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PART . I 

Dissociation of Ion Pairs. 



INTRODUCTION 

All attempts to utilize conductivity data for ring 

substituted derivatives of triphenylchloromethane in 

sulfur dioxide solution for the direct estimation of the 

electronic influence of the ring substituents have, in the 

past, met with little quantitative success due to the 

complications arising from short range ionic interactions 

in solvents of low dielectric constant. 

In a qualitative manner Lichtin and Bartlett {90} 

1 

were able to demonstrate that ion pair association equilibria 

introduce only minor errors in the relative equilibrium 

constants for triphenylohloromethane and those ring substi-

tuted derivatives whose measured dissociation constants are 

less than lo-4. On the basis of their assumptions, these 

workers were able to estimate qualitatively the electronic 

influence of several substituents. Since, however, many 

theoretically interesting substituents exert an effect 

resulting a dissociation constant greater than 10-4, it was 

considered both interesting and valuable to examine possible 

methods of evaluating an ion pair correction term to be used 

with the experimental data for these compounds. 

Therefore, the research described here was undertaken. 

Initially the dissociation constant of potassium ~bloride was 

determined by applying the Shedlovsky and least s quares 
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treatment to the conductivity data for this salt over the 

dilution range between 2000 and 8o,ooo liters per mole. This 

value showed excellent agreement with the value calculated 

from Bjerrum's (16) equation employing the assumption that the 

distance of closest approach of the ions was exactly equal to 

the sum of ionic radii as determined from crystallographic 

data. This correlation was extended by measurements and 

calculations carried out on a series of alkali halides and 

tetramethylammonium bromide. 

The significance of the apparent quantitative adherence 

to Bjerrum's theory of solutions of electrolytes in sulfur 

dioxide has been disc·ussed in terms of the sphere-in-continuum 

model with a view toward a better understanding of the short­

comings of this model. 

In part II of this dissertation the possibility of using 

the Bjerrum theory for the calculation of the experimentally 

inaccessible dissociation constants for triphenylcarbonium 

halide ion pairs has been explored and ion pair corrections 

have been applied to the experimental data for these compounds. 

Thus the investigations described in part I have produced results 

which have a direct bearing on the original problem of estimating 

substituent effects from conductivity data in sulfur dioxide 

solution. 

Standard free energies, entropies and enthalpies have 

been calculated for the ion pair dissociation reaction of 

potassium chloride, bromide, iodide and of tetramethylammonium 
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bromide in sulfur dioxide solution. A theoretical expression 

relating 6H0 of ion pair dissociation with ionic radii, 

dielectric constant, and temper~ture has been derived from the 

Bjerrum theory. 

Franklin's (38 ) data for potassium iodide and bromide 

over a wide temperature range in sulfur dioxide solution have 

been treated by the Shedlovsky and least mean squares method 

to give ion pair dissociation constants which are in good 

agreement with those calculated for these compounds by the 

Bj errum theory. 

The conductivity of tetramethylammonium sulfate has been 

measured by the method of Lichtin and Glazer over the dilution 

range of 102 to 105 liters per mole in sulfur dioxide solution. 

A semi empirical treatment has been developed which serves to 

distinguish between 1-1 and 2-1 valence type electrolytes in 

sulfur dioxide solution. 
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RESULTS AND .DISCUSSION 

The conductivity data collected in this investigation 

are presented in figures 1-I to 1-IX as semilogarithmic plots 

of equivalent conductance versus dilution. At least two runs 

were performed on each compound and the precision of the data 

as estimated from the average percent deviation of the individ­

ual points from the best fitting smooth curve is plus or minus 

one percent or better for each compound in the range 102 to 105 

liters per mole. Experimental equivalent conductance and 

dilution values used in the construction of the plots are sum­

marized in tables 1-A to 1-J in Appendix 1-B. 

Table 1-I summarizes the equilibrium results derived from 

the conductivity data. Experimental equilibrium constants : (Kexp. ): 

for the process of the dissociation of ion pairs depicted by 

+ Kt")) .. Mf (MX-)0 '-< .;. x-
and limiting equivalent conductance values (J\ 0 ) were evaluated 

by the extrapolation procedure described by Shedlovsky {117) 

and discussed by Fuoss and Shedlovsky (45). 

Shedlovsky Extrapolation Method 

The method involves the solution of the equation 

1 - 1 
.A.S(z)- Ao (1-1 

in which the Shedlovsky function, S(z), is defined by the 
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Compound 

KCl 

KCl 

KBr 

KBr 

KI 

KI 

(C~) 4NBr 
(CH

3
) 
4
NBr 

TABLE 1-I 

.Summary of Equi librium Data in Liquid Sulfur Dioxide. 

Temp. 

{ oc.) 

0.12 

-8·93 
0.12 

-8·93 
0.12 

-8·93 
0.12 

Ao 
2 (mhos-em. ) 

mole 

243·4 
222.1 
248. 

9 
228.0 

243·7 
220.8 

235·5 
215.0 

5 10 Kexp. 

7·435 
1o.78 
14·31 
19.9

0 

30.10 

42.77 
118.4 

146.2 

~Fo 6Ho_Ca) 

(K-cal/mole) K-cal. 
mole 

5.16 

4.8o 

4.81 

4.48 

4·40 
4.08 

3.66 

3·43 

-5.92 

-5·92 
-5.26 

-5.26 

-5.60 

-5.60 

-3·36 

-3·36 

-40·6 
-40.6 

-37· 0 

-37· - 0 
-36. - 7 
-36. 

7 
-25.7 

-25.7 

( a) Calculated by the integrated Van't Hoff equa6ion assuming ~H0 is temperature 
independent over the interval 0.12° to -8.93 c. 
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relationshipt~*) 

(1-2 

where the variable z is defined as 

z (1-3 

Values of the fuction S(z) were obtained directly from 

tables of 8( z) a·s a function of z in the range 0.000 ~ z ~0 .209 

which were computed by Daggett (27) from the expanded form of 

equation 1-2, namely 

2 
Although Daggett neglected terms higher than z in evaluating 

S(z), it can be shown (118) that for the values of z considered 

this simplification introduces an error not greater than plus 

or minus one in the fourth decimal. 

The variable z was calculated using equation 1-3, where 

(1-5 

(*) In order to avoid confusion, all symbols and conventions 
used in this dissertation were chosen to conform with those 
used by Harned and Owen (59)• The reader is referred to appendix 
I-A for a complete description of all symbols. 
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In the above equation q* is defined by the relationship 

q* = I zl ~ l f A. f. '!. ~. ) 
(I z11 t- lz.J)' 1 z1X,r 1z21 A,.> 

(1-6 

For the special case of symmetrical uni-univalent electrolytes 

where z1 = ~ = 1, equation 1-6 reduces to 

q* = 1/2: 

and .the other ter.m.s in equation 1-5 beco.m.e 

and 

--
so that equation 1-5 becomes 

8.2023 x lo5 
(DT)3/2 

(1-7 

{1-8 

(1-9 

(1-10 

The second Shedlovsky coefficient in equation 1-3 is 

defined 

f? * 29.143 (l Z1\ t \Z2\ ) 
w' - '71 (Dr)! 

(1-11 

in which 

w' i - r Y'IZ1z21) - (1-12: 

Equation 1-12 becomes w' -~ for symmetrical 1-1 electrolytes 

so that 1-11 can be written 
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(3* = fl-13 

Numerical values for· the important constants ot * and 

t9* have been calculated for 1-1 electrolytes is liquid sulfur 

dioxide at the several temperatures employed in this research. 

In table 1-II these values are tabulated along with the values 

calculated for .the limiting slopes , Sf:t , of the Debye-Huckel 

limiting law (28,6o) for the activity coefficient which were 

calculated from the equation 

TABLE l ... II 

Q = .As{z) 
.Ao 

Shedlovsky and Debye-Huckel Coefficients 
(1-1 electrolytes in sulfur dioxide) 

Temperature 
(oc . ) 

,B* ~ft. 

10.0 3.160 352.1 7.027 

0.12 3.019 316.1 6.713 

o.oo 3.018 315.7 6.711 

-8·93 2.901 288.7 6.452 

-:t.o.o 2.888 285.6 6.422 

-17.0 2.804 ;267 .o . 6.235 

-20.0 2.769 259·8 6.158 

-33·5 2.625 231.6 5·839 

(1-14 
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The above data may be used for the construction of plots of 

(*, ;3*, and $ ft as a function of temperature. These data give 

smooth curves of very gradual curvature which may be employed 

for the evaluation of the Shedlovsky and Debye-Huckel coeffi­

cients at any .temperature in the range t 10° to -33.5°0. 

Values of the variable z were calculated by equation 1-3 

for various assumed values of J\
0 

employing the coefficients 

given in table 1-II. 

Physical Properties of Liquid Sulfur Dioxide 

Dielectric Constant: Vierk's (125) data for the dielectric 

constant of liquid sulfur dioxide at various temperatures 

between -16.5°0. and -68.8°c. were treated by the method of 

· least mean squares to obtain an analytical expression for the 

variation of the dielectric constant with temperature. The 

expression was of the form of the Abegg (1) equation 

(1-16 

where C and L are constants and T is the absolute temperature. 

The best fit was obtained when C = 95.12 and L = 6.676 

x le-3. All of the data in the reported range fit this equation 

with a mean deviation from the calculated curve of plus or 

minus 0.32%. Extension of this equation somewhat beyond its 
0 ~0 range of validity gave the values for D at t 10 , O.lz, and 

-8.93°0. of 14.37, 15.35, and 16.30 respectively. It should be 



noted that the value obtained in this way for O.l~C. is in 

fairly good a;reement with the values of 15.08 reported by 

LeFevre and Ross (86) and 15.6 reported by I.C.T. {67) at 

o0 c. The latter values were not used in this work however, 

since it was desirable for internal consistency to use constants 

from one source for all computations. Further comparison with 

available data show good agreement at other temperatures; e.g., 

at 14.50°0. Coolidge (26) gives 13.75 while the value calculated 

by equation 1-16 is 13.95. At 22°0. Schlunt (113) found 12.35 

as compared to 11.66 calculated. It should be pointed out 

however, that Schlunt's value is based on only one determination. 

Values obtained from equation 1-16 may be considered accurate 

to 2% or better on the basis of Maryott and Smith's (98) 

estimate of the accuracy of Vierk's data. 

Viscosity: Viscosity data for liquid sulfur dioxide at the 

temperatures of the measurements were obtained from the data 

of Luchinskii (95). These data were treated by the method of 

least squares to give an expression 

(1-17 

for the variation of viscosity with temperature. The mean 

deviation of the individual experimental points from the best 

fitting line was f0.36%. Values calculated from equation 1-17 

are in good agreement with the values given in I.C.T. (68); 

e.g., at o0 c. and -17°C~I.C.T gives 0.00394 and 0.00455 poise 

respectively while the calculated values are 0.00403 and· 0.00455. 
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For reasons of internal consistency only viscosity values 

calculated from equation 1-17 were used in the computations. 

The values of dielectric constant and viscosity of liquid 

sulfur dioxide used in this research are summarized below. 

TABI.J!: 1-III 

Summary of Dielectric Constant and Viscosity Data (a) 
(Liquid Sulfur Di oxide ) 

Temperature D "'\ 
( oc . l (Millipois!tl 

10 .00 14-37 3·67 
0.12 15.35 4.02: 
o.oo 15-36 4·03 

-8·93 16.30 4· 35 
-1o .oo 16.42 4·39 
-17 .00 17.20 4.65 
-20.00 17.55 4-76 
- 33 · 50 19.21 5·24 

(a} The experimental data of Vierk and of Luchinski~ upon 
which the above values are based, are summarized in 
Appendix I-C. 
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Shedlovsky Calculations 

Examination of equation 1-1 shows that a plot of 1/A S( z) 

versus CA S (z )t;"should be a straight line with a slope of 1/K.A;­

and intercept of ~il\0 • Since, however, the Shedlovsky 

variable z (equation 1-3) and also the activity coefficient 

(equation 1-14) are functions of A 0 ; the evaluation of .A. 0 

by the Shedlovsky method will require a series of approximations . 

which may begin with a rough value of A 0 obtained by extra­

polation orA versus Vc plots, or by the application of 

Walden's {127} Rule. This preliminary value ofAo leads to 

approximate values of z and the degree of dissociationJ Q. These 

values of 9 are then used to estimate the activity coefficients 

by the Debye Huckel limiting law {equation 1-14). 

A plot of l,LA.~versus.JQs(z)~ constructed on the basis of 

the first approximation values of z and ft can be extra­

polated to C=O to afford a new value ofJl0 from which more 

accurate values of z and f± may be obtained and a new plot 

constructed. This process is repeated until a . value of A 0 

is obtained which is identical with that used to evaluate e 
and z , and K is derived from the slope found in this plot . 

In the application of the Shedlovsky method to the data 

obtained in this research several factors influencing the 

final derived values had to be evaluated. In general all of 

the experimental data from the several runs on a particular 

compound were used in the calculations and the extrapolation 
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to infinite dilution was carried out by applying the method 

of least mean squares to the calculated variables -'--1/AS ( z) and 

cA s(z)f~ • Mean deviations of the experimental points from 

the best fit straight line were calculated and it was found that 

in general the largest deviations oocured in the regions corre­

sponding to the mos~ and least concentrated solutions. 

The sensitivity of the intercept to variation of the 

concentration range used in the calculations was explored. 

It was found that data above 8o,ooo liters per mole and below 

about 2000 liters per mole exhibited the greatest influence on 

the A 
0 

value obtained by extrapolation. Table 1-IV gives a 

summary of A 
0 

values obtained for tri-m-biphenylylohloromethane 

as a function of the concentration range employed in the 

calculation. 

TABLE 1-IV 

Variation ofll 0 with Concentration Range Employed in 
the Shedlovsky Calculation for Tri-m-bipheny~ylohloro­
methane in Sulfur Dioxide Solution· at -8.93 c. 
Cone. Range A Cone. Range A 

0 2 (liters/mole} (mho]-cm.2/m.) (liters/mole) (mhos-om. /m.) 

5oo-Bo,ooo 167.8 2ooo-8o,ooo 158.o 

16oo-8o,ooo 162.2 5ooo-8o,ooo 158.5 

These data suggest that equation 1-1 is linear only over a 

limited concentration region. 

Concentration .. ! Limits of Shedlovsky Eguation:: 

Theoretically the Shedlovsky equation should be most 

nearly ~alid at high dilutions merely as a result of the use 
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in its derivation of the Debye-Huckel limiting law for activity 

coefficients and the Onsager limiting law for conductance which 

are valid only in the more dilute regions. Experimentally, 

however, an upper dilution limit must be imposed in order to 

minimize errors due to uncertainties in the solvent correction 

inherent in measurements at high dilution. In this research 

the solvent conductance often amounted to more than 10% of 

the total conductance. An estimate, of the accuracy of the 

experimental value for solvent conductance leads to a value of 

tlo%. Thus the error due to solvent correction, when 10% of 

the total conductance is due to that of the solvent , cran be 

greater than tl% in most cases. For this reason it was decided 

to limit the dilution range so that in no case would the solvent 

conductance amount to more than B-10% of the total conductance. 

Thus uncertainties due to this source would be of the order of 

0.5-1.0% for the most dilute data employed in the calculations. 

An examination of the experimental conductance data fsee tables 

1-A to l-ei, in appendix I-B and figures 1-I to 1-IX) shows that 

this requirement is fulfilled by data in the dilution region 

of less than 8o,ooo liters per mole. This value then was chosen 

as the upper limit of dilution and only data below this limit 

were used in the calculations. 

