  JeX

(1)

(la)

where Vi and V2 are partial molar volumes of sol
vent and solute and V =  V\ +  x(V 2 — Vi)

By subtracting equation la from equation 1 
Guggenheim obtained

(1) Presented at the 130th meeting of the American Chemical So
ciety, Atlantic City, Sept., 1956.

(2) E. A. Guggenheim, Trans. Faraday Soc., 45, 714 (1949).
(3) J. W. Smith, ibid., 46, 394 (1950).
(4) E. A. Guggenheim, ibid., 47, 573 (1951).
(5) S. R. Palit, J. Am. Chem. Soc., 74, 3952 (1952).
(6) E. A. Guggenheim, Proc. Phys. Soc., 68B, 186 (1955).
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'e -  1 n2 — 1\
.e +  2 n2 +  2 )
(ti - 1 ni2 — :
u  + 2 «I2 +  :

:) 1 +  xÇV, -  Th)] =

Fa(l  -  x) +  - r
4ttN

3 ( Ta + 3kf)
(2 )

To simplify the following treatment, let 4itN /3  = 
K, ^/Skt =  F, e -  1/e +  2 =  F , and (e -  l / e +
2) — (n2 — 1/ft2 +  2) =  (7. Then equations 1 and 
2 may be written, respectively
B[Vi +  R F 2 -  Fi)J = ffiF jd  -  x) +  K (y e +  7a +  F)x

(3)
GIF, +  R F 2 -  Fi)] =  G iF^l -  x) +  A ( T. +  F)a; (4)

Expanding and rearranging equation 3 gives
H V1 +  Hx(V 2 -  Fi) -  flfF ^  1 -  X) =  K{ 7e +  7a +

Differentiation with respect to a: yields 

Fi ^  +  f fF 2 -  f f D  +  x (V 2 -  Fi) ^  +

fflF , =  A( 7o +  7a +  F)
At infinite dilution H V2 =  PPV2, IiVi =  Ji)Vi, and 
x(V 2 — Fi) (dH/dx) =  0, so that the following 
conventional equation results

Vi ( g f ) ^  -  K  (7a +  7a +  F) -  R ,F , (5)

Analogous treatment of equation 4 leads directly 
to the Guggenheim equation

Vl = K(y* +F)  ~ GlYi (6)
Equation 6 is analogous to equation 5, except that 
the electronic polarizability has been eliminated.

Conversion of the concentration unit from mole 
fraction solute x  to weight fraction w may be ac
complished by using the following general relation, 
valid at infinite dilution: (dA/dx)„ =  M2/My 
(dA/d?c)<», where A  may be H  or G.

The conventional and Guggenheim equations 
may now be written, respectively

M 2Vi(dH/dw)a =  K { 7 e +  7a +  F) — f f 1F2 (5a) 
M&^dG/dw)*, =  K (y a +  F) -  GjF2 (6a)

where v\ is the partial specific volume of the sol
vent.

By further differentiating, with respect to w, the 
quantities represented by H  and G, letting e =  ei 
and ft =  rii at infinite dilution, and resubstituting 
for K  and F, the following working forms are ob
tained

M2

2

M T  [7  3Miui / de \
4.7TÌV [A  (o  +  2p  ( ( W e T

(;:;))1 M 2V2 — Pie — P  2a J

9 hT 
4ttN 'K  [<dÆ ;. - dn2/dwa> 1

(n2i +  2)2J +
(e i -  1 ni2
W +  2 m2 +

 
1

1? 1 »

where P2e =  (4irIV/3)7e =  electronic polarization, 
usually taken equal to the molar refraction, MRv, 
P2a =  (47rA/3)7a =  atomic polarization, often 
taken as 0.05 MRd.

In either equation, if the specific volume of the 
pure solute (as a liquid) is available, it may be sub
stituted for the partial specific volume v2 without

significant error, thus obviating the need for den
sity measurements on the solutions.7

If the MRd for a solid solute is obtainable with
out making refraction measurements, then equa
tion 7 is much simpler to use, since only dielectric 
constant data need be gathered. In the event re
fraction measurements must be made, there is little 
to choose between equations 7 or 8, except that the 
latter is less sensitive to an approximate value of 
v2 inasmuch as (ei — l /e x +  2) — (ftx2 — l /n x2 +  2) is 
normaly much smaller than ex — l /e x +  2 for non
polar solvents.

S. R. Palit6 criticized and discussed the Guggen
heim approximate equation (which neglected the 
last two terms of equation 8; i.e., GiM2v2 and P2a) 
but did not appear to recognize that the Guggen
heim exact equation was identical with his own de
rived exact equation. It may not be readily appar
ent that Palit’s term B is identical with Guggen
heim’s G\M2v2 (also called [47r-/V/3]ya' by Guggen
heim). This identity may be demonstrated as

Palit’s B = 3Mj{ei — nF)
( > - Ödi(a  +  2)(wi2 +  2)

where d =  density, and /S'0 = (òd/òw)«,, also 
— 1 nF — 1 __ 3 (ei — ni2)Gi =

e i + 2  m 2 +  2 (ei +  2) ( rn2 +  2)

It has been shown previously7 that /30, at infinite 
dilution, is equal to d^ivi — v2), and thus Palit’s 
(1 — fio/di) is equal to div2. Therefore Palit’s 
term B is identical with Guggenheim’s GiM2v2 (or 
[4irAV3]7a');

In conclusion, it is felt that the derivations of the 
conventional and Guggenheim equations as here 
outlined permit an easy comparison and better un
derstanding of the equations. In general the con
ventional approach is simpler, although occasion
ally the Guggenheim method could be preferred.

(7) G. K. Estok, T his J o u r n a l , 60, 1336 (1956).

CHELATE FORMATION BETWEEN 
CATIONS AND POLYELECTROLYTES

B y  G e o f f r e y  Z u b a y 1
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Chelate formation between cations and simple 
dicarboxylic acids may be treated adequately as a 
binding problem in terms of the mass action law. 
The situation is more complicated with polyelec
trolytes because of the very large electrostatic en
ergy term which in general makes the binding much 
stronger than in the corresponding monomeric 
case. Considerable progress has been made in 
treating the case of univalent counterions. The 
purpose of this note is to point out the additional 
difficulties that arise in the case of multivalent 
counterions and the inadequacy of a recent attempt 
to overcome these difficulties.

