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systems containing non-hydrocrabon components. 
The pseudo-critical pressures of the hydrocarbon 

solutions deviate little from the arithmetic means 
of the values for the components. In the systems 
involving H2S or CO2, however, the deviations are 
substantial and always negative. The largest 
values arise when (T2/T1) and (Po-Pi) deviate from 
unity in opposite directions, i.e., when the molal 
volumes of the two components differ substantially. 

The number of systems studied is not large 
enough to justify broad conclusions on an empirical 
basis. I t would be desirable to have these quad
ratic term coefficients for additional systems. 
Nevertheless, consideration of the various factors 
affecting intermolecular forces should allow the 
experienced scientist to estimate values of (2Tcm — 
'Pd — Tc2) and (2P c m — PcA — Pci) for systems similar 

Introduction 
Although proton acid equilibria have been in

vestigated extensively in organic solvents of low 
dielectric constant, very little work has been done 
with Lewis acids in these media. Information de
rived from such studies would bear relevance to 
the question of acid-base strength, which is im
portant in the investigation of organic reaction 
mechanisms. This paper presents a s tudy of the 
interaction of stannic chloride with the bases, 1,4-
dioxane, morpholine, tetrahydrofuran and pyridine 
in the solvent benzene. 

Although the reaction products formed in other 
solvents or in the absence of solvent already have 
been described in the l i terature,3 4 the stoichiometry 
was investigated in benzene by thermometric titra
tion5 as well as by the analysis of the products. 
Enthalpy measurements and equilibrium con
stants were obtained by a calorimetric procedure.6 

(1) Presented in part at the Symposium on Thermoanalytical 
Titrimetry, New York Meeting, American Chemical Society, Sep
tember, 1957. 

(2) This paper represents a part of the work submitted by Mr. 
Peter R. Segatto to the Graduate School, Rutgers, The State Uni
versity, in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy, November, 1957. 

(3) H. Rheinboldt and R. Boy, J. prakl. Chem., 129, 208 (1931); 
P. Pfeiffer, Z. anorg. Chem., 71, 97 (1911); A. R. Ingram and W. F. 
Luder, T H I S JOURNAL, 64, 2506 (1942); A. W. Laubengayer and W. C. 
Smith, ibid., 76, 5985 (1955). 

(4) H. H. Sisler, H. H. Batey, B. Pfahler and R. Mattair, ibid., 70, 
3821 (1948). 

(5) S. T. Zenchelsky, James Periale and J. C. Cobb, Anal. Chem.. 
28, 07 (1956). 

(0) M. H. Dilke and I). D. Eley, J. Chem. SoC., 2601 (1919). 

to those listed in Table I I with sufficient accuracy 
for many purposes. 

I t should be noted tha t in this s tudy the maxi
mum ratio of critical temperatures of components 
is 2.4, t ha t of critical pressures is 2.0 and the maxi
mum ratio of critical volumes implied is about 3. 
We have reason to believe tha t the behavior of 
mixed gases may become more complex when the 
components differ from one another to a greater 
degree. Thus one should be cautious in extending 
the present methods outside the range defined 
above. Nevertheless the present method should 
yield useful predictions of considerable accuracy 
for a large variety of solution systems. 

This work was performed under the auspices of 
the U. S. Atomic Energy Commission. 
BERKELEY 4, CALIF. 

Additional information was obtained from con
ductance measurements. I t was expected tha t the 
equilibrium constants might provide a measure of 
the relative base strengths. 

Experimental 
Reagents.—Bakers Analyzed Reagent grade stannic chlo

ride was used as received for most experiments, since further 
purification7 did not alter the experimental results. 

U.S.P. grade thiophene-free benzene (isatin test) was 
refluxed over phosphorus pentoxide for at least 12 hr. and 
then distilled from fresh phosphorus pentoxide through a 
three-foot column packed with Raschig rings. A center cut 
with M26D 1.4971 was used. The reported value is »26D 
1.4973.8 No difference in refraction was observed whether 
sodium or phosphorus pentoxide was used as drying agent. 

Technical grade dioxane was purified by the method of 
Fieser9 and distilled from sodium. The center cut was used. 
It gave »26D 1.4196 as compared with W26D 1.420210 reported. 

Technical grade tetrahydrofuran was dried over phos
phorus pentoxide, distilled, then refluxed with lithium alu
minum hydride for 12 hr. and finally redistilled from fresh 
lithium aluminum hydride. The center cut gave M26D 
1.4035. The literature value is W26D 1.4045.11 

Pyridine, technical grade, was refluxed over barium oxide 
for several days and distilled from fresh barium oxide. The 
center cut gave re 26D 1.5059 as compared with re 26D 1.5067.12 

U.S.P. grade morpholine was purified by the method of 

(7) J. H. Hildebrand and J. M. Carter, THIS JOURNAL, 64, 3592 
(1932). 