A high concentration limit of applicability of the 

Shedlovsky treatment for 1-1 electrolyte solutions in sulfur 

dioxide cannot be established without extensive and very 

precise experimental data. Since such data are not available 
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for sulfur dioxide solutions it will be necessary to resort 

to data in other solvents as well as to indirect and essentially 

intuitive reasoning which may be based qualitatively on the 

several approximations involved in the derivation of this 

equation. 

First it can be argued that the limit selected should be 

as low as is compatible with expe~imental and statistical 

restrictions. In this respect it must Qe remembered that 

statistically it is desireable to include the largest possible 

number of experimental points in the calculations. If, then, 

we arbitrarily select five as being a reasonable number of 

points to retain from each run we find that, according to the 

experimental procedures employed in the measurements and the 

f 
, -S 

low concentration limit 1.25X·lO · moles per liter) imposed 

earlier for experimental reasons, the high concentration limit 

cannot be much smaller than lo-3 moles per liter. 

Si nce the Shedlovsky equation is but an empirical extension 

of the Onsager limiting law for conductance we may explore the 

c oncentrati~n limits of the latter in order to cast some 

light on the l i mits to be expected for the extended equation. 

In this respect it can be noted that Shedlovsky (117) concluded 

t hat the Onsager relationship is linear· up to a concentration 

of 0.001 to 0.002 N. for 1-1 electrolytes in water. While it 

is true that the Shedlovsky equation represents the conductance 

data t o concentrations greater than l0-3N. for water solutions 

of 1-1 electrolytes it does not necessarily follow that this 
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will also be the case for ~elutions in solvents of low dielectric 
... 

constant . Thus, for example, Fuoss (41) has concluded that 

his extension of the Onsager equation 

F(z} 

A 
~ .JJ[.c.Atl /F(zl] 
- .A,o KA~ 

(1- 18 

will give a linear lot for 1-1 electrolytes up to a concentration 

not greater than 3Ml0-7D. For liquid s ulfur dioxide this 

corresponds to a concentration of 1.2~0-3 liters per mole at 

0°0 . 

One further source of error in the Shedlovsky equation can 

be considered, namely, the errors introduced in the activity 

coeff i cients calculated by the approximate form of the Debye­

Huckfl. limiting law. Fowler and Guggenheim (37) point out that, 

in water even at concentrations as low as 0.001 molar, errors 

in activity coefficients calculated by the limiting law are 

not negligible. Certainly if this approximation gives rise to 

appreciable errors at concentrations as low as lo-3 molar for 

aqueous solutions it must introduce more serious errors at 

this concentration in solvents of low dielectric constant where 

depar tures from the limiting law are known (54) to be greater. 

In view of the above considerations and of the extraordinary 

sensitivity of the extrapolated results to conductance data 

from solutions more concentrated than 5~lo-4 moles per liter 

it is possible to arrive at a reasonable high concent~ation 

limit. The value selected is 5x1o-4 moles per liter or 2000 

liters per mole dilution which, it should be pointed out, is 
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at best a first approximation. This value was chosen, however, 

since the experimental limitations, e.g. cell dimensions etc., 

were such as to make a more restricted dilution range impractical. 

In future work experiments should be designed to afford 

sufficient data over a much more restricted concentration range; 

e.g. l~lo-4 to 2~10-5 moles per liter. 

The results summarized in table 1-I were obtained by 

applying the method of Shedlovsky to ·the experimental conduct­

ance data over the range of 2000 to 8oooo liters per mole. 

The extrapolation was performed by the method of least squares 

to give values of the slppe, "b"=-K~~and the intercept,"a"= lo· 
Deviations of the experimental points from the least square 

line were calculated in each case and ~~~ · deviations for 

the data of each compound were thus obtained. Values of the 

least square constants "a" and "b" and the mean deviations 

are summarized in table 1-V. 

Table 1-VI presents the data of a typical Shedlovsky and 

least mean squares calculation and figure 1-X shows a plot 

of these data. 

In addition to the data of this research, the data of 

Franklin (38) for potassium iodide and bromide at several 

temperatures have been treated by the above methods to obtain 

thermodynamic equilibrium constants and limiting conductance 

values. The results of these calculations are summarized in 

table 1-VII and the least square constants in t~ble 1-VIII. 
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TABLE 1-V 

Least Mean Square Parameters for Shedlovsky Plots. 

(Alkali Halides in Sulfur Dioxide Solution.) 

lo3tA. 
2 2 Mean 

Compound Temp. l.t,/K.J\. dev. 
{ 0 0 . ) ( intercep~) (slope~ (.j--%) 

KCl. o.12 4.l.l. 22.7 o.;23 

KCl -8·93 4·50 l.8.8 1 . 03 

KBr o.12 4.02 11.3 o.62 

KBr -8·93 4·39 9·67 o.64 

KI 0.12 4.10 ·5·59 0.57 

KI -8·93 4·53 4.8o o.71 

( c~) 41mr o.12 4·25 1.52 0.24 

(C~) 4NBr -8·93 4·65 1.48 0.16 



TABLE 1-VI 

A Typical Shedlovsky Calculation. 

Potassium Bromide(a)in Liquid Sulfur Dioxide at O.l2°C. 

lo4c 
(c) V .A.C- z=V:fP-26 S{z) b {OQ .;. a fi l~~fzJ ("r' ~ 

A 09 l log f't = QA.S (z t 

X 102. 
!J.-C 

X 106 X 103 (l-13 •4~) X 103 X 102 

5.269 111.8 24 . 27 o. o662 1.0684 253 ·8 l5 ·g3 0 .~862 o. 6113 8. 371 3·848 
~ . 601 125.4 2·1.25 o .o57~ 1.0597 19~ · 0 13· ~ o. 136 o. 651o t :~4 3·116 

.2~1 142 .2' 18.o5 o.o4~ 1. 0504 13 ·g 11.7 o .8~23 o. 6955 2 .~8o 
1.5 ~ 156.2 15.65 0.04 6 1.0465 102. l g.14 o.8 39 o .7~o 6 .13~ 1. 63 
0·~9 0 1~t ·4 13.1 0.0351 1.03 6 72 .58 . 511 o .885~ 0.7 6 5· 533 1.383 
o. 793 l · 5 11.26- 0. 030 1.0312:. 52.66 t •25 0. 902 0 ·~991 5.201 1.04~ 
0.4331 202.1 t·g56 0.0255 1.0258 36. 2:.0 . 017 0 .91~2 o. ~01 4.823 0·74 
0 . 2$~0 209--2 -· • 56 0.0214 1.0216 25 .42 5· 042 0.93 3 o.8 5 4. 68o Oe539 
o.1 o 224· 3 ·494 0 . 017~ 1.0178 17 .~0 4.15~ 0·9442 0.~794 4·380 o.3I7 0.1281 225.2 5·371 o. o14 1.0147 11 . 0 3·43 0·9539 o. 993 4·376 o.a 3 

Least Mean Square Calculation: 

2 "X" = 0 .15559 2.,"-r = 0.057719 i_"X"2 = 0. 0037713 2 XY" = OeOOl0503 n • 10 
Solving f'or a and b gives: 
a= o. oo4o17 ~o = 248 .9 
b = 0.1128 Kexp.: 1.431 x 10-4 

(a) Data from runs HL- 66, and 68 . 
(b) Daggett's Table, reference 27 . 
(c) A 0 assumed to be 248 for this calculation. 
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TABLE 1-VII 

Summary of Equilibrium Results Based on the Conductance Data of 
Franklin (38). 

Compound Te.m.p . A o K X 105 ~ Fo .6 Ho 

("°C . ) (.m.hos- c.m . 2/.m..) (K- cal . /.m..) (K-cal./.m. 

KBr 10 . 0 309 .1 7· 42 5· 35 ----.. 
tt o.o 267 ·4 12 .4 4· 98 - 4·91 

a 

tt - 1o . o 237 .1 18.5 4· 49 ..S.5ob 

-2o . o 206.6 28.8 4el0 - 5.86° 
tt -33 · 5 190.0 34· 5 3·79 -1 . 53 

d 

KI . 10 .~0 272·3 21 . 0 4·76 ------
" o.o 247 · 3 29 · 3 4· 41 -5.10 a 

tt -1o.o 228 . 5 37 ·8 4.12 -3 .66 b 

" ·20.0 204.4 49 · 0 3·83 - 3· 41 
c 

" -33 · 5 179. 2 65 .7 3· 49 -2 . 51 
d 

AHo values were calculated bt the inte~ated Van't Hoff equation over the interval 
(a) 1o.oo to o.ooc. (b) o.o 0 to -lo.o 0 c. (c) -10.0° to - 2o.o 0c. (d) - 2o.o 0 to - 33·5tC) 
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TABLE 1-VIII 

Least Mean Square Parameters for Shedlovsky Plots. 

(Data of Franklin (38} in Liquid Sulfur Dioxide. ) 

103/A 102 /K.A. 0 
Mean de,, . 

Compound Temp. d 
( 0 0 . ) (interceptY (slope) (± %) 

KBr(a) 10.0 3· 235 14. 10 0 . 21 
tt o . o 3 · 740 11 . 31 o.2.9 
tt •lo . o 4·217 9 . 6o 0.16 
tt •20.0 4·841 8 .12 o.21 

n -33·5 5.264 8.03 0.15 
KI(b) 

<. 

10.0 3·672 9·41 o . 6o 

" o. o 4e043 5·58 0 . 40 
It -1o.o 4·376 5. 06 o.23 
n. - 2o . o 4· 891 4·89 0 . 76 
It .. 33·5 5·581 4·74 o.4o 

(a) Six experimental points in the region 1000 to 4800 ~/m . 
were used in the Shedlovsky calculation for this compound. 

(b) Nine experimental points in the region 1000 to 12,000 1./m. 
were msed in the Shedlovsky calculation for this compound. 



Precision and Reliability of The Data. 

The precision of the conductance data of this research as 

estimated either from the mean deviationsof the experimental 

points from the best fitting smooth curve or from the mean 

deviations of the Shedlovsky plots is better than plus or 

minus one percent over the entire dilution range for each 

compound. Comparison of the data for potassium iodide and 
0 0 

bromide at 0.12 C. with Franklin's 0 c. data for these c ompounds 

permits an estimate of the accuracy of the internal dilution 

technique. Franklin estimated his data to be precise to ~O.l% 

and accurate to about 0.5% with greater accuracy at high 

dilutions. Figure (1-XI) shows a plot of Franklin's data and 

of ·the data of this research for potassium iodide at o0c. 
Excellent agreement exists between the data obtained by the 

two different methods over the entire dilution range in which 

comparison is possible. 

A comparison of the derived equilibrium constants and 

limiting conductance values calculated from the data of this 

research ftable 1-I) and from Franklin's data (table 1-VII ) 

shows good agreement at o0c. only for ~otassium iodide. In 

the case of potassium bromide rather poor agreement exists. 

Direct comparison of experimental data for this compound fails 

to account for the poor agreement of the extrapolated values. 

This discrepancy can, however, be explained on the basis of 

the limitations of the extrapolation procedure discussed earlier. 
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In this respect it should be noted that Franklin's data 

for potassium bromide extend only to a dilution of 4800 

33 

liters per mole and in order to have a sufficient number of 

points to define the Shedlovsky curve it was necessary to 

include in the calculation all of the data in the range l000-

480o liters per mole. An estimate of the validity of the 

Shedlovsky treatment applied to data in this dilution range 

is reflected by the poor agreement of the derived constants 

with those obtained in the region of 2ooo-8o,ooo liters per 

mole. It is quite probable that all of Franklin's data for 

this compound lie out of the region of linearity of the extra­

polation procedure and these observations may be considered 

as lending support to the dilution limits selected in this 

dissertation. 

The derived equilibrium quantities Ke and ~0suffer xp. 
limitations which are inherent in the extrapolation procedure 

and are distinct from errors arising from applicability limits 

or from experimental uncertainties. Thus for strong electro­

lytes, K>lo-3, the Shedlovsky curve will have a slope of very 

small absolute magnitude. Small uncertainties in the value 

for the slope of such compounds will result in large percentage 

errors in the equilibrium constant. On the other hand, for 

such cases, the intercept and hence the J\0 values will be more 

reliable than is the case for the weaker electrolytes, K<lo-3, 

where the slope is larger and more reliable while the intercept 

becomes less reliable. It should be pointed out that the 

reliability of the 1l0 value will in general not depend on its 

absolute value but only on the slope of the extrapolated 



curve and hence tor very eak electrolytes. <J.o-7, l 

unoert intiee are introduced in the extrapol ated limi.ting 

c onduc t ·nce values . In conclusion then, the method 111 

give rel i able equilibrium c on tants tor t hose syste s ·11 re 

the constant f alls in the r ange bet ee.n 10- 3 and 10 - 7 . 

a Proper ties 
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Standard rree enorgies A F0 tor i on pai:r dlssoei t ion ere 

c culnted .trom t he experi ental equilibrium constants by the 

equation 

(1-19 

Standard enthalpies ere oalcula ted by using the illt grated 

f orm of the van• t Hof'f aqua tio.n 

R I h { 1\, I K'1-) 

( ~ -=(,) 
(1- 20 

h1ch, over the temperature r ange em1;tl oyed , Viz. , . 1 ° to -8.9°0 ., 

beoo es 

(l- 21 

Equation 1- 21 involves the as sumption that Ll H
0 

i s independent 

ot t per a ture over the te perature interva,l invol ved. Thi s 

ass pt ion 1 not strictly true tor solutions or electrolytes 

(88) and the err nr 1nvo~ved ln. t his ass pt1on has b en 

eva1ua -.ed in part II. The thermodynamic quan tl ties are 



summarized in table 1-I. Similar results obtained from 

Franklin's data are summarized in table 1-VII. 

Reference to the ~H 
0 

values calculated by equation 

1-20 for potassium iodide in the 0 range 0.12 to 
0 

-8.93 c. 
0 0 
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from this research and in the 0 to -10 a. range from Fr~lin' s 

data clearly illustrates the extreme sensitivity LlH 
0 

of 

values calculated by this equation to small errors in equilib­

rium constants. It can be seen that while the equilibrium 
0 

constants differ by only three percent at 0 c., and by about 

ten percent at -8.9° as compared to -lo
0 c., the /1H

0 
values 

calculated from the two sets of data differ by more than 

fifty percent. This observation lends further support to the 

contention advanced in part II that 
. 0 
~H values calculated 

by the Van'~ Hoff equation from equilibrium data in liquid 

sulfur dioxide must be considered of doubtful significance 

and that conclusions based on small differences in these 

values are completely unreliable. 

/\Ho A more exact calculation of u for ion pair 

dissociation will be discussed below. 

0 
Apparent standard entropies, /:18 , calculated by 

· equation 1-22 are tabulated in table 1-I 

(1-22 

0 
Very little significance can be ~ssigned to these 11 S values 



since the apparent A H0 
values employed in 1-22 do ... not 

0 correspond to the actual LlH val.ues at the experimental 

temperatures. 

Ionic Association. 

The theory of ionic association of Bjerrum (16) and the 

theory of the formation of triple ions and quadrupoles of 

Fuoss and Kraus (44) predict the existence of short range 

interactions between ions which give rise to ion pairs and 

higher ionic aggregates in solutions of electrolytes in 

solvents of low dielectric constant. In sulfur dioxide 

solution, the theory of Fuoss and Kraus (63) restricts short 

range interactions to ion pairs except in very concentrated 

solutions. 