The binding of copper to oxalic acid2 may be con-
(1) TJ. S. Public Health Service Predoctorate Research Fellow of the 

National Heart Institute.
(2) The constants are determined from the data in Martell and 

Calvin, ‘ ‘Chemistry of the Metal Chelate Compounds,”  1952.
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sidered as a displacement reaction la or as a com
bination reaction lb
TT * , p  . , OTT4. p (CUA)(H+)* _H2A +  Cu CuA +  2H (h 2A)(Cu ++) =

103 (la )

— (CuA)—  jo9 (lb )
(Cu ++)(A=) —a -  +  Cu++ : CuA; Ki

Both of these constants are well defined because the 
concentrations of all the substances entering these 
equations are readily determinable by experiment. 
The same is not true for binding of copper to a poly
electrolyte such as polyacrylic acid. This is because 
there is no direct way of measuring the number of 
adjacent ionized carboxylate sites. This has been 
recognized by H. Morawetz, et a/.,3 for the special 
case of maleic anhydride copolymers. The general 
result is that for polyelectrolytes we may only make 
a rigorous test of equation la.

Gregor, et al.,* employed equation la in the ex
pectation that it might lead to a formation constant 
that would be independent of the net charge carried 
by the polymer since the reaction involves no net 
change in charge. They considered the displace
ment reaction of copper with polyacrylic acid to 
take place in two steps giving equations5

HA +  Cu + + CuAG +  H+; bi (CUAGXH+) 
(HA)(Cu + +)

(2a)

CuAG +  HA CuA2 +  H+; b2 = (H +)(CuA2)
(HAXCuAO

(2b)
with the over-all competitive complexation constant

B 2 — &l£>2 (CuAsXH+X 
(Cu ++)(H A)2 (2c)

This procedure is in error because the second step 
in the formation of the Cu-PAA complex is not 
correctly represented by (2b). If the Cu + + in 
CuAi+ reacts further to form CuA2 it is most likely 
that it will react with an adjacent carboxyl group6 
and since the number of adjacent carboxyl groups is 
two (or less depending on the degree of complexa
tion) reaction (2b) is independent of (HA). Indeed 
this is the essence of the chelate effect. Thus (2b) 
should be replaced by

CuAU . CuAc +  H + (3a)
leading to

(CuAsXII+X
2 (Cu + + )(HA) (3b)

The original values of B, and the corrected values 
for Cu-PAA are given in Table I and compared 
with B2 for glutaric acid, the corresponding mono
meric analog.

The internal consistency between the competi
tive complexation constants in pure water and Na- 
NO, solution is good. The values in KC1 are lower 
and show a steady increase with increasing PAA 
concentration. The latter values are suspect be-

(3) H. Morawetz, A. M. Kotliar and Ii. Mark, T his Journal, 58, 
G19 (1954).

(4) H . P. Gregor, et a l., ib id ., 59, 34 (1655); 59,366  (1955); 59,559 
(1955); 59, 990 (1955).

(5) See reference 4 for an explanation of the symbolism.
(6) Experimental evidence has been cited for this by F. T. Wall and 

S. J. Gill, T his Journal, 58, 1128 (1954).

T a b l e  I

Acid
Concn.,

N Neutral salt
Bt{ 2c) 
X 10*

•Bj(3b) 
X 10'

PAA 0.01 None 420 420
PAA .01 0 .2  M  N aN 03 460 460
PAA .01 2 M  NaNOa 1050 1050
PAA .01 1 M  KC1 28 28
PAA .06 1 M  KC1 23 138
PAA .1 1 M  KC1 40 398
Glutaric .01 None 0.174 0.174

cause chloride ion forms a strong complex with cu
pric ion in aqueous solution. The striking disparity 
between the values of B2 for PAA and glutaric acid7 
emphasizes the need for a more comprehensive ap
proach to this problem in which the electrostatic 
terms would be evaluated directly.

The author wishes to thank Joseph Eigner, Ed
ward Chun and Professor Paul Doty for construc
tive criticism.

(7) A statistical factor of 2 favors the Bi for PAA metal binding over 
glutaric acid metal binding.

THE ACID DISSOCIATION QUOTIENT OF
3-HYDROXYL-l,3-DIPHENYLTRIAZINE

B y  R . W. R a m e t te  an d  T . R . B l a c k b u r n

C o n tr ib u tio n  f r o m  L e ig h to n  H a ll  o f  C h em is try , C a rleton  C ollege, N o r th -  
fie ld , M in n .

R ece iv ed  S ep tem b er  17, 1 95 6

Sogani and Bhattacharya1 reported that 3-hy- 
droxyl-l,3-diphenyltriazine forms an insoluble che
late with palladium, the latter forming bonds with 
the oxygen of the hydroxyl group and the nitrogen 
farthest removed from this group. The present 
research was concerned with the determination of 
the quotient governing the ionization of the com
pound as an acid. The quotient is defined as 

K  =  (H + )(T ~ )/(H T )
where T~ represent? the anion and HT the undis
sociated molecular form which has the formula

Apparatus.— Absorbances were measured using silica 
1-em. cells in a Beckman DU spectrophotometer. The 
temperature was controlled at 25° by means of a circulating 
water-bath and dual thermospacers in the spectrophotom
eter.

Reagents.— The triazine was prepared as described by 
Sogani and Bhattacharya,1 and was recrystallized twice 
from ethanol. Stock solutions were prepared by dissolving 
weighed amounts in ethanol.