(8) A. V. Forziati, A. R. Glasgow, C. B. Willingham and F. D. 
Rossini, J. Research Natl. Bur. Standards, 36, 129 (1946). 

(9) L. F. Fieser, "Experiments in Organic Chemistry," 2nd Ed., 
D. C. Heath and Co., Boston, Mass., 1941, p. 309. 

(10) P. R. Frey and E. C. Gilbert, T H I S JOURNAL, 69, 1344 (1937). 
(11) F. E. Critchfield. J. A. Gibson, Jr., and J. L. Hall, ibid., 76, 

on H (HI5.3). 
(12) C. R. Kinney, Inri I'.ng. Chem., 32, 559 (1940). 
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Thermometric titration results confirm the fact that stannic chloride forms AB2-type addition products with tetrahydro
furan and pyridine in benzene. These results also indicate that with the bases, 1,4-dioxane and morpholine, stannic chlo
ride forms AB-type products in addition to the ABs-type. Heats of complex formation in dilute benzene solution were meas
ured at 25° and the &H° values (kcal./mole) for the reactions A(soln.) + 2B(soln.) -*• A2B(s) are: dioxane ( —16.9 ± 0.7), 
morpholine ( —47.1 ± 0.9) and pyridine ( —39.5 ± 0.8). In the case of tetrahydrofuran, the complex was soluble and the 
AH0 value obtained was —24.2 ± 0.2. Other thermodynamic quantities were estimated for the pyridine and tetrahydro
furan reactions. Conductance curves for the tetrahydrofuran reaction indicate that ion pairs exist in solution, that the prod
uct which precipitates is ionic and that it redissolves in excess base to form a conducting solution. 
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TABLE I 

THERMODYNAMIC DATA AT 25.0 ± 1.0" 

Reaction - AH" K0 - AF° - AS" 

SnCl4 (soln.) + 2C4H8O2 (soln.) >• SnCl4-2C4H802(s) 16.9 ± 0.7 
SnCl4 (soln.) + 2C4H9ON (soln.) > SnCl4-2C4H9ON(s) 47.1 ± .9 
SnCl4 (soln.) + 2C6H6N (soln.) >• SnCl4-2C6H6N(s) 39.5 ± .8 10'° 14 85 
SnCl4 (soln.) + 2C4H8O (soln.) > SnCl4-2C4H80 (soln.) 24.2 ± .2 106 7 57 

" Values of AH" and AF" are in kcal. per mole of product for the reactions as written. AS0 is given in entropy units per 
mole of product. All values apply to the concentration range 3 X 10 ~3 to 2.2 X 10 "2 M initial acid concentration. The 
mean deviation of at least fourteen determinations is indicated for each AH0. 

Friedman, et al.,13 and finally distilled from sodium. The 
center cut gave n25D 1.4521 as compared with »2 SD 1.452314 

reported. 
All purifications were performed immediately prior to use 

and the reagents were protected from moisture by means of 
drying tubes during refluxing and distillation procedures. 
They were dispensed in a dry box whose atmosphere was re
circulated over large surfaces of phosphorus pentoxide. Di-
oxane and tetrahydrofuran were tested to ensure the absence 
of peroxides before use. 

Apparatus.—Thermometric titrations were performed in 
the conventional manner.6'16 Calorimetric measurements 
were made in a 250-ml. silvered Dewar flask16 using a meas
uring procedure like that of Jordan and Alleman.17 The 
calorimeter was calibrated by measuring the heat of neutrali
zation of 0.04833 M hydrochloric acid with 1.000 M sodium 
hydroxide. The value of AH" was taken as 13.4 kcal./mole 
a t 25°. l s Direct current conductance was measured in a 
flask type cell using a pair of concentric nickel cylinders as 
electrodes. A micro-microammeter, with 2 X 10 - 1 2 ampere 
current sensitivity, was used in series with the conductance 
cell and a 300 volt dry battery for current measurement.2 

Procedure.—Solutions of stannic chloride were prepared 
in the dry box using a weight pipet19 and introduced into the 
apparatus, which was sealed before removal from the dry 
box. Solutions of base, or pure base, were delivered to the 
apparatus by means of an automatic constant-delivery-rate 
buret.20 Thus the reagents were in contact only with dry 
glass, except for a very short section of solvent-leached poly
ethylene tubing used as a connector. Experiments were 
performed in a room where temperature was maintained at 
25.0 ± 1.0°, and all reagents were allowed to reach room 
temperature before use. 