B.1errum Theory 

In a solution of a hinary electrolyte in a solvent of low 

dielectric constant free ions will be in equilibrium with 

associated ion pairs as follows: 

+ -)o k: I 
(MA ' A' Mr f.A,-

The Bjerrum ion pair is defined as two oppositely charged ions 

held at a distance r, by Coulombi c forces only. Non polar 

quantum bonds between ions as well as ion solvent interactions 

are not considered as constituting ion pairs. 

Assuming the simple model of rigid, spherical, non polar-



izable-ions in a solvent of fixed and uniform dielectric 

constant, Bjerrum (16) derived an expression relating the 

reciprocal of the ion pair dissociation constant with 

temperature, dielectric constant and the distance of closest 

approach of the ions. 

47TN 
1000 

The Bjerrum* 

{lz1~lf 2 
~ DkT 

where the function ~ {b) is 

equation can be written 
3 

Q,(b) 
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Q.(b) = l~YyM4d;r = t[·2 ~Ei(2) ,&Ei(b) M ~(1 "+'" ~-)1(1-24 
and Ei (x) is the exponential integral 

·-4 

Ei(x) = ~·-tt-1dt 

The variable b is defined by 

ba 

(1-25 

(1-26 

Another deduction of equation 1-23 has been made by Fuoss 

and Kraus {43) employing the more general phase integral. 

Ion pair dissociation constants may be calculated from 
0 

equation 1-23 provided that reliable values of a, the distance 

parameter, are known. Unfortunately, in most solvents the 

effective radii of the ions are·influenced by general solvation 

or by specific ion-solvent interactions (109}• Thus even for 

simpl~ ion~ for which a rigid sphere approximation should not 

(*) For a complete derivation of the Bjerrum equation see 
reference 61. 



0 be bad, a direct corelation between the a parameter and known 

crystallographic ionic radii cannot be expected. 

Calculations of this type for 1-1 electrolyte solutions 

in sulfur dioxide demonstrate a remarkably quantitative adherence 

to the Bjerrum theory. The results indicate that a direct 

comparison of the distance parameter with known crystal­

lographic ionic radii is possible in this solvent. This, it 

is believed constitutes the first example of completely 

quantitative adherence to the Bjerrum theory. 

Ion-Pair Dissociation Constants 

Table 1-IX summarizes ion pair equilibrium data calculated 

by the Bjerrum theory for a series of alkali halides in liquid 

sulfur dioxide employing the assumption that the distance of 

closest approach is exactly equal to the sum of crystallographic 

radii of the ions involved. A slight variation of this 

procedure was used for the calculations involving symmetrical 

tetraalkylammonium halides. Since crystallographic radii are 

not available for these ions, they were estimated from Fisher­

Hirschfelder-Taylor models as being equal to the distance from 

the central nitrogen atom to the extreme end of an alkyl chain. 

When the alkyl group is larger than methyl this procedure 

becomes uncertain since the actual ionic radius may have any 

value between that corresponding to the completely puckered 

or coiled configuration and that corresponding to the maximum 

extension of the alkyl chain. Two dissociation constants, 
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TABLE 1- IX 

Calculated Ion Pair Dissociation Constant s 
and Free Energies . 

Compound Temp . 5 1° Kcalcd. 
0 

.1F calcd. 
(oC . } {K- cal . Lmole} 

KCl g . l2 10 . 1 5-00 
It - · 93 13 · 4 4 ·70 

KBr 10 . 0 10· 3 5·14 
" 0. 12 14 · 3 4.8o 
tt _g . oo lg . 4 4 - 7~ 
" ·93 -1 · 9 4 · 5 
" -1o . o 19 · l 4 · 49 
" -20.0 25. 4 -14 
1t - 33 · 5 35·0 3 .8o 

KI 1o . o 16 .8 4 ·87 
1t 0.12 22 . 2 4 - 5~ 
" :g :~g 22.3 4 · 5 
" 28 . 3 4 -~o 
1t -1o . o 29.0 4 · 5 
" -20 . 0 37.0 3· G4 tt -33 · 5 50.0 3· 1 

. (CH~) 4NBr _g -1~ 119 . 0 3 -66 
· 93 141.0 3· 46 

_ (n-c4~) 4NI 0. 12 281 {a) 3 . 20 
8 (b) 

" -6.1? 3 5 3 . 02 

(a) Based on compressed configuration of the butyl group . 
(b) Based on extended configuration of butyl group . 



TABLE 1-X 

Ionic Radii Employed in the Bjerrum Calculations. 

Ion 

K.f. fa) 

01- (a) 

Br- fa ) 

I- fa ) 

(a) Reference 105 

(b) Reference 136 

Radius 

1-331 
1.8o6 

1.951 
2.168 

2:.36 

3·30 
6.oo 

7.8o 

(c) Estimated from Fisher-Hirschfelder-Taylor models. 

(d) Based on compressed configuration of butyl group. 

(e) Based on extended configuration of butyl group . 

40 
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corresponding to the two extreme values for the radius of the 

cation, were calculated for tetrabutylammonium iodide and by 

comparison with the measured equilibrium constant some insight 

into the actual conformation of the cation may be gained. 

Table 1-X summarizes the ionic radii employed in these 

calculations. Values for the alkali metal cations and halide 

ions were obtained from the values listed by Pauling (105). 

Radii for ions for which such data are not available were 

estimated from molecular models. 

The model assumed in these calculations is essentially 

identical with the simple model on which the Bjerrum theory 

is based. The ions are considered to be rigid nonpolarizable 

spheres in a medium of fixed macroscopic dielectric constant. 

One additional simplifying assumption is introduced namely 

that the solvation shells of the ions are considered to be 

compl etely penetrated by the gegen ions in the associated ion 

pair. Thus the influence of solvation on the distance of 

closest approach is eli~nated and R may be estimated as being 

equal to the sum of ionic radii as exhibited by the ions in 

the crystalline state. 

Details of Bjerrum Calculations 

In order to facilitate the calculation of ion pair dis-

sooiation constants equatio~ 1-23 can be reduced to 

= (1-27 

where b (1-28 
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The constant coefficients Ok and Ob are dependent only on the 

temperature and the dielectric constant of the solvent. Values 

of these coefficients have been calculated for 1-1 electrolyte 

solutions in liquid sulfur dioxide at several temperatures 

and are summarized in t~ble 1-XI. Physical constants employed 

in these calculations have been described earlier. 

TABLE 1-XI 

Bjerrum Coefficients for 1-1 Electrolytes in Sulfur Dioxide. 

Temperature ob ok 
( oc.) x lo7 xlo-2 

10.00 4.105 5·237 

0.12 3·982 4.78o 

o.oo 3·981 4·776 

-8.93 3·878 4·414 

-lo.oo 3.866 4·372 

-17.00 3·791 4.124 

.. 2o.oo 3·760 4.022 

-33·50 3.628 3.615 
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Values of the function ~(b) were obtained directly from 

a large scale plot of Q,{b) versus (b). Q{b) values used in 

the construction of this plot were calculated from equation 

1-24 employing W.P.A. Tables (134) of the integral exponential 

function. Table 1-XII summarizes the values of ~(b) at 

various values of b and figure 1-XII shows a plot of these 

data. 

b 

2.50 

3·00 

4.00 

5.oo* 
6.oo 
7.oo 
8.oo 

9·00 
10.00 

11.00 

12.00 

13.00 

TABLE 1-XII 

Values of theFunction Q(b). 

Q.(b) 

0.18791 

0.32564 

0 ·54961 

0.77120 

1.04078 

1.41824 

1·99454 

2 ·95052 

4.62532 

7.65992 

13.4038 

24.6824 

(*) Bjerrum's (16) calculated values of Q(b } contains 
an error for this value of b. 





Table 1-XIII summarizes the Bjerr~ calculations 

for the compounds considered in this investigation. 

TABLE 1-XIII 

Summary of Bjerrum Calculations. 

Compound Temp. R b Q,(b) K X 105 
(°C.) {i) 

KCl g.l~ 3·14 12.6~ 20.~5 10.1 
KC1 - ·93 3·14 12.3 16. 5 13·4 

KBr 10.00 3.28 12.51 18.~5 10.3 
KBr 0.12 3·28 12.14 14. 2 14·3 
KBr g.oo 3.28 12.1~ 14.55 lg·4 
KBr - ·93 3·28 11.8 11.97 1 ·9 
KBr -1o.o 3.28 11.78 11.7g ~~:~ KBr -20.0 3.28 11.46 9·7 
KBr -33·5 3.28 11.06 7·90 35·0 

KI 10.00 3·50 11.7g 11.40 16.8 
KI 0.12 3·50 11.3 9·40 22.2. 
KI g.oo 3·50 11.38 5.40 22.3 
KI - ·93 3·50 11.08 ~:gg 28.3 
KI -1o.o 3·50 11.05 29.0 
KI -20.0 3·50 10.75 ·75 ~7·0 KI -33·5 3·50 10.37 5·53 o.o 

(CH
3

)4NBr 0.12 5·25 7.58 1.75 119 

( CH
3 ) 

4
NBr -8 •93 5·25 7 ·39 1.61 141 

fn-c4~) 4NI0.12 8.17 4 .88 0.745 281 (a) 

(n-C4Hg)
4

NIO ·12 9·97 3·98 0.545 385(b) 

fa) Based on compressed configuration of butyl group. 

{b) Based on extended configuration of butyl group. 
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Comparison of Experimental and Calculated Equilibrium Constants. 

A direct and quantitative verification of the Bjerrum 

theory of ion pair formation lies in a comparison of the 

experimental equilibrium constants determined in this research 

with those values calculated for ion ·pair dissociation by 

this theory. Table 1-XIV summarizes the experimental and 

theoretical equilibrium constants and apparent errors calculated 

in terms of the departure of the calculated values from the 

experimental. In the last column several values of the 

difference between the true sum of ionic radii,~~U, and the 

distance parameter R calculated from experimental equilibrium 

constants are tabulated. 

Several interesting deductions can be drawn from this 

comparison. First, the agreement between calculated and 

experimental ion pair dissociation constants, while not 

excellent, is certainly good within the compined experimental 

and calculational errors involved. The apparent errors in 

equilibrium constants are, however, misleading and a more 

complete analysis of the method is required in order to arrive 

at a true evaluation of the adherence to the theory of sulfur 

dioxide sulfur solutions. 

Several features of the relative errors are at once 

apparent and can be explained on the basis of the method. The 

calculated equilibrium constants are significantly larger 

than the corresponding experimental values for potassium chloride 



0 
at o0 o. and for potassium bromide at tlO c. This would 

seem to imply that the sum of ionic radii is larger than the 

actual distance of closest approach of these ions. Theoret-

ically, of course, this is a completely untenable situation 

for the ions. can certainly not penetrate beyond their ionic 

radii because of the infinite potential barrier arising from 

electrostatic rep•lsion. In the case of potassium chloride 

at 0.12°0. and potassium bromide at tlo
0o.1 the distance of 

0 0 
closest approach seems to be O.l8A and 0.13A smaller than 

their respective ionic radii sum. For potassium chloride at 

-8.9° the discrepancy is of the order of 0.04~ or an error 
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of about 1% in the value calculated by the Bjerrum theory. 

This is well within experimental error and therefore need not 

be considered further. 

The Influence of Dielectric Constant 

A possible explanation of the apparent discrepancy for 

potassium chloride at 0.12°0. and bromide at tl0°C. lies in 

the uncertainty of the dielect.ric constant of liquid sulfur 

dioxide at these temperatures. The values of dielectric 

constant used in all of the calculations were obtained by 

extrapolation of Vierk's (125) data as has been described 
--

earlier. Since Vierk's data extend from -63°0. up to -16.5°0 . 

the 0.12° and tl0°C. values are the result of an extrapolation 

which extends beyond the range of validity of the empirical 

equation representing the dielectric constant as a function 



TABLE 1-llV 

Comparison of Experimental and Calculated 
Ion Pair Dissociation Constants. 

Compound Temp. lo5K 10~ ~K(a) R 0 a 

{°C.) {exp.) (calc .) (:!: %) 
(.Angst~) 

( obs.) (theory) 

KCl 0.12 7·44 10.1 ,!35 _?: .96 3·14 

KCl -8.93 10.8 13·4 ;!2-5 ) .lo 3·14 

KBr 10.0 7·42 10.) 1-39 3 ·15 3.28 

KBr 0.12 14·3 14·3 0 3·28 }.28 

KBr o.oo 12.4 14·4 tl6 3·24 3·2.8 

KBr -8·93 19·9 18 .9 ... 5 3·31 3·2:8 

KBr -10.0 18.5 19·5 1-5 3.26 3· 28 

KBr -20.0 28.9 25.6 -11 3·34 3·28 

KBr -33·5 34·5 35 .0 ;!1 3.c26 3·2:8 

KI 10.0 21.0 16.8 -20 3 .63 3·50 

KI 0.12 30.1 22.2 -26 3·58 3·50 
i 
KI o.oo 29·3 22.3 -24 3·frt 3·50 

KI -8 ·93 42.8 28.3 -31 3·78 3·50 

KI -1o.o 37·8 29.0 -23 3·66 3·50 

KI -20.0 49·0 37·0 -24 3-66 3· 50 

liT -33·5 65·7 50.0 -24 3· 56 3·50 

(CH3)4NBr 0.12 118 119 0 5·25 

(CH
3

)4NBr -8·93 146 141 -3 5.25 

(n-c4Hg) 4NI o.1 382 (d) 281 (b) 8.17 

{n~c4Ilg)4-NI o.1 382 ( d. ) 385 Cc) 9·97 

(a) Kcalo. -Kexp./Kexp. 
(b) Compressed configuration. (c) Extended configuration. 
( d) Data of Alster (3) • 



of temperature which was derived from these data. By th~ 

procedure values of 15.36 and 14.37 are obtained for the 
0 0 

dielectric constant at 0.12 and ~10 c. respectively. 
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Experimental values are not available for comparison at ~lo 0c., 
0 

however, at 0 C. Maryott and Smith f98) have selected Le Favre 

and Ross's (86) value of 15.08 as being the most reliable 

value for the dielectric constant at this temperature. For 

most purposes the agreement between the extrapolated value 

of 15.36 and the experimental best value of 15.08 can be 

considered quite satisfactory. Thus, for example, since the 

dielectric constant enters the Shedlovsky equation only to the 

3/2 power the maximum error in the experimental constant at 

0.12°0. is only about 5% on the basis of the apparent error 

in the dielectric constant. 

The Bjerrum equation on the other hand contains the 

dielectric constant to the 4th power and therefore the 

calculated equilibrium constant is very sensitive to errors 

in the dielectric constant . 

Ion pair dissociation constants for potassi.um. chloride at 

0.12°0. have been calculated for several possible values of 

the dielectric constant. Table 1-XV summarizes these data. 



TABLE 1-.XV 

Variation of the Dissociation Constant of 
Potassium Chloride with Dielectric Constant. 

g = 3·14 i.) 
Dielectric 
Constant 

14.90 
15.00 

15.10 

15.20 

15-30 
15.36 

K X 105(*) 

7.26 

7·90 
8~36 

8.90 

9·49 
10.1 

t* . -5 
' ) Kobs. = 7•44 x 10 . for this compound. 

The above data clearly demonstrate the sensitivity 
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of the calculated dissociation constant of potassium chloride 

at 0.12°0. to variations in the dielectric constant value 

used in the calculations. Indeed, if we had used the more 

reliable value of Le FeYre and Ross the large discrepancy 

between the experimental and calculated dissociation constant 

would be greatly reduced ( to about 12% ) and good agreement 

could be ·claimed. 