Other reagents were of analytical reagent grade.
Experimental

A series of solutions containing sodium hydroxide and 
potassium chloride were prepared in 100-mi. volumetric 
flasks and were suspended in a water-bath at 25°. The 
concentrations were such that upon dilution to the mark the 
pH ranged from 10.85 to 11.60 (assuming pK w =  13.85) 
with an ionic strength of 0.050. In each case, a 2-ml. 
portion of the stock triazine solution (freshly prepared, 
about 1 X 10~3 M  in most cases) was added w ith  a p ip et, 
the solution diluted to the mark immediately and mixed, 
and the absorbance was measured as soon as possible at 390 
m/x. Instability of the solutions made it desirable to take 
successive readings at known times (every three minutes)

(1) N. C. Sogani and S. C. Bhattacharya, Anal. Chem., 28, 81 (1956)-
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and to  extrapolate the absorbances back  to the values th ey 
presum ably would have been before any decom position oc
curred. I t  is fe lt th at the u ncertainty in this procedure is 
well under one per cen t. Solutions of pH  equal to 6 and 14, 
containing the triazine v irtu a lly  com pletely converted to 
the m olecular and anion form s, resp ectively, were prepared 
and measured in a similar m anner. T h e  a b so rp tiv ity  of the 
m olecular form  is abou t 3.3 X  10 3 liter m ole“ 1 cm . “ 1 and 
the corresponding value for the anion is abou t 2 .7  X  104 a t 
390 m/r.

I t  was found th a t the addition of sm all am ounts of 
sodium sulfite to  the solutions before adding the triazine 
resulted in im proved stab ility , p robably due to  the reduc
tion of oxygen, and th a t this did not significantly affect the 
observed values of K .

T h e absorption spectra (approxim ate, because of in 
stab ility) of the tw o form s are shown in F ig . 1.

F ig. 1.— A bsorption spectra of the tw o form s of 3- 
h yd roxyl - 1,3 - d ip h en yltriazin e: concentration about
2 .5 -10 -5  M .  C u rve  1, p H  6 , a ll triazine as m olecular form ; 
curve 2, pH  14, all triazine present as anion form.

Results
Table I gives the values of K  found at various 

pH values. The quotient was calculated by means 
of the formula

K  =  (H + )(A  -  A a )/ (A b -  A )  
where A is the observed absorbance of the solution 
containing both forms, A a is the absorbance of the 
solution containing the triazine completely in the 
molecular form, and At, is the absorbance of the 
solution containing the triazine completely in the 
anion form, all solutions having the same total 
concentration.

T a b l e  I

D i s s o c i a t i o n  Q u o t i e n t  o p  S - H y d r o x y - L S - d i i ' i i e n y l t r i -

a z i n e

p H K  X  1 0 1! p K

11 .3 0 2.63 11 .5 8
11.4 0 2 .7 9 ,2 .5 1 1 1 .5 5 , 11 .6 0
11 .4 5 2 .8 0 ,2 .8 9 1 1 .5 5 ,1 1 .5 4
11 .5 0 2 .9 4 ,2 .8 5 1 1 .5 3 ,1 1 .5 5
1 1 .5 5 2.83 1 1 .5 5
11 .6 0 3 .2 3 ,3 .0 5 1 1 .4 9 ,1 1 .5 2

These results give an average value of K  =  2.85 
(±0.14) X 10“ 12.
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As a continuation of the study of impurities in 
alkali metals1 the solubility of sodium hydride in 
sodium has been determined. This system has 
implications bearing upon corrosion data inter
pretation from the standpoint of both direct reac
tion and apparent oxide content correlation.

This impurity in a sodium system can come from 
two principal sources, hydrogen-sodium reaction 
(impure cover gas), and as a product of the reac
tion between sodium and sodium hydroxide.2-3 
Previous work at NRL2 established two facts 
pertinent to this study: that sodium hydride re
sulted from the Na-NaOH reaction at tempera
tures above 325°, and that the hydride so produced 
was stable when in solution in an excess of either 
primary reactant. Stability in NaOH has been 
shown by Gilbert,4 and mutual solubility of 
sodium-sodium hydride has been reported by 
Banus, et al.b The stability in solution results in a 
lowering of the dissociation pressure of the sodium 
hydride. Thus, if a sodium system is heated, 
under other than high vacuum conditions, in order 
to rid it of any contained hydroxide,3-6 sodium 
hydride is introduced as an impurity. A sample 
drawn from such a system for oxygen analysis, 
without accounting for the contained hydride would 
result in erroneous values.

The solubility of sodium hydride in sodium was, 
of necessity, determined by an indirect method, 
based upon the lowering of the dissociation pres
sure2-4 of this normally unstable material.2-7-8 
Thus, at a given temperature, a mixture of sodium 
and sodium hydride will exhibit a true dissociation 
pressure only so long as the condensed portion of 
the system consists of two phases: saturated sodium 
and solid sodium hydride. During stepwise tem
perature increases the first incremental increase in 
temperature which failed to exhibit a corresponding 
increase in pressure indicated the temperature of 
saturation as the lower of the two temperatures.

Experimental
Three techniques, with different apparatus, were used to 

establish the curve for the solubility of sodium hydride in 
sodium. Low temperature (240-300°) runs were made by

(1) D. D. Williams, J. A. Grand and R. R. Miller, in preparation.
(2) D. D. Williams NRL Memorandum Report #33, 1952.
(3) A. Klemenc and E. Svetlik, Z. anorg. Chem., 269, 153 (1952).
(4) H. N. Gilbert, U. S. Patent 2,377,876 (June 1945).
(5) M. D. Banus, J. J. McSharry and E. A. Sullivan, J. Am. Chem. 

Soc., 77, 2007 (1955).
(6) J. D. Noden and K. Q. Barley, Culcheth Laboratories, Tech. 

Note #80, 1954.
(7) F. G. Keyes, J. Am. Chem. Soc., 34, 779 (1912).
(8) A. Herold, Cornet, rend., 228, 686 (1949).
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exposing sodium to an excess of sodium hydride and sodium 
oxide, filtering, and: (1) analyzing the filtrate by amalgama
tion and titration, and (2) analyzing the filtrate by controlled 
dissociation in a calibrated volume. Higher temperatures 
(300-445°) were investigated by both absorption and 
desorption of hydrogen in an apparatus which provided for 
simultaneous recording of P -V -T  data.