Results 
Stoichiometry.—When 0.1 M stannic chloride 

was titrated with 1 M base in benzene, a fine white 
crystalline precipitate was obtained in each case. 
These were slowly soluble in water, producing an 
acidic solution. They gradually decomposed be
fore melting. The thermometric titration curves 
(temperature-millimoles of base) changed slope at 
a molar base to acid ratio of one for dioxane and 
morpholine, suggesting the composition AB for the 
product. Similar curves for tetrahydrofuran and 
pyridine indicate the product AB2 for those reac
tions. While these results are in agreement with 
the literature for tetrahydrofuran and pyridine, the 
currently suggested composition, AB, for dioxane 
and morpholine differs from the formula, AB2, 
previously reported.3'4 Analysis of the products ob
tained in the present study by the method of Sisler, 
et al.,4 gives AB2 for all four products, in agreement 

(13) H. B. Friedman, A. Bernard, W. B. Doe and C. L. Fox, THIS 
JOURNAL, 62, 2366 (1940). 

(14) G. L. Lewis and C. P. Smyth, ibid., 61, 3067 (1939). 
(15) H. W. Linde, L. B. Rogers and D. N. Hume, Anal. Chem., 25, 

404 (1953). 
(16) R. D. Void, T H I S JOURNAL, 59, 1515 (1937). 
(17) J. Jordan and T. G. Alleman, Anal. Chem., 29, 9 (1957). 
(18) G. Kegeles, T H I S JOURNAL, 62, 3230 (1940). 
(19) R. Van Dyke and H. E. Crawford, ibid., 73, 2018 (1951). 
(20) J. J. Lingane, Anal. Chem., 20, 285 (1948). 

with the literature. Cobb21 has shown that a sec
ond product, with a base to acid ratio smaller than 
two, exists for dioxane. When he added equimolar 
amounts of stannic chloride and dioxane to benzene, 
the tin was quantitatively recovered in the precipi
tate. Thus while AB is the more likely composi
tion, A2B has not been ruled out. Both products 
are white crystalline solids and the interconversion 
must be accompanied by an extremely small en
thalpy change. This will be considered further 
under Discussion. 

Thermodynamics.—The enthalpy change as
sociated with the formation of each of the products 
mentioned was determined by the procedure of 
Dilke and Eley.6 Several runs in which varying 
amounts of stannic chloride were mixed with large 
excesses of base yielded plots of calories vs. moles of 
acid. The slopes of these lines gave AH0. The 
values obtained are shown in Table T. It should 
be noted that within the range of acid concentra
tions used, 3 X 10-8 to 2.2 X 10~2 M, tetrahydro
furan gave no precipitate, while all the other bases 
did. In contrast, pyridine gives precipitates at 
acid concentrations as low as 1O-4 M upon addition 
of minute quantities of the base. The heats of 
dilution of the reactants are extremely small com
pared to the AH0 values. 

An estimate of the absolute accuracy of the AiJ0 

values, based upon an analysis of the experimental 
procedures involved, leads to a maximum determi
nate relative error of 6%.2 I t will be noted that the 
precision indicated for each AH0 falls within this 
limit. 

Estimates of K0 were obtained by mixing acid 
with base in varying mole ratios and measuring the 
heat evolved.6 Thus the following equations can 
be used to calculate Kc for the tetrahydrofuran re
action 

K = 
(a - x){b - 2x)2 

Ka = KV 

and 

where 
x = moles of product 
a = moles of stannic chloride (before reaction) 
b = moles of base (before reaction) 
V = volume of solution 

The quantities a, b and V are carefully measured, 
while x is determined from the heat measurements 
and the known value of AiJ0. Activities are as
sumed to be equal to the molar concentrations for 
these dilute solutions, 10 - 3 to 1O-2 M. 

(21) J. C. Cobb, Master's thesis, in progress. 
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For the pyridine reaction, Kc is evaluated by 
means of the equations 

1 
K = (a - x)(b - 2xY 

and 
K0 = KV 

since the activity of the solid product is taken as 
unity. No similar calculation can be used for di-
oxane and morpholine because of the presence of 
more than one product. Hence, no Kc values 
were calculated for those reactions. 