The observed sensi ti vi ty of the BJ errum equation to 

the dielectric constant is more· complex than is at once 

.appare.nt: The dielectric constant, shown as a term. of the 

first pQwer in equation 1-26, actually enters the Bjerrum 



equation as a complicated exponential term in the integral 

Q(b). Figure 1-XII shows Q(b) as an exponential function of 

(b). From this figure and from equation 1-26 it is obvious 

that the dielectric constant becomes increasingly important 
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at large values of the variable b. By definition, the variable 
. 0 

b is inversely proport1onal to a and, therefore, one can 

conclude that sensitivity of the calculation to errors in the 

dielectric constant will decrease rather rapidly with increasing 

values of the distance parameter. Thus, while a small error 

in the dielJctric constant will have a marked effect on the 
0 

calculation:· for potassium chloride at 0 c. (b =l2.7, Q.(b} = 21) 

it will not be as important for potassium bromide {b=l2~Q.rb) =l4.6) 

or salts with larger ions at this temperature. On the other 

hand at tl0°C., where the dielectric constant is lower than at 

o0
, the values of b for potassium bromide again becomes 

suffie iently large (b= 12.5) to put us in the region of steepest 

slope in the Q(b) vs. b plot. Since at tl0°0. Kcalc.)Kexp. 

the dielectric constant used at this temperature appears to be 

somewhat too high. The dielectric constant for liquid sulfur 

dioxide at tl0°0. calculated by the Bjerrum theory from the 

experimental equilibrium constant and the sum of ionic radii 

of potassium bromide is found to be 14.0 compared to the value 

of 14.4 obtained by extrapolation of Vierk's data. It should 

be interesting to measure the dielectric constant at this 

temperature in order to provide another experimental test of 

the Bjerrum theory. 



Thermodynamics of Ion Pair Formation 

It has been shown that the ion pa~r dissociation 

constan~for 1- 1 electrolytes in liquid sulf ur dioxide are 

dependent only on the temperature , dielectric constant, and 

the distance of closest approach. The latter property can 

be approximated by the sum of ionic radii obtained from 

crystallographic data or by direct measurements made on 
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molecular models of the compounds . It should therefore be 

possible to calculate the thermodynamic quantities ~0 , ~H0 , 

and .63° directly from equation 1- 23 . In principle this can 

be done as follows. 

The reciprocal of the ion pair dissociation constant 

is given by the Bjerrum theory as 

K ... l 47rN (IZl~l€ 2)3u(b) 
= 1ooo DkT ~ 

The standard enthalpy according to the Van ' t Hoff equation, is 

(1-20-a 

Thus if we take the natural logarithm of equation 1-23 , namely, 

- ln K = ln C - 31n D - 31nT t ln ~(b) . {1- 2-8 

(where 0 is a product of fundamental constants) and differen­

tiate with respect to temperature , we obtain 

c) ln K _ ____3_/ ~ D ~ f ....3.,_ 1 e Q.{b }\ 
(§ T -~c)T J T - Q.(bj ) T 7 

and we find that the standard enthalpy can be expressed in 

terms of the Bjerrum theory by 
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4B" _ RT
2 

[ +(s~ ) ~- +- "rb) c~~(~, ~· (1-30 

In order to evaluate AH0 from equatioh 1-30 it is 

necessary to expand the terms enclosed by brackets and collect 

the expanded terms in a manner which will be convenient for 

numerical computation. 

The term -tr{!g~ can be easily expanded if we recall 

the expression derived for the dielectric constant of liquid 

sulfur dioxide as a function of temperature, namely 

• (1-16 

Differentiating 1-16 with respect to temperature gives 

(1-31 

Substituting the results of 1-31 into 1-30 gives 

Now, Q.(b) is defined as 

Q.(b) = -i{e2 - Ei(2) f. Ei(b) - ~b (1 f ~ f 2 b2.)}. fl-24 

Differentiating 1-24 with respect to temperature gives, 

(1-33 

The exponential integral, Ei(b), can be approximated by 

the asymptotic expansion ( 42.) 

Ei { b ) = ~ b ( 1 f ~ {- f• ••• -) (1-34 



If we neglect f*) terms of order higher than b3 and differ­

entiate 1-34 with respect to temperature we obtain 

{1-35 
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By combining 1-35 and 1-33 we effect the cancellation of several 

terms and obtain the result, 

Since b can be defined as 

b = -- ' 
the temperature derivative of b can be shown to be 

-b(l-LT) 
T • 

(l-36 

(1-37 

Substituting 1-38 into 1-36 and expanding, we obtain the 

expansion of the third term in equation 1-30, namely, 

eb(l-LT)(4-b) 
Tb4 

(1-36- a 

This result can now be substituted into equation 1-32 to 

give the analytica£ expression for ~H0 of ion pair dissoci-

(*) This approximation introduces an error of about 0.5 K-cal./m. 
in the final result. 



ation, namely, 

(l,-39 

Equation 1-39 can be somewhat simplified for computational 

purposes to give 

LlH0 = 3RT(l-LT) - RTeb{l-LT)£4 ... b) 
Q,(b)b 

(1-40 
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Equation 1-40 is the theoretical expression for 6H 0 of 

ion pair dissociation. Since this equation is based entirely 

on the Bjerrum theory it is subject to the limitations and 

approximations involved in the sphere-in-continuum model of 

electrolyte solutions and should be expected to yield agree­

ment with experiment only in those systems which can accurately 

be described by this model. One further restriction is implied 

in equation 1-40 , namely, that the dielectric constant of the 

medium must be described by equation 1-16 over the temperature 

range involved. In case the dielectric is not described by 

this relationship a more complicated expression for 6H 0 can 

, be derived. 

Several interesting features of equation 1-40 can be 

noted. First we note tha~ ffiexpected, 4H0 is not independent 

of temperature. 

More interesting is the dependence of 4H0 on the 

dielectric constant. Although the dielectric constant does 

not enter the equation explicitly, it is implicit in the 



constant L, the slope of the logarithm of the dielectric 

constant as a function of temperature. The importance of 
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this sol vent parameter in controlling the heat of dissociation 

of ion pairs is easily seen in equation 1- 40 . For example, we 

find here, that for all values of b ) 2 .5) AH0 goes to zero when 

L = 1/T, becomes exothermic when L > 1/T, and endothermic when 

L ( 1/T. In liquid sulfur dioxide L • 1/T at approximately 

150°Ki according to equation 1-16). This temperature is well 

below the freezing point of the solvent and therefore for all 

s elutions in the liquid phase L) 1/T and Lm:0 is exothermic. 

Further consideration of the solvent parameter L at this time 

would be unprofitable since lack of necessary experimental 

data in other solvents leaves such considerations squarely in 

the realm of speculation. 

By far the most interesting feature of equation 1-40 

is the dependence of 4H0 on the distance of closest approach. 

Again since the expression is not explicit in the H parameter 

we must consider a function of g, namely, b. Equation 1-40 

shows that(*) when b = 4 the AH0 of, dissociation is independ-
(**) 0 

ent of the distance of closest approach • When b) 4,~ is 

negative and when b« 4, ~0 becomes less negative. In liquid 

sulfur dioxide b = 4 when the distance oi closest approach is 

of the order of 1oi. 

(*) In this discussion it should be noted that for the system 
under consideration the ter.m. (1-LT) is a negative quantity. 

(**} This is a direct result of neglecting terms of higher 
order in equation 1-34• 
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Equation 1-40 can be used to calculate ~Ho for ion 

pair dissociation as a function of the distance of closest 

approach or as a function of temperature. Since most of 

the data of this research do not extend over a wide tempera­

ture range it is more pertinent to consider the variation of 

A H0 with the distance of closest approach at several tempera-

tures. The values calculated from equation 1-40 can be compared 

to the experimental values as a quantitative test of the 

applicability of Bjerrum's equation to solutions of electrolytes 

in liquid sulfur dioxide. 

Calculation af Bjerrum AH0 

In order to facilitate the calculation of ~H0 by 

equation 1-4-0 for various electrolytes in liquid sulfur 

dioxide solution it was decided to evaluate ~H0 at several 
0 

round values of the distance parameter a and prepare plots 

·of A H0 as a function of g• In this way 4H0 can be evaluated 

for .any compound if the distance of closest approach is known. 

The results of these calculations are presented in 

figures 1-XIII and 1-XIV as plots of ~0 versus 
0 0 
a at 0.12 c . 

and -8.93oc. respectively. Table 1-XVI summarizes the data 

used in the construction of these plots. 



. 
~ 
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a 

r R. l 

B.o 
10 . 0 

12 .0 

TABLE 1-XVI 

Bjerrum AH0 for Ion Pair Dissociation 
in Liquid Sulfur Dioxide . 

~~calculated by eq. 1-40. 
o.1~00(K-cal . / mole) -8 . 93°0 . 

-3.85 -3· 42 
-3.14 -2.73 

-2.60 -2.24 

-1.99 -1.74 

-1.71 -1.51 
... J..48 -1.31 

-1.34 -1.18 

-1.17 -1.01 

bO 

In order to test equation 1-40 we must have accurate 

experimental LlH0 values. For the most part, the data of this 

research do not afford 4H0 values of sufficient accurac y . 

This results from the fact that ~H0 values calculated fr om 

two temperature data by the integrated Van't Hoff equation 

are extremely sensitive to small experimental errors in the 

individual equilibrium constants employed since these enter 

the calculation as two large numbers used for the calculation 

of a small difference. It is possible, however, to evaluate 

accurate 6H0 values from the multi temperature data of 

Franklin (38) for potassium iodide by fitting an analytic 

expression to these data over the entire temperature range. 



4 H0 for Potassium Iodide 

An empirical equation was fitted to the equilibrium 

constants derived from F~anklin's data for potassium iodide 

at several temperatures. The equation is of the form 

-R ln K = A e B/T (C1\:.) (1-41 
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where A= 34.60 and B = -206.4. Equation 1-41 expresses the 

data over the range - 33.5°0. to "lo.o0 c. with a mean deviation 

of K of the order of t 5 %. 

Equation 1-41 was solved to give an analytical 

expression for ~H0 as a function of temperature, namely, 

(1-42 

Table 1-XVII summarizes the ~H0 values at various 

temperatures calculated from equation 1-42 for potassium 

iodide and comparable values calculated directly from the 

experimental K values by the integrated Van't Hoff equation. 

TABLE 1- XVII 

~~ for Potassium I odide in Liquid Sulfur Dioxide. 
(Data of Franklin (38}) . 

Temperature 

(
0 0 .) 

10.0 
o.o 

-1o.o 
- 20.0 

Equation 1-42 Van' t Hoff 
equation 



Table l~XVII shows fairly good agreement between Ll H0 

calculated from equation 1-42 ~ from the integrated Van't 

Hoff equation at all t emper atures except for the range 

between l0°C . and o0c. , wher e a considerable difference is 

found. The difference found here must be attributed to the 

extreme sensitivity of the Van ' t Hoff calculation to small 

deviations in the experimental equilibrium constants and 

should serve as an. indication of the caution which must be 

used whenever this method is employed for calculating dH0 

values. Similar calculations have not been per formed for 

Franklin's potassium bromide data as these data do not extend 

over a sufficiently wide dilution range to afford reliable 

equilibrium constants. 

Comparison of B,j errum. AH0 with Experimental Data 

According to equation 1 - 40 dfl0 for potassium iodide at 

o 0c. should be equal to - 3.15 K cal . /mole. This result is 

in excellent agreement with the 0° value of - 3·35 K-cal./mole 

obtained from Franklin' s data . Similar good agreement is 

also found at - lo 0c. where Franklin ' s data gives - 3.26 K-cal./m. 

while the Bjerrum value at -8 .93°0 . is -2.75 K-cal./mole. 

A direct comparison between Bjerrum 6H0 values and those 

calculated from the experimental data by the integrated Van't 

Hoff equation demonstrates qual itative agreement as shown by 

the data summarized in table 1- XVIII. These data do not serve 

as a valid test of the Bjerrum equation for the experimental 

values are not reliable. "Order of magnitude" agreement exists
1 



however, and this must be accepted until more accurate experi­

mental values become available. 

TABLE 1-XVIII 

Comnarison of Experimental and Bjerrum ~H0 Values 
~(Ion Pair Dissociation in Liquid Sulfur Dioxide . ) 

o.12°c. 

Compound 

KOl 

KBr 

KI 

(OH3)4NBr 

(04~) 4NI 

(C4-~) 4NI 

Bj errum t,Ho 

(K-cal./mole) 

-3.65 

-3.40 

-3.15 

-1.90 

-1.45° 
-1 .. 35d 

(a) Calculated from Franklin's data. 

(b) ];stimated from the data of Alster(3). 

(c) Compressed butyl group. 

(d) Extended butyl group. 

Experimental 6H0 

(K-cal./mole) 

-5·92 
-5.26 
.... 5.60 f .... 3. 35)a 

-3·36 
b' ' (-1.0) 

(-l.O}b ' 



THEORETICAL DISCUSSION 

The experimental data and calculations presented in 

this dissertation clearly demonstrate that the theory of ion 

pair association of Bjerrum is an accurate representation of 

the behavior of 1-1 electrolytes in liquid sulfur dioxide 
0 

solution. The distance of closest approach a of the ions in 

an ion pair can be calculated from experimental equilibrium 

constants by the Bjerrum equation. Values obtained from the 

data on pure ionic compounds in liquid sulfur dioxide solution 

are in excellent agreement with the sum of kno~ ionic crystal 

radii for these compounds. Conversely, ion pair dissociation 

constants calculated from crystal radii agree closely with 

the experimental values obtained in this research. In two 

cases, where crystallographic radii were not available, values 

estimated directly from measurements of Fisher- Hirschfelder­

Taylor models gave the desired agreement with experiment. 

0 
An equation for LlH derived solely from the Bj errum 

theory gave values which were in good agreement within ~he 

uncertainties inherent in the experimental values of this 

property. 

On the basis of the above observations it is possible 

to conclude that the Bjerrum treatment is quantitatively exact 

for electrolytes in liquid sulfur dioxide solution. This, is 

in all probability the first demonstration of quantitative 

adherence to Bjerrum's theory. 



Fuoss and Kraus (42) have previously demonstrated qualitati¥e 

agreement between equilibrium data for tetraisoam.ylam.monium. 

nitrate in water-dioxane mixtures and the Bjerrum ion pair 
0 dissociation theory. These workers demonstrated that the a 

parameter remained reasonably constant (~ 11%) over a wide 

range of dielectric constant. The R parameter could not 1 

however, be identified directly with known ionic radii for 

their system although it was of the order of ionic dimensions. 

They concluded, that since the molar water concentration was 

always gEeater than that of the solute, the ions were always 

hydrated and therefore their effective diameter remained 

constant. 

While this work constituted the first test of the Bjerrum 

the.orr, it was not possible to check the equation by independent 
0 

determination of a and thus this quantity has never been clearly 

defined in terms of actual ionic dimensions or structure . 

0 
In the derivation of the Bjerrum. equation, a is 

interpreted as the distance between centers of uniformly 

charged spheres in contact. Ions however are in general 

neither spherical nor uniformly charged and the problem of 

solvatibn~~ in respect to its effect on the distance of closest 

approach remains as yet unsolved. ~ualitatively, however, we 

would expect this over- simplified physical picture to be mos t 

nearly approached in systems composed of large spherically 

symmetric ions in solvents of low polarizability. 



0 
The distance parameter a is in general a rather 

loosely defined physical property of electrolytes in solution. 

A rigorous definitimn of ~ in terms of~physically reasonable 

model is of paramount importance for the advancement of 

electrolyte theory. Therefore a detailed discussion of this 

parameter is desirable. 