The low temperature apparatus consisted of two 50-ml. 
Pyrex flasks joined by an inverted U shaped piece of tubing. 
One flask was equipped with an inlet port and was used 
as a still for introducing pure sodium into the second flask. 
This latter flask was fitted with an inlet port, thermocouple 
well, vacuum manifold outlet, and a sintered glass filter 
below which was a thin-walled ampule of about 3-ml. ca
pacity. Sodium hydride (98% ) was placed in the satura
tion chamber and metallic sodium in the distilling pot. 
The system was purged by evacuation and the sodium was 
d istilled into the saturation chamber. Heat was applied to the 
Na-NaH mixture and the filter until a desired temperature 
was reached. The melt was allowed to soak at this tempera
ture for five minutes. (Attack on the glass system, by the 
sodium, also saturated the melt with sodium oxide.). Ni
trogen pressure was then admitted, forcing the saturated 
metal into the sample bulb, which was then sealed off. 
This sample was then analyzed in the apparatus described 
in the NRL modification9 of the Pepkowitz and Judd 
method for oxygen in sodium. The total apparent oxide 
alkalinity thus determined was corrected for that due to 
oxide saturation,1 the remainder being alkalinity due to so
dium hydride. The presence of traces of sodium hydride 
was confirmed during analysis by the evolution of gas 
bubbles when the amalgamation residue was hydrolyzed.

For some runs, this apparatus was modified by replacing 
the sample ampule with a calibrated volume receiver and a 
manometer. After saturation and filtration, the analysis 
for hydride was made by heating the sample under vacuum. 
The temperature and pressure of evolved hydrogen were 
noted. The amount of sodium hydride was thus calculable. 
Sample weight was determined by reaction with alcohol and 
titration.

T(°  C.).
Fig. 1.—The solubility of sodium hydride in metallic 

sodium.

(9) D. D. Williams and R. R. Miller, Anal. Chem., 23, 1865 (1951).

Both of the above methods suffer from the presence of 
sodium oxide in the samples, and they are limited to a low 
temperature range because of accelerated attack upon the 
glass systems at higher temperatures. Furthermore, both 
methods tend to yield low results by reason of the tempera
ture changes involved in the filtering and cooling steps. 
As the saturated sodium cools, solid sodium hydride sepa
rates and dissociates to some indeterminate extent depend
ing upcn run temperature and cooling rate. Thus, some 
hydride is irretrievably lost. The bulk of the hydride solu
bility data, therefore, was gathered by the indirect method of 
hydrogen evolution and absorption.

The apparatus for absorption and desorption studies con
sisted of a metal saturation pot attached by means of a metal 
ball joint to a Pyrex system which included a 1,250-cc. 
calibrated volume, a mercury manometer andfa vacuum 
manifold connection. A stopcock between the saturation 
pot and the calibrated volume allowed for the isolation of the 
hot from the cold part of the system. The volume of the 
heated saturation pot was about 1% of the calibrated volume 
which was at ambient temperature.

For desorption, known weights of sodium metal and so
dium hydride were added to the purged and nitrogen-filled 
saturation chamber. After evacuation and isolation from 
the vacuum manifold, the temperature of the saturation 
chamber was raised with the stopcock between the pot and 
the calibrated volume closed. When the desired tempera
ture was reached, the stopcock was opened slowly and excess 
solid sodium hydride allowed to dissociate, the hydrogen 
passing into the calibrated volume. When no further hy
drogen evolution was apparent, the pressure and tempera
ture of the system were checked against the known disso
ciation pressure of sodium hydride.7’8 If the pressure on 
the system was less than that specified by these references, 
then the temperature of the saturation chamber was slowly 
lowered until the P -T  relation for the system agreed with 
reference values. If, on the other hand, the first check re
vealed that the P -T  relation checked the literature values, 
then the temperature was raised until an incremental in
crease did not result in a corresponding increase in the pres
sure. These points of conformity to sodium hydride dis
sociation data were taken as the saturation temperatures for 
the various runs. The anticipated range could be pre
dicted, and was shifted by varying the original charge of so
dium hydride.

The hot saturation pot was isolated, and the hydrogen in 
the calibrated volume removed by evacuation. The hy
drogen equivalent to the remaining soluble hydride was then 
recovered and measured by repeated evolution into, and 
evacuation from, the calibrated volume. Evolution and 
measurement were always made with appropriate isolation 
of the hot and cold parts of the system so that the volume 
measured for removal was always at ambient temperature. 
This hydrogen removal could be done at saturation tempera
ture because sodium hydride in solution still exhibits a dis
sociation pressure (a few millimeters at 400°) which is 
sufficient to effect complete recovery, although the equilib
rium pressure becomes lower as the solution becomes more 
dilute. A second means of dissociating the soluble hydride 
is to cycle the melt through a temperature range of 300- 
350° with intervening evacuations. Both methods were 
used and were equally effective.

The isolation stopcock between the saturation pot and 
the calibrated volume was closed during the initial heating 
period so as to minimize the amount of hydride required to 
satisfy both metal saturation and equilibrium system pres
sure. Since the apparatus was not designed to operate at 
pressures greater than one atmosphere, solubility determina
tions by this method were made only to 425 ° .

In the absorption studies, the same apparatus was used. 
It was charged, after purging, with sodium metal and hy
drogen gas. The temperature of the saturation pot was 
raised to the various desired temperatures and the hydrogen 
pressure drop was recorded until no further absorption was 
indicated. This method was much slower than the desorp
tion study, but did allow for higher temperatures to be used. 
In ear.y runs, the reaction pot was constructed of nickel, but 
diffusion at temperatures above 400° necessitated the sub
stitution of a 304 stainless steel tube.

The data from all runs are shown graphically in Fig. 1. 
The agreement of the data from the different types of runs 
lends credence to the indirect approach to the solubility
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problem. A brief discussion of the deviations may be in 
order, however.

It may be seen that the absorption data tend to run some
what higher than the desorption data. The reason for this is 
the limited formation of undissolved hydride. The initial 
H) pressure during the absorption runs was between 600 and 
650 mm. Thus, at temperatures below 400°, the melt 
absorbed sufficient H2 to saturate itself and, in addition, 
enough to coat the surface with a thin layer of sodium 
hydride. Since the system was static, this layer prevented 
further hydride formation,10 and accounts for the slightly 
higher solubility figures reported.

The wide deviation of the point at 265° is explained by 
the fact that, at this temperature, the melt probably was 
not saturated with sodium oxide, and subsequent correction 
for anticipated saturation by this material resulted in a low 
hydride value. The 240° figure was not corrected for oxide, 
since no attack was in evidence and no alkalinity was found.