Since terms in the denominator involve small dif
ferences, the relative errors of individual determina
tions of Kc are large. Therefore a graphical pro
cedure, leading to order-of-magnitude estimates of 
Kc, was employed. The resultant plots are shown 
in Figs. 1 and 2, where the solid curves are theoreti
cal graphs for the indicated values of K1 and the cir
cles are experimental points. From these estimates 
of Kc, AF0 and AS0 are computed. These are shown 
in Table I. 
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Fig. 1.—Tetrahydrofuran-stannic chloride equilibrium plot. 
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Conductance.—Measurements of current were 
made upon the addition of incremental volumes of 
tetrahydrofuran solution to stannic chloride in 
benzene. Initial concentrations of acid ranged 
between 0.13 and 0.19 M. These were titrated 
with base solutions varying between 0.5 and 0.8 M. 
The conductance cell was maintained in an oil-
bath at 25.000 ± 0.005°. Because of the large AJJ0 

for the reaction, readings were taken only after the 
solution returned to bath temperature as indicated 

by a thermometer within the cell. The cell con
stant was 0.03 cm. -1 , a value obtained by compari
son with a cell of known constant. Polarization ef
fects were not expected because of the very small 
currents involved, but such effects were apparent. 
Therefore no voltage was applied, and the cell was 
shorted out, until readings were to be taken. A 
slower progressive drift in readings than the one 
caused by polarization was produced by attack of 
the solution upon the electrodes. It may also have 
been caused by the entrance of atmospheric mois
ture, even though precautions were taken to exclude 
it and no HCl fumes were visible within the con
ductance cell. Attack on the electrodes was con
firmed by the pitting observed after many months of 
use, and finally by the fact that the electrode sup
ports were cleanly cut by electrolytic attack at the 
end of about a year of use. 

Because the conductance values2 were not accu
rate and precisely reproducible, they are not given 
here. Nevertheless, the values obtained were 
consistent and significant. When conductance was 
plotted vs. mole ratio of base to acid, all curves 
showed a smooth rise, reaching a maximum in con
ductance at a base to acid ratio slightly less than 
1.5. The conductance then fell to a minimum at a 
base to acid ratio somewhat greater than two, and 
proceeded to rise with almost constant slope. No 
measurements were made for base to acid ratios 
greater than five. The maximum was observed to 
coincide with the onset of precipitation, while the 
rise in conductance after the minimum was con
comitant with dissolution of the precipitate, al
though the precipitate was not completely dissolved 
at a base to acid ratio of five. The specific con
ductance values measured ranged between 0.30 X 
10-10 and 13.0 X lO"10 ohm"1 cm."1 while those 
for the acid and base solutions separately were 
three orders of magnitude lower.22 

Discussion 
It is clear that the results of thermometric titra

tion agree with the stoichiometry AB2 reported by 
other workers3-4 for the pyridine and tetrahydro
furan complexes of stannic chloride. However, in 
the cases of dioxane and morpholine, the existence 
of an AB complex is also suggested by this study. 
Cobb's21 work indicates that a second complex 
does indeed exist, but he fails to prove whether it is 
AB or A2B. The latter composition, however, 
seems unlikely since tin is almost always tetra- or 
hexa-coordinated, although it has been reported 
penta-coordinated.23 On the other hand, no A2B 
complexes of this type have been found. Thus 
stannic chloride could be involved in a bidentate 
linkage with the two oxygens of dioxane or the oxy
gen and nitrogen of morpholine. This would re
quire the conversion of dioxane and morpholine 
from their normal, Sachse-Z-forms at room temper-

(22) It is interesting to note that if current readings were made 
before all of the precipitate had settled to a level below that of the 
electrodes, most of the precipitate would remain suspended in the two-
millimeter gap between the electrodes; and it could not be shaken 
loose. Moreover, the conductance was markedly higher than when the 
precipitate was allowed to settle. If the voltage were removed and 
the electrodes short circuited, however, the precipitate would immedi
ately settle, with an attendant drop in conductance. 

(23) H. Ulich, E. Hertel and W. Nespitat, Z. physik. Chem., B17, 
21 (1932). 
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ature24 to their U-forms. Yet this conversion has 
been assumed in explaining the "bidentate" linkage 
in the nitrogen tetroxide-dioxanate complex of the 
AB type.25 I t is interesting to note that triphenyl-
methyl bromide forms a one-to-one crystalline addi
tion compound with stannic bromide.26 