0 
The Effect of Temperature on the a Parameter 

The results of numerous investigations indicate beyond 

question that the distance of closest approach remains constant 

over wide temperature ranges. .An excellent example is 

provided by the data of Bien~_ al. (14) for tetrabutylammonium 

nitrate in anisole. Table 1-XIX constructed from their data, 
0 . 

demonstrates that in this system a rema1ns constant over a 
0 

temperature range of 125 c. 

TABLE 1-XIX{a) 

Bjerrum g for Tetrabutylammonium Nitrate in 
. Anisole. 

Temperature K x lOll A 0 

0 
lo

8 ax 

{
0 0.} 

2.o8 -33 
{mhos-em. 2 lmole} 

14.22 £em.} .ee 
0 5·42 31.8 4·95 

25 9.20 49·5 4·96 
61.3 16-.3 82.1 4-91 
8o.2 2o.6 102.1 4·89 
95-1 23.2 118.9 4·85 

(a} Data of Bien ~- &· (14). 
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0 
These data clearly establish that a for a given compound is 

constant over a wide temperature range. Further demonstration 

of this fact is provided by the results of this investigation 

summarized in tables 1-XX and 1-XXI. 

TABLE 1-:X:X: 

Bjerrum 
0 for Potassium Bromide in a 

Liquid Sulfur Dioxide. 

0 K X 105 Ao 
8 (a J 

Temperature a X 10 

( oc.) (mhos-em. 2 /mole) (em.} 
(b) 

1o.o 7·42 309 3·15 

o.12(o) 14·3 249 3·2.8 

o.o 12.4 267 3·24 

. -8 ·93 (c) 19·9 228 3·31 

... 1o.o 18.5 237 3.26 

- 2o.o 28.5 207 3·34 

-33·5 34·5 190 3·27 

( a} The sum of crystal radii for KBr is 3.28 x 10 om. 

( b) Some uncertainty in the value for the dielectric 
constant exists at this temperature. 

(c) Results from the present investigation. 
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T.A.BLE 1--XXI 

Bjerrum g for Potassium Iodide in 
Liquid Sulfur Dioxide. 

K X 105 A o 
0 8 fa) 

Temperature 

roc.) ~mhos-em . 2 Lmole} 

10.0 21.0 ~72 

o.l2(b) 30.1 244 

o.o 29·3 247 

-8 . 93(b) 42.8 221 

-1o.o 37·8 228 

... 20.0 49·0 204 

-33·5 65·7 179 

The sum of crystal radii for KI is 

This investigation. 

a X 10 

~em . } 

3 · 64 

3·58 

3·67 

3·77 

. 3.66 

3 . 66 

3 · 56 

0 
The more recent data also demonstrate that a is very nearly 

equal to the sum of ionic r adii obtained from crystal studies . 

0 
Effect of Solvation on a Parameter 

Although several examples of the influence of solvent 
0 

on the a parameter are available in the literature it is 

unnecessary to consider these since a detailed examination of 

the effect of solvation on ion pair dissociation equilibria 

has recently been undertaken by Fuoss and co-workers. Fuoss 

is currently studying the effect of solvent mixtures on the 



behavior of electrolytes. Table 1- XXII constructed from 

the data of several papers in the recent series by Fuoss 
0 demonstrates the sharp variations in the value of a with 

change in solvent compositi on. 

TABLE 1 - XXII 

Bjerrum & for Tetrabutylammonium Bromide 
in Various Solvent Systems. 

Solvent 

Methanol 

77% It .;. Nitrobenzene 

8.4%" .;. tt 

Nitrobenzene 

Methanol 

96.1% " .;. Ni tromethane 

99% u .;. Benzene 

Methanol 

Ethanol 

o. o38 

0.14 

0.12 

o.o22 

0.055 

0.16 

Oo31 

o.o69 

0. 010 

g X 108 
(em. I 

4·46 

7·89 

6.58 

2.28 

4-· 70 

7.o8 

8.22 

5. 2:8 

3· 54 

Reference 

109 
It 

n 

n 

102: 

102 

102 

110 

111 



10 

Sadek and Fuoss (112) have interpreted these data in 

terms of solvation and specific ion solvent interactions and 

have concluded that the Bjerrum sphere-continuum model is 

not quantitatively satisfactory. 

Treatment of Sadek and Fuoss 

A tentative solution to the problem of variation ot the 
0 a parameter with solvent composition has recently been advanced 

by Sadek and Fuoss (112) . In this treatment it is assumed 

that an anion and cation approach through a dielectric continuum 

up to a point where one layer of solvent molecules is between 

the ions. For the process of formation of the solvated ion 

pair they write the static equilibrium 

s t 1-43 

where S represents one or more solvent molecules depending 

upon the polar nature of the solvent. The solvent concentration 

should not appear in the mass action expression which in terms 

of activities is 

- 1-44 

Here KD represents the formal dissociation constant which can 

be expressed in terms of a sphere-in-continuum model by the 

Bjerrum equation. 
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The assumption is then made that in certain cases (for 

example, in nitrobenzene- carbon tetrachloride mixtures) the 

solvent molecule is expelled by the process 

1-45 

for which the mass action expression is 

[+-] o aAB • aS := k a[As~ 0 1-46 

The symbol S means local concentration of polar solvent near 

the ion pair and is assumed to be constant, independent of the 

bulk composition of the solvent mixture . 

For abbreviation they set 

k/aS 1-47 

bye c ¥ and using the stoichiometric 

relationship 

[ +-Jo [+ -;lo \1 a AB f a ASBJ = c{l-o } 

Equations 1-44 and 1-48 may be combined to give 

1-49 

Since c ~2/l-r is the constant obtained by extrapolation of 

conductance data it therefore follows that 

1-50 



The above expression may be restated as follows: formation 

of a solvated ion pair is assumed to be described by the 
0 

sphere-in-continuum model, where the distance a represents 

center-to-center distance between ions which trap a solvent 
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molecule between them. Then the solvent molecule is expelled 

by a discrete process described by the solvation constant 

ks· 

Conduc t ance data for tetrabutylammonium bromide in 

ni trobenzene-carbon-t .etrachloride mixtures were correlated 

by the above expression by Fuoss. Essentially what was found 

was that the equilibrium constan~from conductance data .ere 

directly proportional to constants calculated from Bjerrum's 
0 

equation assuming a constant value of a for all solvent 

mixtures involved. The data fit the following expression 

Kexp. -
1-51 

where Ke • is the experimental value and K(D1;4.25) is the x_p. 
Bjerrum value calculated at dielectric constant D1 and ~ 

0 
equal to 4.25A • 

Oritigue of Sadek and Fuoss Model 

It is a relatively simple matter to demonstrate that 

the hypothesis of Fuoss is not a useful representation of a 

real physical system, and that in all probability the observed 



agreement found by these workers in the nitrobenzene-carbon 

tetrachloride system is merely a consequence of introducing 

another empirical constant into the equations . 

Consider the expression 

1-50 

where k0 represents the process of ejection of a solvent 

molecule from a solvated ion pair. This latter process may 

be depicted by the equation 

rAS+ B-] o where l represents an ion pair in which the distance 

of closest approach includes a contribution from solvent 

molecules interposed between the ions. 

K -exp.-

In liquid sulfur dioxide we have demonstrated that 
0 Kp over a wide range of a values. The ~ values 

were found to be exactly equal to the sum of the crystall­

ographic ionic radii and hence the ion pairs must in fact not 

be solvated in the Sadek-Fuoss sense. Thus the Sadek-Fuoss 

treatment would require that ks be very large while in fact 
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in order to satisfy the experimental observation that Kexp= Kn, 

its value must be extremely small if not indeed equal to tero. 

Thus the new model fails to account for the observed behavior 

in sulfur dioxide solution. 

Fuoss's recent work (102,109,110,111,112) on electrolyte-



solvent interactions is subject to one very fundamental 

criticism, namely, that the system chosen for these studies 

lacks the maximum possible simplicity. Tetrarbuty:Xamrnonium 

bromide is certainly not an ideal choice regardles s of how 

excellent the experimental procedures may be. For example, 
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the ionic radius of the tetrabutylamrnonium cation is a rather 

nebulous quantity whose value depends on the conformation of 

the long butyl chain. Furthermore, the large size of this 

cation results in large values for the measured equilibrium 

constant and therefore rather unreliable values as a consequence 

of the inability of the extrapolation procedures to give 

accurate . results for strong electrolytes. Evidence of this 

can be found in the equilibrium constant values for tetrabutyl­

ammonium bromide in pure methanol shown in table 1-XXII. It 

can be seen that the value reported by Fuoss in three successive 

papers vary over a factor of two. The accurate value may 

possibly be different from either of these values by another 

factor of two or even more. 

Perhaps potassium bromide would have been a much better 

choice for these investigations. 

Bjerrum' s Model 

The sphere-in-continuum model employed by Bjerrum 

prescribes no limitations to the R parameter other than that 

it be the distance separating the centers of two uniformly 

charged spheres. Factors contributing to the size of these 



spheres are not considered in the treatment. It is merely 

$tated that in a solvent of fixed macroscopic dielectric 

constant an electrolyte will have an ion pair dissociation 
. 0 

constant whose value will depend upon the value of the a 
0 
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parameter. Since, in general, the a parameter has been found 

to be dependent upon both the nature of the solute and that 

of the solvent, no quantitative physical significance has 

been assigned to it. The possibility that the macroscopic 

dielectric constant does not adequately describe the medium 

between two ions in close proximity has been suggBsted (43}. 

This does not seem to be the only solution in view of the 

pronounced variation of the R parameter in several solvents 

of essentially the same dielectric constant (2)t8~In much of 
0 

the work in which the a parameter exhibits anomalous behavior 

the ions considered were highly unsymmetrical and hence 

probably not spherical even to a first approximation. Obviously 

in such cases a model based on spherical ions need not be 

expected to be exact. 

It is now possible in view of the results obtained in 

these investigations to ascribe an exact physical meaning 
. 0 

to the a parameter and to consider in some detail variations 

in g in terms of ion solvent interactions. 

• 0 
L~iting Values of a 

In the formation of ion pairs, the ions are considered to 

approach to a certain equilibrium position such that the 



distance separating the centers of charge is equal to a 
0 0 

parameter a. While the exact value of a cannot be predicted 

~ priori for any given system of electrolyte in a solvent it 

is very instructive to consider possible extreme values of 

this parameter. 

In ionic crystals of the alkali halides we know that g 
is equal to the sum of ionic radii. It should be reasonable 

then to assign this as the minimum value R can have in 

solution. This means that when there is no solvent interposed 
0 

between the ions in a solution, a, is equal to the sum of 

crystal radii of the ions. This has been f .eund to be the 

case in liquid sulfur dioxide solutions of alkali halides. 
0 

We may therefore tentatively assign a value to a in the lower 

limit which is equal to the sum of ionic radii. 

0 
An exact maximt~ value for a cannot be assigned as easily. 

However, it is not unreasonable to consider that increases 

in ~ values over the minimum value are the result of inter-

position of solvent molecules between the ions. Whether one 

or more molecules are involved cannot be determined. For the 

sake of simplicity however we can consider the case of one 

molecule of solvent interposed between the ions. The quanti­

tative nature of the effect will not suffer from this 

simplification. The process can be depicted as follows: 
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0 
and the distance parameter a will be equal to the sum of 

crystal radii plus an increment of distance related to the 

dimension of the solvent molecule. 

The question which must now be answered is, what exactly 

is the dimension of a solvent molecule? The answer of course 

is simply that we do not know, however, it should be possible 

to deduce several qualitative requirements which must be 

fulfilled by a model. 

First, regardless of the exact value for the increase in 
0 
a due to the size of the solvent molecule, the model must 

require that this increment be of constant value for each 

solvent. This results in a restriction that the ion pair 

either has or does not have solvent interposed between the 

ions depending only upon the polar nature of the solvent. In 

other words, in certain media no solvent molecules are inter-
o 

,PO·sed between the ions and the a value is at its minimum, 

while in more polar solvents one or several molecules of 

solvent - are interposed between the ions and the g parameter 

is larger by an amount which isacharacteristic constant for 

a particular solvent~ 

0 
Experimentally it is found that the a parameter is a 

constant in a given solvent. Moreover in a solvent mixture 
0 

of water and dioxane the a parameter remains constant over 

a wide range of the dielectric constant. This has been 

interpreted as being due to the fact that the molar concentration 

of water in this system was always great enough to effect 



complete solvation of all ions and ion pairs present in 

the solution. 

Contrary to this behavior expected on the basis of 

the present model, Fuoss has found solvent systems in which 
0 

the a value continuously changed with the composition of the 

solvent pair. Several undesirable features of these invest!­

gations not withstanding, it remains clear that the yes-no 

assumption of the model is a gross oversimplification. 

Model for Ion Pairs 

Any detailed model of Bjerrum ion pairs must correlate the 

following facts and restrictions: 

1) 
0 

The lower limit of the a parameter must be equal 

to the sum of crystal radii of the ions. 

2) 
0 The a parameter must be independent of temperature 

to a good first approximation. 

3) The distance of closest approach must contain an 

increment (this may of course by zero) which is a constant 

for a given solvent and whose value will differ with the 

nature of the solvent. 

4) 0 In solvent mixtures the a parameter may change 

continuously with change in composition of the mixture. 

It is beyond the scope of this dissertion to provide 

such a model. 



Future Work 

It has been shown that, contrary to observations 

in other solvents , in liquid sulfur dioxide the Bjerrum 

theory quantitatively represents the ionic association 

behavior of 1- 1 electrolytes. This result is surprising 
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in view of the over- sim9lified model assumed i n this theory . 

Future work on this problem should be directed toward t wo 

goals, na~ely , {1 ) extension of the scope of exact agr8ement 

by means of meas urements on simple 1-1 electrolytes , and {2) 

establishment of structural limits beyond which agreement 

with Bjerrum's theory cannot be expected. In this respect 

a series of neasurements on n-alkyltrimethyl~~onium halides 

where t he alkyl group ranges from hexyl to hexadecyl would be 

of interest . 

Investigations intended to illucidate the particular 

prop er t ies of liquid sulfur dioxide which nake this solvent 

ideal as far as the Bjerrum theory is concerned cannot be 

suggested at this time . 
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EXPER~mNTAL SECTION 

Preparation of Compounds 

Potassium chloride: The potassium chloride used in this 

research was Baker's C.P. grade and was recrystallized from 

conductivity water. This sample was part of the same material 

previously used by Glazer (46) for the cell constant determi-

nation. 

The pure sample was pulverized in a Coer's "Mullite" 
0 

mortar and was oven dried for four hours at 120 c. before use. 

Potassium iodide: Baker's C.P. grade potassium iodide 

("granular, Lot #lo65o) was twice recrystallized from conductivity 

water. The crystals were washed on a sintered glass funnel 

with Baker's C.P. diethyl ether and were air dried. After 

being pulverized in a CoDr's "Mullite" mortar the sample was 
- 0 

oven dried for three hours at 115 c. The compound was pure 

white and was stored in a desiccator over indicating Drierite. 

The sample, designated as lot KI-I, was used in runs HL-32, 

33, 34, 35, and 36. 