This solubility study was limited by the vapor pressure 
of sodium metal and the dissociation pressure of sodium hy
dride. Both become significant to these data at 425°. 
The desorption apparatus would not allow for operation at 
pressures in excess of one atmosphere, and excessive distilla
tion of sodium vitiated higher temperature results in the 
absorption runs. Data were collected at 500°, but were not 
sufficiently reliable to be included in this report. There 
were indications, however, that the system was approaching 
a limiting solubility of approximately 5 wt. %  NaH (under 
about 1 atmosphere H2 pressure). Hence, extrapolation 
of the data herein reported is not recommended.

The results of this study demonstrate a possible source of 
error in present sodium analysis for oxygen by the amalga
mation method. The error with respect to sodium hydride, 
as well as the likelihood that it will be present in most 
sodium systems, is particularly significant. The error will 
not necessarily be predictable in a sample drawn directly 
from saturated sodium unless precautions are taken to pre
vent dissociation of hydride during sample handling and 
cooling. Excessive local heating during amalgamation in 
the oxide analysis method can also result in hydride loss.

(10) D. T. Hurd, “ Chemistry of Hydrides,”  John Wiley and Sons, 
New York, N. Y., 1952, p. 31.
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It has been shown recently that the reaction be
tween Pu(III) and oxygen in aqueous sulfate solu
tions is in termolecular : first order in the oxygen 
concentration and second order in the Pu(III) 
concentration.2 One possible mechanism would 
involve an activated complex in which two Pu(III) 
sulfate complexes were linked by means of an oxy
gen bridge; this structure would be similar to that 
postulated for one of the Pu(IV)-H 20 2 complexes.3 
Another possible mechanism would involve the 
transfer of a hydrogen atom from the hydration 
shell of each of two Pu(III)-S04“  complexes to the 
oxygen molecule.4 If a hydrogen atom transfer

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

(2) T. W. Newton and F. B. Baker, J. Phys. C h em 60, 1417 (1956).
(3) R. E. Connick and W. H. McVey, paper 4.12 in “ The Transura

nium Elements,”  edited by G. T. Seaborg, J. J. Katz and W. M. Man
ning, “ National Nuclear Energy Series,”  Division IV, Vol. 14B, 
McGraw-Hill Book Co., Inc., New York, N. Y., 1949.

(4) This was suggested to us by Professor Norman Davidson, see
also R. E. Huffman and N. Davidson, J. Am. Chem. Soc., 78, 4836
(1956).

mechanism were the correct one, there should be a 
marked hydrogen isotope effect and a significant 
decrease in reaction rate in D20 .4 * In the hope of 
deciding between these mechanisms, rates in H20  
and D20  solutions were determined and compared 
at the same 0 2, Pu(III) and free S04“  concentrations. 
Only a moderate hydrogen isotope effect was ob
served.

The solubility of oxygen in D20  was determined 
so that a correction for the concentration differ
ence in the two solvents at the same partial pressure 
of oxygen could be applied. A known volume of 
water was saturated with oxygen, transferred to a 
vacuum line and distilled into a large bulb chilled 
with Dry Ice. The liberated gas was determined 
manometrically. For a partial pressure of 0 2 of 1 
atm. the solubility was found to be 1.28 X 10~3 M  
in H20  and 1.41 X 10 ~3 M  in D20. Three deter
minations in each solvent were made, the mean 
deviation was about 2.4%. No measurements 
have been made in salt solutions, but it is probably 
safe to assume the same solubility ratio and that 0 2 
is about 10% more soluble in D20  solutions than in 
H20  solutions.

The acid dissociation quotient of DS04~ in D20  
solutions was needed for the calculation of the 
free S04= concentrations in those solutions. It 
was determined by making optical measurements 
on the Ce(III)-S04”  system. Absorbancies were 
determined for a series of Ce(III) solutions which 
were 0.012 M  in HC104 and with Na2S04 ranging 
from 0 to 0.05 M. In these solutions, the acid 
concentration was low enough so that an approxi
mate value for the acid dissociation quotient was 
sufficient for the determination of free sulfate con
centration as a function of absorbancy. Using the 
same Ce(III) concentration, absorbancies were 
determined for a series of solutions all 0.05 M  in 
Na2S04, but with HC104 concentrations ranging 
up to 0.11 M. Free S04“  concentrations were 
estimated from the absorbancy vs. S04“  function 
and the acid dissociation quotients were calculated. 
The results of such determinations in both H20  and 
D20  solutions of unit ionic strength are given in 
Table I. The fact that the values obtained in the

T a b l e  I

D e t e r m i n a t i o n s  o f  t h e  A c i d  D i s s o c i a t i o n  Q u o t i e n t  o f  

t h e  B i s u l f a t e  I o n  : n  S o d i u m  P e r c h l o r a t e  S o l u t i o n s  o f  

U n i t  I o n i c  S t r e n g t h  a t  25°
Fraction

D ,0
NasSOi,

M
No. of 
soin.

I-ICIO, range, 
M

Acid dissociation 
quotient

0 0.05 5 0.05 to 0.11 0.091 ±  0.006
0.892 .05 4 .05 to .11 .052 ±  .004
0.876 .05 5 .03 t o .11 . 055 ±  .003

H20  solutions are in good agreement with those ob
tained potentiometrically6 indicates that the optical 
method for determining the acid dissociation quo
tients is valid. Assuming that the effect of D20  is 
linear in its concentration, the data lead to the 
estimate that the acid dissociation quotient of 
D S04_ in pure D20  solutions at 25° and unit ionic 
strength is 0.051 ±  0.003. The ratio of acid dis
sociation quotients found here is in substantial 
agreement with the ratios which have been re

(5) E. Eichler and S. W. Rabideau, i b id ., 77, 5501 (1955).
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ported for other weak acids.6 It was found to be 
impossible to make reliable measurements at an 
ionic strength of 2 due to the formation of a pre
cipitate. However, it is probably safe to assume 
that the ratio is essentially the same at the two ionic 
strengths.

Three experiments have been made in which the 
rates of the reaction between Pu(III) and oxygen 
(in the presence of Fe(II) to eliminate complica
tions from the reactions of II2O2) were compared in 
H20  and D20  solutions. The rates were determined 
as previously described.1 2 The results of these ex
periments are shown in Table II.