A close examination of the thermometric titra
tion curves for dioxane reveals that the slope is per
ceptibly, but not measurably, different from zero 
after the change at the molar base to acid ratio of 
one; and that it fails to become zero at a ratio of 
two. The same is true for morpholine, but the 
slope is slightly greater. I t must be emphasized 
that these are not heats of dilution, which are much 
smaller. Rather, these slopes must be associated 
with the slow, heterogeneous conversion of the AB 
complexes to the AB2 type. The heats of conver
sion are extremely small—less than 10% of the AH0 

values—but that for morpholine is larger than the 
one for dioxane. This is to be expected, because 
if both oxygens were bonded to tin in the AB com
plex, the formation of AB2 would require the break
ing of one oxygen-tin bond with the formation of 
another oxygen-tin bond, and the energy change in
volved should be close to zero. On the other hand, 
the conversion of AB to AB2, for morpholine, in
volves the rupture of an oxygen-tin bond with the 
formation of a nitrogen-tin bond, resulting in the 
evolution of energy, because nitrogen is a better 
electron donor than oxygen. A comparison of the 
AiJ0 value given here for dioxane, Table I, with that 
of Zenchelsky, et al.,5 obtained for nearly equimolar 
mixtures of stannic chloride and dioxane in ben
zene, shows that the heat of conversion is no greater 
than two hundred calories per mole of product. 
This is less than the experimental error of the AH0 

values. 
(24) J. R. Partington and D. I. Coomber, Nature, 141, 918 (1938). 
(25) B. Rubin, H. Sisler and H. Shechter, T H I S JOURNAL, 74, 877 

(1952). 
(20) F. Fairbrother and B. Wright, J. Chem. Soc, 1058 (1949). 

Introduction 
Recently Li, et al.,2 obtained the formation con-

(1) Work done in part at Argonne National Laboratory under the 
auspices of the U. S. Atomic Energy Commission. The work of N. C. 
Li and R. Pfleger was supported in part by the U. S. Atomic Energy 
Commission through Contract No. AT(30-l-)-1922 with Duquesne 
University. 

The conductance studies of the stannic chloride-
tetrahydrofuran system show that the soluble com
plex does consist of ion pairs, as would be ex
pected.26,27 They further show that the precipi
tate is ionic and that it dissolves in the presence of 
excess base to form ion pairs in solution. Since no 
marked change in slope of the conductance curve 
is observed after dissolution of the precipitate be
gins, and up to a base to acid ratio of five, it would 
appear that only one new species is formed. The 
species in solution before precipitation is evidently 
(C4H8O)2SnCl3

+, Cl" while that after dissolution 
begins may be (C4H2O)3SnCl3

+, Cl".28 

The AF0 values calculated for the pyridine and 
tetrahydrofuran complexes (Table I) are in the 
order expected. Nitrogen is the stronger electron 
donor; and, moreover, the pyridine reaction in
volves the additional step of crystallization. How
ever, a direct comparison of the strengths of the 
two bases is impossible. To do so would re
quire knowing the concentration of undissociated 
complex in equilibrium with reactants and precipi
tate. Yet this method will permit a comparison of 
base strengths when the reactions involved are 
homogeneous. The observed entropy changes are 
large but not unreasonable for a case where one 
molecule is formed from three. 
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(27) W. F. Luder and S. Zuffanti, "The Electronic Theory of 
Acids and Bases," John Wiley and Sons, Inc., New York, N. Y., 1951, 
p. 43; J. E. Lemer, "The Reactive Intermediates of Organic Chemis
try," Interscience Publishers, Inc., New York, N. Y., 1956, p. 93. 

(28) The first ion pair is analogous to that postulated by Van Dyke 
for (CHsOHhAlBn; see R. E. Van Dyke, T H I S JOURNAL, 73, 398 
(1951). 
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stants of uranyl complexes of glycolic and oxalic 
acids, using the methods of ion exchange and sol
vent extraction. They showed that even in 1 and 
2 M HClO4, uranyl complex with H2C2O4 does not 

(2) N. C. Li, W. M. Westfall, A. Lindenbaum, J. M. White and J. 
Schubert, T H I S JOURNAL, 79, 5864 (1957). 
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The stability of the Co(II) and Zn(II) complexes of bioxalate, oxalate, citrate and glycolate have been determined by the 
use of Co-60 and Zn-65 in conjunction with the methods of ion exchange and solvent extraction. I t is demonstrated that 
both the stability of the glycolate complexes and the ion-exchange distribution coefficients of the tracer metals decrease with 
increase in ionic strength. An important assumption in the use of ion-exchange method for complex study is that the uptake 
of the complex itself by the cation exchanger is nil or very small relative to the uncomplexed cation. This is demonstrated 
directly for Mg(II) complex of oxalate by means of oxalate labeled with C-14. In ion-exchange experiments the uptake of 
Co(II) and Zn(II) in the presence of imidazole is higher than in the absence of imidazole, while in corresponding solvent-
extraction experiments, the opposite is true. These results indicate that the + 2 imidazole complexes themselves are taken 
up by the cation exchanger and show that the ion-exchange and solvent-extraction experiments complement each other in 
the study of metal complexes. 