Sample KI-2: Merck reagent grade potassium iodide 

(Lot 52141A) was dissolved in hot (preboiled) conductivity 

water and the resulting solution was rapidly filtered through 

a sintered glass funnel. An atmosphere of nitrogen was 

maintained by carrying out all operations under a lar§e 
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inverted funnel througn which flowed a rapid stream of 

nitrogen. On slow cooling the filtered solution produced 

white needles of potassium iodide. The mother liquor was 

colorless and at no time during the purification was there 

any evidence of free iodine in the solution. The crystals 

were filtered on a sintered glass funnel and washed with cold 

conductivity water, a small amount of C.P. acetone, and 

finally with C.P. petroleum ether. This sample was oven dried 
0 

for three hours at 120 c. and cooled in a desiccator over 

calcium chloride before use. Sample KI-2 was employed in 

runs HL-37, 38, 62, 75, and 76. 

Potassium bromide: Merck and Co. reagent grade potassium 

bromide was twice recrystallized from conductivity water, 

washed with 95% ethanol and with Baker's C.P. diethyl ether. 
0 

Following preliminary drying at 115 c., for one hour, the 

crystals were pulverized in a Coor' s "Mulli te" mortar and 
. - 0 

finally dried 1n a vacuum oven for four hours at 130 c. 

Tetramethylammonium bromide: Eastman Kodak Co. White Label 

tetramethylammonium bromide was twice recrystallized from 

95% ethanol. The crystals were washed with ethanol and 
0 

petroleum ether and oven dried at 110 c. for two hours. 

Before use the purified product was pulverized and dried in 

a vacuum oven for four hours at 125°C. 

Preparation of Tetramethylammonium sulfate 

Experiment I. Preparation of silver sulfate. 

A solution of 174•3 gms. (1.0 mole) of Baker's C.P. 



82 

potassium sulfate in 250 ml. of distilled water was added 

slowly to a stirred solution of 34-0 .: gm.s. (2.0 moles) of 

Baker's O.P. silver nitrate in 100 ml. of distilled water. 

The solutions were mixed under darkroom conditions and the 

resulting precipitate of silver sulfate was allowed to stand 

in a closed flask for twenty four hours before isolation. 

The product was filtered on a sintered glass funnel and washed 

with ice cold distilled water until the washings gave a 

negative test for silver ion . After washing wi.th absolute 

ethanol and C.P. diethyl ether the product was dried in a 

vacuum desiccator over phosphorus pentoxide. 

Experiment II. Tetramethylammonium sulfate. 

Solid silver sulfate, ·61.0 gms. (0.25 mole) was added 

to a solution of 77.0 gms. (0 .50 .mole) Eastman Kodak Co . White 

Label tetramethylammonium bromide in 100 .m.l. of distilled 

water contained in a glass stoppered flask. The reaction 

flask was protected from light with aluminum foil. The 

reaction was carried out by vigorously shaking the chaJ;.ged 

flask for twenty four hours on a Burrell wrist action shaking 

machine set for .maximum speed. After the shaking period, 

the silver bromide precipitate was removed and a fresh charge 

of ail ver s.ulfate flO g.m.s.) was added. After ten hours of 

shaking no evidence of further reaction was observed when 

another fresh charge of silver sulfate was added. 

The reaction mixture was chilled in an ice bath and 

filtered rapidly through a sintered glass funnel. The 



solution was concentrated to about 25 ml. by evaporating on 

a steam bath. Twenty five ml. of 95% ethanol was added and 

the solution was filtered to remove a small amount of silver 

sulfate which had precipitated during the evaporation. The 

filtered solution was evaporated to dryness on a steam bath 

and the product was dissolved in 95% ethanol and filtered. 

Acetone was added to the h,ot ethanolic solution until a faint 

cloudiness appeared. Addition of a few drops of ethanol 

gave a clear solution, which, when allowed to cool slowly 

gave the desired product in the form of long prismatic needles. 

The product was recrystallized three times from an acetone­

ethanol mixture, filtered, and washed with C.P. acetone. The 

pure product was pulverized and dried in a vacuum desiccator 

over phosphorus pentoxide for two weeks. The final product 

was extremely hygroscopic and utmost care was exercised to 

prevent . exposure of the product to moisture during handling 

operations. Gravimetric analysis for sulfate indicated 99.53 

and 99.36% of the theoretical amount. 

Materials 

Acetone and petroleum ether: The solvents for washing the 

conductivity cell were always Baker's C.P. grade solvents from 

freshly opened bottles which were thereafter very caref'ully 

protected from contamination. 

Liquid sulfur dioxide: The solvent used in all of the 

conductivity measurements was "Refrigeration" grade sulfur 



dioxide supplied as a liquid in pressurized tanks by the 

Virginia Smelting Co. under the trade name of "Extra-Dry 

ES-0-TOO". This material was further dried in the gas phase 

by passage through two columns, (50 x 2.5 em.) of Baker's 

C.P. anhydrous magnesium. perchlorate (Anhydrone) containing 

a one inch band of indicating Drierite. In some of the runs 

the condensed dried sulfur dioxide was outgassed by pumping 
0 

at -78 c. The specific conductivity of the solvent, determined 

separately after each run, varied between 0.6 xl0-8 and 

3.0 x 10-7 mhos cm-1• 

Conductivity Measurements 

Apparatus and procedures: 

Conductivity cell: The conductivity cell used throughout this 

research was the same one used by Lichtin and Glazer (91) 

and by Lichtin, Weston and White (93) and is adequately 

described elsewhere (46). The calibration data for this cell 

are as follows: 

Cell constant = 0.2226 

Electrode bulb volume - 42.985 m.l. at the 1.20 
.ml. mark 

Dilution bulb volume == 18.730 m.l. 

Preparation of Conductivity Cell: Before each run the cell 

was rinsed at least six times with acetone and four times 

with petroleum ether. Residual solvent was then removed by 



alternately pumping on a water aspirator and flushing with 

dried air. The cell was then sealed to the vacuum line and 

thoroughly dried by pumping {10 -3 to 10-5 mm. pressure) for 

0) 

at least twelve hours while being baked out with a battery 

of infra-red lamps. The uncalibrated portions of the cell 

were further dried by heating with a brush flame while under 

high vacuum. At the end of the drying period the cell was 

slowly filled with dry air and opened to receive the sample. 

_The sample was intrOduced directly into the cell by means of 

a small cylindrical weighing bottle which could be inserted 

into the receiving arm of the cell. The receiving arm was 

then sealed and the cell and sample were evacuated 

10-5 mm. pressure) for periods varying between four and twelve 

hours. All samples weights were determined by diff~rence to 

an accuracy of 0.01 mg. on a semi-micro balance which was 

periodically calibrated against Wm. Ainsworth Co. Class S 

weights calibrated against National Bureau of Standards weights. 

The samples were protected against moisture by storing in 

vacuum desiccators over indicating Drierite. Transfer of a 

sample from the desiccator to the special weighing bottle was 

always carried out und~r an atmosphere of dry nitrogen by 

working directly under a large inverted funnel connected to 

a tank of dry (oil pumped) nitrogen. Whenever possible sample 

handling was restricted to relatively dry days in order to 

avoid possible contamination by atmospheric moisture. 
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Vacuum line: The vacuum line used for filling the cell with, 

and purification of, liquid sulfur dioxide is shown schematically 

in figure 1-XV. 

The conductivity cell was sealed to the line at A, 

and after adding the sample was evacuated to a pressure -of 
-5 about 10 mm. Stopcocks B and C were then used to isolate 

the oeli and drying train from the manifold while the sulfur 

dioxide inlet tube was being evacuated up to the packing gland 

of the sulfur dioxide storage tank. ··Stopcock C was then 

turned to connect the sulfur dioxide tank to the drying train. 

Sulfur dioxide gas was slowly bled into the line through a 

Hoke "Bellows typett needle valve. After passing through the 

drying towers,D, the gas was condensed in trap E which was 

immersed in a dry-ice trichloroethylene bath at -78°c. The 

gas flow rate was adjusted so that about one hour was required 

to collect about 60 ml. of liquid sul'fur dioxide. 

-
When the required amount of liquid was collected in trap 

E, the electrode bulb of the cell was immersed in a large 

De-v~ar flask containing kerosene maintained at -35~C. by 

adding dry ice when required. Trap F was immersed in an ice-

water slush and the sulfur dioxide was distilled into t he 

cell by warming trap E with an infra-red lamp. Trap E was 

filled with 1/8 inch glass .helices to prevent bumping and 

mechanical carry over of the liquid during the distillat i on. 

When the cell . ~as filled with the required volume of liquid 

sulfur dioxide, trap E was cooled to -4o0c. and the cell 
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was sealed off at A. Excess sulfur dioxide was removed from 

the line with a water aspirator through stopcock G and the 

external drying columns. · • 

Thermostat: The thermostat used throughout this work has 

been described elsewhere (46). Temperature was regulated by 

means of a three contact Red Top* thermoregulator connected 

through a selector switch to an electronic relay** which 

controlled the heating cycle·. The thermoregulator was preset 

so that the temperature could be changed by means of the 

selector switch. For all runs reported the temperature was 

o.l2°r o.o2°C. and -8·93°t 0.03°0. 

Conductivity Bridge: The conductivity bridge employed in this 

work has been described elsewhere (46) with the exception that 

resistances beyond the bridge capacity were measured with the 

aid of both a 20,000 and 40,000 ohm shunt, either of which 

could be introduced into the bridge circuit by means of a 

toggle switch thus reducing possible errors due to faulty 

connections. 

The A.O. bridge was calibrated at 2000 O.P.S. against 

10,000 and 100,000 ohm secondary standard fi~ed wire wound 

resistors*** guaranteed to t 0.05% of their rated values. The 

precision of the bridge is estimated from the reproducibility 

* Red Top Multijunction thermoregulator. H.B. Instrument Co. 
**Emil Greiner Co., catalogue number G24873• 
*** International Resistance Co. "Precision Resistors" 



of measurements of fixed resistances, as better than to.ol% -
in the range o-10,000 ohms and t o.o2% in the range lo,ooo-

100,000 ohms. 

Resistance values were not independent of variations 

in frequency even when measuring a fixed, inductively wound, 

resistor. Thus for example the measured resistance of a 

10,000 or~ wire wound resistor varl~d between 98oo and 10,150 

ohms when the frequency was changed from 200 to 20,000 C.P.S. 

This behavior has recently also been reported {32) for a bridge 

of similar construction. These workers were able to eliminate 

the frequency dependence by using only low loss cable through-

out the connecting circuits. Unfortunately, all measurements 

reported here were completed long before this publication 

appeared. However, since all measurements in this work were 

carried out at the frequency of calibration (2000C.P.S.) the 

accuracy is not impaired by the failure to eliminate frequency 

dependence and the accuracy of the resistance values can not 

be less than to.o5% resulting from the uncertainty in the value 

of the resistances used for calibration of the bridge. 

Due to the space requirements of the laboratory it was 

found convenient to assemble the bridge on a portable instrument 

rack as shown in figure 1-XVI. 

Measurements 

The measurements were carried out by the method of Lichtin 
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and Bartlett (90) and since this procedure has been adequately 

described elsewhere (46) the details involved do not warrant 

repetition here. 

Individual Conductivity Runs 

A brief summary of each conductance run, the data of 

which are summarized in tables 1- A to 1-J in the Appendix I-B, 

is presented below. The runs are described by compound and 

in the order in which they were performed. The description 

of the runs therefore parallels the arrangement of the data 

in tables 1-A to 1-J. All runs reported here were carried 

out at 0.12~ o.o2°C . or -8.93~ o.o3°C. unless otherwise - -
specified. 

Pot ass ium Chloride: :Due to the limited solubility of t his 

salt in liquid sulfur dioxide, the general procedure described 

above required the following modification. Since the largest 

sample. wbich could be dissolved was of the order of 1 mg., a 

micro balance was required for the weighings. A Wm. Ainsworth 

Co. Micro balance was used for this purpose. An alternate 

technique employed was that of introducing the aample as an 

aliquot of a dilute standard aqueous solution and then 

carefully evaporating to dryness. A standard solution of 

potassium chloride in conductivity water was prepared containing 

0.5373 mg. of the salt in 1.000 ml. of solution. The solution 
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was carefully introduced into the cell from a self-filling 

micro buret graduated directly in o.ol ml. divisions. 

Approximately 2.0 ml. aliquots of solution (hence about 1 mg. 

of KOl ) were used for each run. The solvent was slowly and 

carefully removed by pumping with a water aspirator. When 

all visible water was removed the cell was baked out with an 

infra-red heating lamp while pumping was continued. The cell 

was then sealed to the vacuum line and baked out for four to 

six hours under ~igh vacuum followed by pumping overnight at 

room temperature. The run was then carried out as usu.al. 

A total of six reproducible runs were carried out on 

potassium chloride at two temperatures. Runs HL-30 and 31 at 

0 . 12°0. were carried out by the aliquot method. The results 
. 0 

of HL-28 and HL-29 at -8.93 c. employing this technique were 

in good agreement with the results obtained in runs HL-25 and 

26 in which the samples were weighed directly on the micro 

balance. Potassium chloride gave a colorless solution in all 

oases. 

Potassium bromide: Measurements on this compound were 

facilitated by employing two thermostats. In this way runs 

could be carried out at two temperatures on the same sample 

preparation. The possibility of using several thermostats 

in this manner is suggested for future measurements at several 

temperatures. The runs · are set up in the usual manner and 

the cell is placed in the low temperature thermostat for 

equilibration and measurement. After the equilibrium 
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measurement is obtained the cell is removed and the solvent 

volume recorded. To facilitate equilibration at the higher 

temperature the cell may be immersed in an ice slush and the 

solution mixed several times. The cell is then placed in the 

other thermostat and equilibrium measurements obtained. The 

solution volume must be determined at each temperature since 

the concentration units employed in this work are expressed 

in terms of moles of solute per liter of sulfur dioxide 

solution. 

Two runs were performed on potassium bromide at each 

temperature. Run HI. 66 and 68 at O.l2°C. and HL 67 and 69 
0 

at -8.93 c. In each case the solvent was outgassed by pumping 

at .... 78°c. for two P-ours. Solutions of potassium. bromide in 

liquid sulfur dioxide were colorless. 

Potassium Iodide: Runs on this compoUnd were first performed 
0 

at 0.12 c. The results obtained in runs HL-32 and HL-33 
0 

were in excellent agreement with each other and with the 0 c. 
data of Franklin (Appendix I-B table 1-K). After each run 

the cell was thoroughly cleaned. Sample KI-1 was used in 

HL 32 and 33· 

0 
Several runs were then carried out at -8.93 C. in 

which very poor r eproducibility was experienced. Runs HL 34, 

35 and 36 (table ;·, I-L) used in constructing the plot shown 

below (Figure 1-:X.VII) are representative of the poor quality 
. 8 0 of the data obta1ned at - ·93 C. A possible explanation of 
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these results may lie in the fact that in these runs the 

residues in the distillation bulb of the cell were not 

removed completely. This may have fueen a source of mole-

cular iodine which could have slowly distilled into the 

electrode compartment during the course of the run. Tbe 

presence of iodine in the potassium iodide solution would 

react to form potassium triodide and the resulting decreased 

mobility of the anion could account for the decrease i n the 

observed conductivity as illustrated in figure 1-XVII. It 

should be pointed out that resistance drifts were noted at 

the high dilution measurements on these runs. 

A new sample of potassium iodide (KI-2) was prepared and 
0 

several more runs were performed at -8.93 0. These runs, 

HI-36, 37, 38 (data not reported) failed to resolve the 

difficulty even though the cell was exhaustively cleaned 

before each run. 