T able II

E ffect of D 20  on the R ate of R eaction  between  
Pu(III) and C xygen  in NaC104 Solutions of I onic 

Strength 2 and 23°

HC1CU,
M

Naz-
S04,
M

Na-
C104,

M

Frac
tion
D2O K sl

SO«-,
M ÄH/ÄD«

ku/
knb

0.131 0.06 1.75 0 0.10 0.03 1.84 ±  0.05 1.17
.131 .06 1.75 0.98 .056 • 0226

.17 .14 1.55 0 . 10 .07 1.53 ±  .03 1.23

.17 .14 1.55 0.872 .059 . O067

.17 .14 1.55 0 .10 .07 1.15 ±  .01 1.30

.219 . 189 1.45 0.872 .059 .07
0 Observed rate ratio at the same Pu(III) concentrations. 

6 Rate ratio corrected to the same free SO,”  and oxygen 
concentrations.

For our purposes, the rates should be compared 
not at the same stoichiometric concentrations of 
the reactants but at the same concentrations of the 
reactive intermediates. Since PuS04+ and Pu- 
(S04)2~ are believed to be the reactive intermedi
ates, the possibility that their association quotients 
are different in the two solvents was considered. 
Preliminary spectrophotometric determinations of 
the association quotient of CeS04+ in D20  indicate 
that the association quotient is the same, within 
10%, in H20  and D20  solutions. This lack of ef
fect probably applies to the Pu(III)-S04“  com
plexes as well.

In general a hydrogen isotope effect usually de
pends on the strength of the bonds to hydrogen 
both in the reactants and the activated complex, 
and a large range of rate ratios has been observed.7 
In comparing rates in PI20  and D20  solutions the 
solvent effect cannot be ignored since it may give 
rise to rate ratios as large as 1.4.8 Thus a rather 
large rate ratio is necessary if it is to be considered 
as evidence for hydrogen atom transfer.9 The 
rather small rate ratio of 1.23 found for the oxida
tion of Pu(III) does not support a mechanism in
volving transfer of a hydrogen atom, but instead 
supports an electron transfer mechanism.

(6) C. K. Rule and V. K. LaMer, ibid., 60, 1074 (1938).
(7) K. B. Wiberg, Chem. Revs., 55, 713 (1955).
(8) H. Taube, personal communication, has reported that the Cl- 

atom transfer reaction

Cr(NH8)6Cl + + +  Cr*++ =  CY + + +  5NHj +  Cr*Cl++
is 1.4 times faster in IRO than in D2O solutions.

(9) For example, J. Iludis and R. W. Dodson, J. Am. Chem. Soc, 
78, 911 (1956), found the rate ratio to be 2 for the Fe(II)-Fe(III) 
exchange in H2O and D2O solutions, and considered this to support a 
II-atom transfer mechanism.
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Many investigations have been made on the 
liquid phase decomposition of H20 2. Practically 
all of this early work was done in dilute solution 
and on catalytic decomposition of H20 2. The 
kinetics of decomposition of very concentrated 
H20 £ has received little attention. Our primary 
objective was to study the homogeneous thermal 
decomposition in the concentration range of 100% 
H20 2 and arrive at a reasonable mechanism for the 
decomposition. After considerable effort to keep 
the experiments dust-free and make quartz sur
faces catalytically inactive it was found that 
homogeneous decomposition was still not achieved. 
Because of this result the work was not continued 
beyond the first stages of a kinetic study.

E x p e r im e n ta l
Spherical ampules of fused quartz having a capacity of 

about one ml. and weighing about 0.4 g. wrere constructed 
from selected quartz tubing which previously had been 
cleaned by the procedure recommended by Schumb.1 The 
upper end of the ampule was drawn out into a thin capil
lary tube about 5 cm. in length with an inside diameter of 
5 -i0  mils. The end was bent into a hook and left open. 
When this vessel was half filled it gave a surface to volume 
ratio of 4.83 cm .-1. This ratio was about the same relative 
to the wetted surface of the vessel as well as the non-wetted 
surface, and does not include the liquid-gas interface. A 
small hook was attached to the bottom of the ampule so that 
it could be inverted for filling in a special apparatus. After 
filling about one-half full of sample the ampule was sus
pended on a calibrated quartz helix in a dry 25 mm. i.d. 
glass well. The weight loss of sample was measured by 
obse-ving the change in helix length. The assembly was 
thermostated at the desired temperature inside a dry well 
immersed in an oil-bath (Corning cylindrical jar 12" deep 
No. 370). The length of the helix was observed through the 
walls of the bath and well with a Gacrtner model M-901 
cathetometer. In order to reduce errors due to aberra
tions in the glass surfaces a flat vertical strip was ground and 
polished on the outside of the bath jar for a viewing window. 
Aberrations on the inner surfaces were effectively elimi
nated by choosing a bath fluid having nearly the same refrac
tive index as Pyrex glass (White paraffin oil, 1.47520). The 
tubing selected for the well had no appreciable optical aber
rations.

Purification of Hydrogen Peroxide Solutions.— Hydrogen 
peroxide used in this work was purified by repeated recrys
tallization of concentrated 97.85% stabilizer-free material 
obtained from Buffalo Electric Co.2'3 The material was 
handled in all quartz glassware under dust-free conditions. 
The quartz vessels were cleaned and conditioned before use 
by the previously mentioned procedure of Schumb.1 The 
hydrogen peroxide was purified by six crystallizations which 
were carried out in a closed system constructed in such a 
way that the crystals always remained in the same flask. 
After crystallization the material gave an analysis of 99.8% 
hydrogen peroxide by weight using a method of direct 
titration against potassium permanganate in dilute sulfuric 
acid solution. Analyses indicating 100.0% of hydrogen 
peroxide were obtained by volumetric measurement of 
total oxygen obtained from complete decomposition of a 
weighed quantity of material. Since both methods are sub
ject to errors it was felt that the correct value probably lies 
somewhere between the values given. The material was

(1) W. C. Schumb, Ind. Eng. Chem., 41, 992 (1949).
(2) O. Maass and W. IT. Hatcher, J. Am. Chem. Soc., 42,2548 (1920).
(3) D. M. Yost and H. Russell, “ Systematic Inorganic Chemistry,” 

Prcr.tice-Hall, Inc., New York, N. Y., 1946, p. 367.
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stored at 5° until used. No measurable decomposition was 
encountered under storage for about one year.

Sampling Procedure.— The weighed empty ampules were 
filled by inverting them in an enclosed flask with the open 
end of the capillary vent just under the surface of purified 
hydrogen peroxide. The assembly was partially evacuated 
through a side arm provided with a dust trap and then re
leased to atmospheric pressure, thus causing the ampule to 
fill about one-half full of liquid. The ampule was removed, 
shaken, then emptied in a similar flask in like manner and 
then filled again. The procedure was repeated three times 
to ensure complete rinsing. After filling the final time the 
ampule was shaken down to remove excess liquid from the 
capillary. A small hand torch was used to warm the capil
lary vent in order to dry the inside. It was again weighed, 
then placed on the helix assembly at bath temperature. 
If bubble streamers appeared at any time during an ex
periment the ampule was discarded.

Quartz Helix Balance.—The quartz helix employed was 
constructed to the following specifications, giving optimum 
sensitivity for a one-gram load capacity maximum.4

Fiber diameter =  6.1 mils, helix diameter =  8.9 mm. 
(average), no. of turns =  134, pitch relaxed = 5 turns per 
mm., extension under 1 gram load =  50 cm., sensitivity 
about 0.45 m m ./m g. The helix sensitivity was carefully 
determined with known weights at bath temperature before 
use.

Rate Measurements.— The change in weight of the hy
drogen peroxide sample with time was followed by periodi
cally observing the change in length of the helix with a cathe- 
tometer. Measurements were made to the nearest 0.05 
mm. Thus from the previously determined helix sensitiv
ity the total weight loss of the sample could be determined. 
This loss represents the total loss of oxygen, water and 
hydrogen peroxide from the ampule. To determine the 
oxygen loss only, the total weight loss must be corrected 
for the water and hydrogen peroxide carried out of the 
ampule by the oxygen. This can be done by an iteration 
process to any desired degree of accuracy. To start the 
iteration it was assumed that the total observed weight loss 
was due to oxygen. From the known partial and total vapor 
pressure data on the water-hydrogen peroxide system6-6 
and the assumption that the oxygen was saturated at these 
pressures a first approximation of the water and hydrogen 
peroxide carried out by the oxygen was calculated. This 
weight was subtracted from the first assumed weight of 
oxygen to give the first approximation of the correct weight 
lost. This corrected weight of oxygen can be used to make 
further approximations of the correct oxygen loss. Because 
of the low vapor pressure of concentrated peroxide solutions 
the first approximation of the weight of oxygen lost was 
usually accurate enough. Using oxygen loss the amount 
of decomposition was calculated from the following stoichiom
etry

2H»02 — > 2H20  +  0 2
The validity of the method was checked by analyzing 

partially decomposed samples by titration against potas
sium permanganate. The results agreed within experimen
tal error which was ± 0 .1 %  hydrogen peroxide decomposed.

The long capillary vent eliminated direct evaporation 
losses by providing a long diffusion path. The effectiveness 
of this system was verified by observing the weight loss of 
ampules containing distilled water at maximum bath tem
perature. The loss was scarcely detectable over a two weeks 
period and since water has a much higher vapor pressure 
than concentrated hydrogen peroxide solutions it was as
sumed that losses by evaporation were negligible.

Results
Severe demands on cleanliness and handling 

techniques reduced the number of successful runs 
severely. The results given in Table I include 
only those runs which gave no visible evidence of 
bubble streamers in the liquid during the course of 
the experiment. When streamers were encoun
tered the decomposition rates were invariably much

(4) F. M. Ernsberger and C. M. Drew, Rev. Sci. Inst., 24, 117 
(1953).

(5) P. A. Giguere and O. Maass, C an . J. Res., 188, 184 (1940).
(6) O. Maass and P. G. lliebert, J. Am. Chem. Soc., 46, 2693 (1924).

greater and not reproducible. In some cases where 
abnormally high rates were observed without 
streamers in evidence the ampules were emptied 
and refilled with considerable improvement noted. 
All new ampules were therefore given a conditioning 
treatment prior to use. Once conditioned, an 
ampule gave reasonably reproducible results and 
also agreed with results obtained with other simi
larly treated ampules.

T a b l e  I

O b se r v e d  D ecom po sitio n  R a te s  o f  P u r e  H ydrogen  
P e r o x id e  a t  V a r io u s  T e m p e r a t u r e s

Temp.,
°C. „  % 

Decomposed
Duration,

hr.

Decomp, 
rate, 

% /hr. 
X 102

86.3 2 51 71 3.53
1 85 64 2.89
2 .6 6 96 2.75
2.34 72 3.21
6.71 218 3.08
6.31 214 2.95
4.02 213 1.89
4.26 213 2 .0 0

8.86 240 3.69
3.92 239 1.64
5.54 239 2.32
7.81 238 3.28
4.25 233 1.82

70.5 3.53 330 1.07
3.14 330 0.95
3.73 330 1.13
3.66 330 1.11

59.3 3.46 720 0.48
3.31 720 0.46
4.90 720 0.68
3.39 720 0.54

Av. rate, 
% /hr. X 104

2.70

1.07

0.54

It is felt that the chief merits of this method 
lie in the small amount cf surface and sample size 
required thus eliminating the formidable task of 
purifying large quantities of hydrogen peroxide 
and cleaning large surface areas.

All the experimental results showed a linear re
lationship between the per cent, decomposed and 
time. The scatter of the points about an average 
line was ±0.10%  unit for the experiments at 
86.3°. At the lower temperatures the scatter was 
less. These results indicate that the decomposi
tion was showing zero-order behavior. However, 
even this precision was not good enough to rule out 
completely the possibility that the decomposition 
may have been half order. Over the temperature 
range studied, the reaction gave an average tem
perature coefficient of 1.83. This is somewhat 
lower than Schumb’s value of 2.121 and Roth and 
Shanley’s value of 2.26.7 It is interesting to note 
that our value does agree very closely with Roth 
and Shanley’s value of 1.84 which they obtained on 
concentrated hydrogen peroxide stabilized with 
phosphoric acid. If the zero-order rate constant k  

is expressed as an Arrhenius function of tempera
ture

k = PZe~ElRT
then the activation energy E  is 14.4 kcal. and the

(7) E. M. Roth and E. S. Shanley Ind. Eng. Chem., 45, 2343 (1953) •
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collision factor PZ  is approximately 104 moles/1. 
sec. This result indicates that its apparent normal 
behavior is the result of both a very low collision 
factor and a small activation energy.