Work on this compound was discontinued temporarily in 

favor of measurements on tri-m-biphenylylchloromethane which 

were required for the research described in Part II. The 

first two runs on this aryl chl-oride failed to give repro-

ducible conductance values. In an effort to determine the 

source of the diffi-culty, the cell was checked carefully for 

leaks. A small leak was discovered in a De Khotinsky cement 

seal around a ring seal in the electrode bulb. The l eak was 

repaired and reproducible results were again obtainable:. 
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It seems probable therefore that the difficulties experienced · 

in the potassium iodide runs could be attributed to a leak 

in the cell. It should be pointed out that the De Khotinsky 

cement used to seal the pinhole in the cell was subject to 

slow deterioration in kerosene. Failure of this seal during 

a run often caused trouble. Several grades of De Khotinsky 

cement were evaluated for resistance to kerosene and low 

temperatures. Best results were obtained with the medium grade 

cement, however, care had to be exercised to prevent softening 

the cement during the baking out of the cell. In all sub­

sequent runs the De Khotinsky seal was tested with a Tessla 

coil both before and after the run. 

Three more runs were performed on potassium iodide in the 

leak free cell. 
0 

Run HL-62 at 0.12 c. gave results which were 

in excellent agreement with runs HL-32 and 33 at this temperature. 

Good reproducibility was obtained in two runs at -8.93°c. (runs 

HL-75 and 76). 

The calculations on potassium iodide thus are based on 
. 0 

three runs at 0.12 c. (HL- 32,33 and 62} and two runs (HL-75, 
. 0 

76) at -8.93 C. In runs HL-62, 75 and 76 the solvent was 
0 

outgassed between 1 to 2 hours at -78 c. before being introduced 

into the cell. Solutions of potassium iodide in liquid sulfur 

dioxide were greenish yellow. 

Tetramethyl~1onium bromide: Two runs were carried out at each 

temperature by employing two thermostats. In ~ach case the 
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solvent was outgassed by pumping at -78°0. Runs HL-70 and 72 

at 0.12°0. and runs HL-71 and 73 at -8.93°0. were in good 

agreement up to about 25,000 liters per mole. The data for 

the last point (50,000 liters per mole) deviated considerably. 

A dilution error following the 25,000 liter per mole point is 

suspected in the second run (HL-72 and 73) at each temperature. 

Therefore the 50,000 liter per mole data were not included in 

the calculations. 

Tetramethylammonium bromide forms colorless solutions in 

liquid sulfur dioxide. 

Tetramethylammonium sulfate: The data rep~rted for this compound 

represent the only high dilution measurements available on an 

unsymmetrical electrolyte in liquid sulfur dioxide solution. 

Tetramethylammonium sulfate is readily soluble in sulfur 

dioxide and forms solutions which are essentially colorless 

with an extremely faint yellow hue in the more concentrated 

region. The resistance of the concentrated solutions is very 

low, of the order of several hundred ohms, and therefore in 

order to minimize polarization effects the measurements were 

carried out with a 1000 ohm resistance in series with the cell. 

Since this work was of an exploratory nature, measurements 

were carried out at one temperat.ure only. Runs HL-77 and 78 
0 

at 0.12 c. were in good agreement with each other over the 

entire dilution range. In both runs the solvent was outgassed 



0 
by pumping at -78 c. for at least one hour. 

Recovery of Compounds 

Recovery was attempted only in the case of potassium iodide . 

The solution from run HL-32 was poured into a clean beaker. 

A brown residue remained after evaporation of the solvent . 

Pumping for eight days at less than lo-3 mm. failed to remove 

the color. Heating for several hours with an infra-red lamp 

while pumping also failed to decolorize the residue. 

The residue formed a colorless solution in distilled water 

which had a slight odor of sulfur dioxide. Evaporation to 

dryness gave white crystals of potassium iodide. 

Residues from all other runs on inorganic salts were 

colorless solids and were not subjected to further tests. It 

should be point ed out that in general the quantity of material 

recovered from a conductance run was t oo small (10-30 mg.) for 

extensive testing. 

Experimental Difficulties 

Other than the problems arising from a pinhole in the 

conductance cell this work was not accompanied by any ·major 

experimental difficulties. 



PART- II. 

Equilibria of Meta-Phenyl Derivatives 

ot Trityl Chloride. 
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INTRODUCTION 

The equivalent conductance of the mono- , di-, and tri­

m-phenyl derivat;Lves of triphenylchloromethane have been 

measured in liquid sulfur dioxide solutions at 0 . 12° c. and 

-8.93°C. over a wide r ange of concentrat ion. Similar data for 

t:riphenylchloromethane and its mono - p-phenyl derivative have 

been obtained at -8.93°c . 

Thermodynamic equilibrium constants were ca lculated 

from these data by applying S'hedlovsky' s extrapolation 

procedure and the method of least ·· squares over the 

dilution range from 2,000 to 8o,ooo liters per mole. 

Standard free energies , "enthalpies'' and 'tentropies't.<kere 

calculated from the equilibrium constants . These have been 

correlated with the electronic effects of the phenyl group 

on the stabilization of the triphenylcarbonium ions. 

The influence of variations in structure and size of 

the ce_rboniu..rn ions has been treated by the theory of ionic 

association . In this way ionization and ion pair dissoci­

ation constants have been calculated for a series of ring 

substituted triphenylchloromethanes in sulfur dioxide 

solutions ~~d correlations with group effects have been 

proposed. 

The ionization constant of m- phenylbenzoic acid has 

been measured in 50% aqueous butyl cellosolve at 25°C . by a 

potentiometric titration employing a glass electrode . From 

these data the Hammett sigma value for m-phenyl has been 

CA l c ulated ... 
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TABLE 2-I 

SUIDillary of E~ui l ibri um Dat a in Liquid Sulfur Di oxide. 

Compound 

~::Rl 
J.o5 K A Ho (a) A S0 R.2 -¢-0-Cl AF0 ..A o 

I exp . 
¢-P) (K- cal/mole ) (K- ca1/mole ) ( cal . /deg .m.) (mhos-em. 2,.,m ,) 

R1 R2 R3 0.12° -8·930 0.12° -8 ·930 o.12°to-8 .93° 0.12° -8 ·93 0 0.12° -8 ·93" 

.H H H 4-148 6. 693 5·48 5·05 ~ -7 · 53 -48 .o -48. o 2.06. 5 187 . 9 

H H m-¢ 3· 074 4·632 5· 64 5· 24 - 6. 54 - 44 · 6 -44 · 6 183·7 177 · 4 
H m-¢ m-¢ 2.217 3·101 5.82 5·44 - 5.8o ... 42 . 6 -42 . 6 162.. 7 161.8 

m-¢ m-¢ m-¢ 1. 361 1-936 6.09 5·70 - 5. 62. -42 ·9 - 42. ·9 158 . 6 156. 6 

H H p- ¢ 24 .11 42·44 4-52 4. o8 -9. 02. '"'49· 5 -49·6 189· 2. 171J6 

(a) Calculated for the temperature range 0.12.0 to -8 ,93°0 . 6 H0 is ass umed to be 
constant over this interval. 

1-' 
0 

\.D . 
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TABLE 2-II 

Least ~,1ean 2'quare Parameters for Shedlovsky Extrapolations . 

( Triarylchloromethanes in Sulfur Dioxide Solution) 

Compound 

¢.-Rl 
I 

10 3;1\._ l/K.A. o2 R -¢-C-01 Temp. Mean .dev. 
3 I { oc.) fintercep£) (slope) ( ,l_ %) 

¢-~ 

Rl R2 R3 

H H II -8·93 5·321 0.423 1.24 

H H m-¢ 0 .12 5·444 0 .964 1.30 

H H m-¢ -8·93 5·636 o.686 1 .22 

H m-¢ m-¢ 0.12 6.145 1.704 0.77 

H m- ¢ .m-¢ --8·93 6.181 1.197 1.14 

m-¢ m-¢ .m-¢ 0 .12 6.306 2.922 1 . o8 

m- ¢ m-¢ m-¢ - 8·93 6.389 2.109 1.40 

H H p-¢ -9·93 5 .82_6 o.o8o 0.55 

Table 2-III presents the data of a typical Shedlovsky 

and least mean square calculation and figure 2- IX shows a 

plot of these data. 



TAB IE 2-III 

A Typical Shedlovsky Calc ulation. 

Tri-m-biphenylylchloromethane(a)in Liquid Sulfur Dioxide at 0 0.12 c. 
"y" "X" 

l04c. A " C../l 
b (CQ 2 2 

l,b\.S ClA..S( z tf:£ z ~0.3993 S {z) CQ 1tlog f 1 = f t 
x1o" VC.!\. 

X 106 x103 (l-13.43VcQ) 
2 

x103 xlO 

3 . 446 30.79 10.30 0.0411 1.0419 69 . 95 8.363 0.8877 0.7721 3.118 8.532 
2.698 33.88 9.561 0.0382 1 .0389 60.10 7.752 0.8959 0.7868 2.841 7.471 
2.339 36.38 9.224 0.0368 1.0375 55.8? 7.475 0.8996 0.7936 2.650 7.006 
2.233 26.73 9.056 0.0362 1.0369 53 . 83 7.337 0.9015 0.7970 2.626 6.778 
1.492 43.70 8.075 0.0322 1.0327 42.61 6.528 0.9123 0 .8172 2.216 5.502 
1.165 47.68 7.453 0.0298 1.0302 36.22 6.018 0.9192 0.8302 2.036 4 .751 
1.021 50.61 7.188 0.0287 1.0291 33.65 5.801 0.9221 0 . 8358 1 .920 4.444 
0.97?5 50.85 7.050 0.0282 1.0286 32. 36 5.688 0.9236 0.8387 1.912 4 .288 
0.6439 61.00 6.267 0 .0250 1.0253 25.49 5 .049 0.9322 0.8554 1.599 3.445 
6.5030 65.20 5.727 0.0229 1.0232 21.24 4 .605 0.9382 0.8673 1.499 2.911 
0.4456 68.67 5.532 0.0221 1.0223 19.80 4.450 0.9402 0.8714 1.424 2.726 
0.4275 69.44 5.449 0.0218 1.0220 19.20 4.382 0.9412 0.8733 1 . 409 2.649 
0. 2784 81.86 4.774 0.0191 1.0193 14.70 3.834 0.9485 0.8882 1.198 2.063 
0.2172 86.09 4.324 0.0173 1.0174 12.04 3.470 0.9534 0.8983 1.142 1.708 
0.1944 89.80 4 . 178 0.0167 1.0168 11.23 3.351 0.9550 0.9016 1.095 1.600 
0.1872 89 . 48 4.093 0.0163 1.0164 10.77 3 .282 0 . 9559 0.9035 1.100 1.538 

Least Square calculat ion : 
~nxu2 = 0.00036150 ~'XY" = 0.0014814 ~'X" = 0.067412 ~"Y" = 0. 29785 n = 16 

na f. t('X" = ~ry~t Solving for a and b gives: 
a~"X" tb1 "X"2= ~ ''XY" a : 0.006306 .A 0 = 158. 6 

10-5 b = 2 .922 Kexp = 1.361 x 
(a) Data from runs HL-7, 8, 9, 44. 1-' 
(b) Daggett ' s Tabl e , reference 27. 1-' 

(c) Jlo assumed to be 158 for this calculation. 
1-' 





Thermodynamic Properties 

Standard free energies /lF0 were calculated from the 

experimental equilibrium constants by the equation. 

(2-1 

Apparent standard heats and entropies of' dissociation were 

calculated from the data at two temperatures by using the 

integrated form of' the Vant Hoff' equation, 

,.1!f> = R ln(Kl/K2 ) ? 

l/T2 ... 1/Tl 
(2-2 

which, over the temperature range employed, viz., 0.12°0 to 

{2-3 

Equation 2-3 involves the assumption thatAH0 is 

constant over the temperature interval employed. Since this 

assumption is only approximate f'or solutions of' electrolytes 

{88) it was necessary to evaluate the error introduced by 

this assumtion. Data f'or triphenylchloromethane at three 

temperatures were examined in order to evaluate the error. 

The -17°0. data of Lichtin and Bartlett (90) and the o0 c. data 

of Lichtin and Glazer (91) were recalculated by the Shedlovsky 

method involving the limitations described in Part I and 

employing the most recent values of the fundamental physical 

constants in order to make these results consistent with the 

-8.93°0. data of' this research. 
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0 In order to evaluate AH for triphenylchloromethane 

more accurately an equation 

was fitted to data for this compound at three temperatures. 

The mean deviation of the experimental points from equation 
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2-4 is f.- 0.35%. Figure 2-X depicts the temperature . ·variation 

of the equilibrium constant for triphenylchloromethane. 

Differentiation of the right member of equation 2-4 

with respect to temperature1 gave an· equation 

( 2-5 

for AH0 as a function of temperature. Values of ~H0 at the 

temperatures of the measurements calculated from equation 2-5 

are presented in table 2-IV. 

TABLE 2-IV 

Thermodynamic Properties for Trityl Chloride in 802• 
(Equation 2-5) 

Temperature t.~ ~Fo ,1S0 

(OC) (K-Cal/m.) (K-Cal/m.) {e. u.) 

o.1 -5.60 5.48 -40.6 

-8.93 -9~80 5.05 -54.3 

-17 - ·13.8 4.56 -71.1 

The above data clearly demonstrate that t.H0 tor 

triphenylchloromethane is not constant with respect to 

temperature even over the short temperature interval in-

volved . It should be safe to conclude, moreover, that this 
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is also the case for the other compounds studied. One may 

demonstrate, however, that the relative error introduced by 

the assumption employed in using equation 2-2 is probably not 
0 large when the resultant 6H values are compared over the 

same temperature range for a series of similar compounds. It 
0 . 

must be remembered hm,;ever thf!t the AH values obtained in 

this manner do not correspond to those for either of the 

temperatures used in equation 2-2 but rather to some interme-

diate temperature. 

Over a sufficiently small temperature range the AH
0 

from equation 2-2 can be shown to correspond very nearly to 
0 the correct AH for the temperature which is at the mid-

point of the temperature range. In order to demonstrate this 

fact it is necessary to compare ~o from equation 2-2 with 

those calculated from equation 2-5 at the temperature corre-

spending to the mid-point of the temperature interval used in 

equation 2-2. The former values are considered as apparent 

AH0 while the latter can be considered as the correct AH0 

at the particular temperature involved. Table 2-V shows the 

results of a comparison of the apparent ~H0 values over 

several temperature ranges with the correct AH0 at the mid­

points of the corresponding intervals. These data indicate 

that equation 2-2 gives values which are in good agreement 

with those calculated at the mid-range temperature by the 

more exact relationship (equation 2-5). 
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TABLE: 2-V 

Comparison of A~ for triphenylchloromethane 
calculated by equations 2-2 and 2-5 as an 
estimate of the relative errors to be expected 
in a comparison of apparent ~H0 values. . 

a b 
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Temperature 
Range used 
in eqation 

Mid-range 
Temperature 

{oa.) 

Appa5ent Corract 
A H AH 

Relative 
Error 

2-2( 0 c.) 
oo to 0 -e.g a. 
00 to 0 -17 c. 

(K-Cal./m.} (K-Cal./m.) 

-4.40 -7.63 -7.6 

-8. 45 -9.4 -9.5 

(%) 

0 

1.1 

-8.9 0 0 to -17 c. -12.9 -11.2 ... 11.8 

(a) Equation 2-2. 
(b) Equation 2-5. 

It may thus be concluded that serious errors are not 
01 introduced when apparent 6 H s are compared over the narrow 

temperature range employed in this work. This conclusion 

must, however, be used with caution when deductions are to 

be based on small absolute differences in apparent a H0 values. 

Apparent standard entropies of dissociation were 

calculated by equation 2-6 from the data and are tabulated 

in table 2-I. 