No induction period ever was observed. This 
probably was due to the fact that the solutions 
were of very high purity and free of foreign mate
rials that could act as inhibitors. However, it also 
tends to rule out mechanisms in which a certain 
concentration of an intermediate must be built up 
before the decomposition can proceed.

Many homogeneous mechanisms were consid
ered but none were found that had a low enough 
activation energy. If it is assumed that the de
composition involves strongly adsorbed hydrogen 
peroxide on the quartz surface, it is possible to 
write a mechanism with a sufficiently low activa
tion energy and zero-order kinetics. Unfortunately 
the results obtained in this study are not complete 
enough to establish clearly this decomposition 
mechanism. However, they do support the notion 
that the decomposition of concentrated liquid 
hydrogen peroxide takes place primarily if not com
pletely by a heterogeneous mechanism.

THE STRUCTURE OF THE AM IDE ION
B y S. F. M a s o n 1

Australian National University, Department of Medical Chemistry, 
University College, London, W.C. 1

Received September 19, 1956

The crystal structures of sodium amide2 and 
lithium amide3 have been reported recently. In 
these determinations the H -H  and N -H  distances 
in the amide ion were assumed2 to be 1.60 and 1.01
A., respectively. It has been shown, from the 
proton magnetic resonance spectrum of potassium 
amide,4 that the H—H distance in the amide ion 
is 1.63 ±  0.03 A., and in the present work an ap
proximate value of 104° for the bond angle has 
been calculated from the infrared spectrum of 
lithium amide , giving the N -H  distance of 1.03 A. 
for the ion.

The infrared spectrum was obtained with a 
weighed sample of purified lithium amide pressed 
into a disc with potassium bromide, using a Perkin- 
Elmer Model 12C spectrometer with a lithium 
fluoride prism. The amount of lithium amide in 
the disc was subsequently checked by titrating an 
aqueous solution of the disc potentiometrically 
against standard acid. The asymmetric stretching 
frequency was observed at 3315 ±  1 cm.“ 1, with a 
molecular extinction coefficient of 6.5, and a band 
half width of 10 cm.-1, and the symmetric fre
quency at 3251 ±  cm.“ 1, with an «max of 17.7, 
and a band half width of 14 cm.-1. These bands are 
sharp and symmetrical in shape, and no other 
bands were observed in the N -H  stretching vibra
tion region. Thus the amide ion does not hydro
gen bond in the crystal, as expected from the large 
minimum N - N distance (3.81 A.) in the sodium

(1) Chemistry Department, The University, Exeter, England.
(2) A. Zalkin and D. H. Templeton, T his Jou rn al , 60, 821 (1956),
(3) R. Juga and K. Opp, Z. anorg. allgem. Chem., 266, 313 (1951).
(4) R. Freeman and R. E. Richards, Trans. Faraday Soc., 52, 802 

(1956).

salt.1 The bond angle of the amide ion and the 
N -H  stretching vibration force constant (5.99 X 
10s dyne/cm.) were calculated using Linnett’s 
formula.6

(5) J. W. Linnett, ibid., 41, 223 (1945).

THE VAPOR PRESSURE OF SODIUM 
FLUORIDE1

B y  K a r l  A. Se n s e , C. A. A l e x a n d e r , R. E. B o w m a n , 
R. W. Sto n e  an d  R. B. F il b e r t , J r .

Battelle Memorial Institute, Columbus, Ohio 
Received October 26, 1956

This work was undertaken because information 
on the vapor pressures of sodium fluoride was 
needed in the 930-1075° temperature range. The 
apparatus and experimental procedure of the trans
piration method used have been adequately de
scribed in the previous papers.2'3 The sodium 
fluoride used was J. T. Baker highest grade. The 
results are given in Table I.

T a b l e  I
V a p o r  P r e ssu r e  of S o d iu m  F l u o r id e

Temp.,
°C.

Pressure, mm. 
Obsd. Caled. Dev. %

Flow rate, 
nitrogen, 
cm.3/min.

934.6 0.108 0.108 0.0 47.3
946.9 .142 .143 - 0 . 7 50.9
955.0 .173 .172 + 0 .6 48.2
964.5 .211 .213 - 0 . 9 50.0
974.0 .266 .263 +  1.1 49.1
984.7 .336 .332 +  1.2 49.2
992.0 .385 .389 - 1 . 0 48.6

1001 .452 .465 - 2 . 6 49.3
1011 .563 .548 + 2 .7 49.4
1014 .580 .579 + 0 .2 50.3
1021 .653 .654 - 0 . 2 49.6
1032 . 797 .792 + 0 .6 49.3
1035 .832 .834 - 0 . 2 48.2
1047 1.02 1.01 +  1.0 45.4
1064 1.30 1 32 - 1 . 5 44.0
1075 1.58 1.58 0.0 40.5

By use of a least-squares correlation the follow
ing P -T  relationships were derived.
From 934-996°

log p (mm.) =  11.3315 -  (1)

Ai/sub Halation =  68.0 kcal./mole (2)
From 996-1075°

12428
log p (mm.) =  9.4188 -  ^

A//vaporDation =  56.9 kcal./mole (4)
The melting point, 996°, was obtained by equat

ing (1) and (3). These results are based on the as
sumption that, at the temperature range studied, 
the sodium fluoride molecule exists as a monomer. 
If dimers or higher polymers are present in the va
por phase, the resulting vapor pressures would, of 
course, be lower.

(1) Work performed under AEC Contract W-7405-eng-92.
(2) K. A. Sense, M. J. Snyder and J. W. Clegg, T his Jou rn al , 58, 

233 (1954).
(3) K. A. Sense, M. J. Snyder and R. B. Filbert, Jr., ibid., 58, 995 

(1954).
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