{2-S 

Very little significance oan be assigned to the resulting 

entropy values since the ~H0 values used do not correspond 

to the experimental temperatures employed in equation 2-6. 

The apparent oonstancy of 6 S0 with temperature for a given 

compound is a fortuitous consequence of the assumption involved 
0 . 

in equa'tj.on 2- 2. That A S is not temperature independent for 
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the systems under consideration can be readily shown from 

the data for triphenylchloromethane at three temperatures. 

TheAS0 values summarized in table 2-IV were calculated from 

the 6F0 values of table 2-I and the ~H0 values from 

equation 2-5. These values are clearly not independent of 

temperature. 

Precision and Reliability of the Data 

The precision of the experimental conductance data 

as estimated by the mean deviation of individual points from 

the best fitting smooth curve· for a given compound is plus or 

minus 1% or better over the entire concentration range ( see 

figures 2-I to 2-\TIII ) • Further support for this value can 

be obtained from t he mean deviations of the calculatei po i nts 

from the least mean s quare straight lines of the Shedlovsky 

plots. The latt(~r values of course assume perfect linearity 

of the Shedlovsky equation O"V'er the concentration range 

employed in the calculations. This assumption has been 

discussed earlier and allowing for the uncertainties involved 

the precision estimated from the Shedlovky plots is in excel­

lent agreement with that estimated directly from the experi­

mental data. 

Direct evaluation of the accuracy of the experimental 

data is not possible. However an estimate may be obtained 

from a comparison of potassium iodide results obtained by the 

method employed in this research with Franklin's (38) data 

for this compound. Franklin estimates that his conductance 
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data are accurate to t 0.5% over the entire concentration 

range. The comparison is presented in Part I of this disserta-

tion. On the basis of the agreement found between Franklin's 

results and the more rece~t measurements it can be concluded 

that the conductance data obtained in this investigation are 

certainly accurate to better than t- 2%. 

A detailed analysis of the errors involved in the determina-

tion of dissociation constants by the extrapolation method has 

been presented by Ililpatrick (77) . On the basis of his study it 

can be concluded that a 2% error in experi~ental conductance 

data will result in an error of the same magnitude in the 

extrapolated equilibrium constant except in the case of very 

strong electrolytes where such an error may be associated with 

almost total uncertainty in the K value . 

Hammett's Sigma Value form-Phenyl 

The apparent dissociation constants of benzoic acid and 

its m-phenyl substituted derivative in 50% aqueous butyl 

cellosolve at 25°C. with an ionic strength of 0.05 were obtained 

from potentiometric titration curves as shown in figures 2-XI 

.and 2-XII. The end points were determined accurately from 

differential plots of the slope, 6 pH/ L} ml., of the titration 

curves as a function of the volume of base used. Figure 2- XIII 

shows a typical plot for the end point of the neutralization 

of m-phenylbenzoic acid . 

Dissociation constants as defined by equation 2-7 

(2-7 
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were calculated directly by the buffer formula 2-8, assuming 

the activity of the anion to be equal to the concentration of 

the salt. 

(Htj _ K-(Acid) 
- :A:csaltJ 

(2-8 

At the half neutralization point equation 2-8 becomes 

and by taking th~ negative logarithm of both sides of 2-9 we 

obt ain the relationship. 

(2-10 

The pH values at half neutralization were obtained dire,ctly 

from the titration curves. Table 2-VI summarizes the apparent 

dissociation constants for the two acids studied. 

TABLE 2-VI 

Apparent Ionization Constants 
(50% aqueous butyl cellosolve, 25°C., ionic strength 0.05. ) 

Acid 

Benzoic 8 

m-Phenylbenzoic 

5.66 ~0.024 

5.58 t.o.Ol8 

Number of 
Determinations 

5 

4 

(a) Berliner and Blommers (12) found pKA = 5.65 to.ol for 
this compound. 



The value for the sigma constant of the meta- phenyl 

group was calculated from the Hammet t {57) equation 

log K .... log K0 = p<r (2.- 11 

where K is the dissociation constant of m- phenylbenzoic acid 

and K 0 that for benzoic acid . Sigma is a constant whose 

value depends only upon the nature of the ring substituent , 

and rho is defi ned as a reaction parameter whose value is 

determined by the nature of the reaction , temperature , and 

the influence of the medium. 
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Rho for the conditions employed in this investigation 

has been established as t 1~32 by Berliner and Blommers (12). 

When this value is substituted into equation 2- 11 together 

with the dat a summarized in table 2- VI the resulting ~ value 

is found to be t 0~06 t _0.03• This value differs appreciably 

from that previously reported (58} . It has been pointed out 

(91) that the values of t 0 . 218 was calculated on the basis 

of a~mittedly unreliable kinetic data (23 )• The new value 

offered here is far more relia ble and shows a small but 

definite electron attracting influence for the meta- phenyl 

group . 
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SIGNIFICANCE OF THE DATA 

Pertinent Equilibria. 

The conductivity data obtained for solutions of weak 

electrolytes in sulfur dioxide solution can best be inter­

preted by consideration of the following equilibria 

R C-Cl ...... Kl 
3 

where K1 is the ionization constant of the weak electrolyte 

and K2 is a constant describing the effects of interionic 

association. 

In order to study the effect of substituents on the 

stability of stable carbonium ions it is required that the 

relative ease of ionization of the carbon chlorine covalent 

bond be known. This necessitates evaluation of K1 in the 

above expression. Unfortunately conductance measurements 

fail to provide a measure of the concentration of ion pairs, 

since these are nonconducting in nature, and therefore the 

measured equilibrium constant represents the combined 

processes shown in equation 2-20. The mass-action expression 

describing the measured equilibrium constant can be shown to 

be 

Kexp. 
[Ift][ Cl-) 

(rftJ(Cl-] KlK2 
[R'c1] t [R'f cl-] 

0 - ( ~. -2'1 
(Rbl) ( lfKJ) l f K1 

and 

Kl. = 
Kexp. 

(2-22 
K2 -Kexp. 



For the two steps shown in equation 2-20, K1 should be 

increased by any factors which stabilize the carbonium ion 

relative to the covalent molecule. The value of Kl for a 

substituted trityl chloride compared to K1 for triphenylchloro­

methane should therefore be a measure of the effect of the 

substituent on the stab i lization of the triphenylcarbonium 

ion. For the other step, K2, the ion pair dissociation 

constant should, according to the theory of Bjerrum (16), be 

influenced by structual changes only through their effects 

upon the distance of closest approach of the ions. 

Lichtin and Bartlett (90) have presented evidence in 

support of the assumption that K values vary but little 
2 

within a series of compounds where the cations are meta-, 

and para-alkyl or aryl substitution derivatives of triphenyl­

carbonium ions. This assumption will be shown to be valid to 

a first approximation even though the model on which i t is 

based has no physical significance in solution theory and is 

i ndeed an incorrect model for an ion in solution. 

These workers have suggested that the value of K2:· i s 

in the range of 10-
2 

to 10-3 ror all substituted triphenyl -

chloromethanes considered. On the basis of their conolusicns 

it can be shown from equation 2-22 that. when Kexp falls 

appreciably below 10-4 a direct and approximately constant 

pr ~portionality a~pears between K1 and Kexp• 
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A test of these assumptions lies in K x values for e p. 

the series consist i ng of triphenylchloromethane and its mono-, 

di-, and tri-m-phenyl substituted derivatives (where the 

substituent appears on different rings). The meta phenyl 

group has a small electron attracting influence (91) with a 

Hammett sigma value of t 0.06 t 0.03 determined in this 

research. Thus K values in the above series should fall exp. 

in the desired range of proportionality between K1 and Kexp· 

Since the m-phenyl group does not participate directly in 

resonance distribution of charges and since the triphenyl-

methyl group is highly symmetrical, the introduction of each 

phenyl group should change K1 and hence Kexp. by the same 

factor. Any deviation in Kexp. from such regularity may be 

ascribed to a change in the value of K2 and should be quite 

small. 

Table 2-VIIsummarizes the factors by which Kexp. change$ 

on successive introduction of m-phenyl groups. 

TABlE 2-VII 

The Relative Effects of m-Phenyl Substituents 
on the Ionization of Triphenylchloromethane. 

n Kn/Kn-1 K /K 
(Number of m-Phenyl n n--1 

0 0 Substituents) 0.12 c. -8.93 c. 
1 0.741 0.690 

2 0.721 0.689 

3 0.614 0.610 
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It is appare~t that at both 0.12°and -8.93°0. the 

introduction of the first and second m-phenyl group decreases 

K slightly less than does the third. The effects of the 
exp. 

first and second are the same, however, within the experi-

mental precision of the measurements. r.rhese facts are in 

accord with the initial assumptions. In the first case the 

decrease in K1 due to the _introduction ~f the firs~ m-phenyl 

group is partially compensated by an apparent increase in 

K2 over its value for the unsubstituted compound. This is 

in accord with the established increase in dissociation 

constant of ion pairs with increase in the distance of closest 

approach. 

The same mechanism must be operative for the intro-

duction of the second m-phenyl group. Here again the expected 

decrease in K1 is partially compensated by an increase in 

K2 resulting from the increased size of the cation. Consider­

ation of Fisher-Hirschfelder-Taylor models supports the fact 

that a m-phenyl group added to m-biphenylyldiphenylcarbonium 

ion does in fact increase the size of this ion by about the 

same amount as that when the group is added to the triphenyl­

carbonium ion. It can also be shown that the introduction 

of a third m-phenyl group to the disubstituted ion has a much 

smaller effect on the size of that ion. Thus one would 

predict that any increase in K2 resulting from the addition 

of the third m-phenyl group would be. small and therefore 

would not compensate as much for the expected decrease in K1 • 



Thus it follows that the decrease in Kexp. on the intro­

duction of the third m-phep.yl group should most closely 

reflect the expected decrease in K1 due to the electronic 

influence of the m-phenyl group on the stabilization of the 
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carbonium ion. The decrease in K due to the third m-phenyl exp. 

group should be greater than those for the first two groups 

where changes in K2 are operative. These conclusions are 

amply supported by the observed relative effects of the groups 

shown above, and moreover, any detailed model of the carbonium 

ion must be in accord with these limitations on Kexp. 

The Influence of Ionic Association 

Both the theory of ionic association of Bjerrum(l6 ) 

and the theory of multiple ionic aggregates of Fuoss and 

Kra us (44) predict the existence of short range interactions 

between ions which give rise to stable ion pairs, triplets, 

and higher aggregates in solutions of electrolytes in solvents 

of low dielectric constant. According to the Bjerrum theory 

aggregation is restricted to ion pairs in liquid sulfur 

dioxide (63). Since these interactions result from Coulombic 

forces only, it follows that the degree of ion pairing will 

depend only upon charge type, dielectric constant of the 

medium, temperature, and the distance of separation of the 

ions. The exact meaning of the latter property of the ions 

is often times obscure. The derivation requires that the 
0 

ions be rigid spheres separated by a distance a which may 

or may not be the sum of ionic radii. That g is often 

influenced by solvation is known. In some instances evidence 
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has been produced which can be interpreted as indicating 

that the solvation shells are not inpenetrable (112). 

Notable in this respect is the work of Taube (124) who found 

that the tightly bound molecules in the solvation shell 

undergo rapid exchange with the bulk solvent. Evidence has 

been presented in Part I to show that solutions of electrolytes 

in liquid sulfur dioxide fall into an extreme example of the 

penetration theory. In fact it was shown that the solvation 

shell is completely penetrated and B values are, to a good 

approximation, e11!actly equal to sum of the ionic radii. It 

thus appears that K2 values can be calculated approximately 

for solutions of triphenylcarbonium salts in liquid sulfur 

dioxide if a detailed knowledge of the effective radius of 

the carbonium ion can be deduced. 

Model for Carbonium Ion Pairs 

Several models can be considered for the triphenyl­

carbonium ion in solution. Lichtin and Bartlett (90) used 

a model for their qualitative deductions which corresponds 

to that of a carbonium ion fixed - in sp9.ce relative to the 

approaching gegenion. They considered that since the ion is 

planar, or shaped like a flat pinwheel (87), with the positive 

charge uniformly distributed over the surface of the disk the 

gegenion would approach from the side and the distance of 

closest approach would be insensitive to meta or para substi­

tution. This "static ball and flat circular disk" model did 

not lend itself to numeri~cal evaluation of the ionic 
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as sociation constants since the mathematical treatment based 

on this model was not available. 

Much evidence is available to show that this model 

·is incorrect. The known ability of sulfur dioxide to complex 

with the benzene ring (5} has been interpreted as involving 

an 0-S-0 bridge between para positions of the ring with the 

center of the sulfur atom on a line through the center and 

perpendicular to the plane of the ring. Although alternate 

structures are possible it is nevertheless most probable that 

(103) the sulfur dioxide will be above the plane of the ring. 

For the triphenylcarbonium ion which also forms complexes 

with sulfur dioxide (73} the picture becomes somewhat more 

complicated. Qualitatively, however, it would seem reasonable 

to assume that the sulfur dioxide in the complex is above 

the plane of rings. The overall effect then is to destroy 

the disk by effectively increasing its narrower dimension 

thus producing a shape approaching that of a symmetrical 

sphere. Moreover it would seem reasonable to assume that 

the triarylcarbonium ion in solution, regardless of its disk 

like shape in space, is to all intents and purposes spherically 

symmetric on a time average due to the tumbling motion ( lO'l} 

of the ion resulting fr6m thermal collisions with solvent 

molecules. Add to this the smearing out effect due to solvent 

held as complex or as solvation shells and the spherical 

nature of the ions becomes a very attractive concept. 



The model chosen for the calculations in this research 

avoids the difficulties inherent in the earlier model. Since 

spherical s~nmetry is assumed for the triarylcarbonium ion , 

the model can be used fer numerical computations . 

Discussion of the New Model 

The model used by Bjerrum in the derivation of his 

equation for ion pair dissociation equilibria consists of 

rigid spherical ions of ionic radius r t where 

0 
a = r 

A very important experimental verification of the 

Bjerrum theory and a proof of the quantitative adherence of 

equation 2- 12 for sulfur dioxide solutions of 1 - 1 electrolytes 

have been presented in Part I of this dissertation . This 

work constitutes the only sound basis for using the Bjerrum 

equation for the exact calculation of ion pair dissociation 

constants in sulfur dioxide and is the underlying justification 

for the ion pair treatment described below. 

For the purpose of the calculati ons presented here, 

essentially the same model has been chosen . Since, however, 

ion pair dissociation constants cannot be measured directly 

for the majority of triphenylcarbonium salts in liquid s ulfur 

dioxide several a ssumpti ons had to be made in selecting 

values for these salts . 

0 
a 

It is assumed that the radius of the carbonium ion is 

equal to the radius of the sphere swept out by the ion and 

is thus equal to the largest van- der Waals radius about the 



center of gravity. The ionic radii for the anions were 

obtained directly from the values selected by Pauling (105) 

and those for the carbonium ions were estimated from Fisher­

Hirschfelder-Taylor models . 

Radii of Triarylcarbonium Ions 

Cnnsistent with a free tumbling body of non uniform 

shape but possessing a relatively uniform density throughout, 

the radius of any triarylcarbonium ion must be equal to the 

radius of the volume swept out by such a free tumbling body . 
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This radius will be equal to the largest van-der-waals radius 

about the center of gravity of the ion. In the case of unsubst i­

tuted or symmetrically trisubstituted triarylcarbonium ions the 

problem is siBple since here the center of gravity is located 

at the central carbon atom and the radius of the volume swept 

out by an ion tumbling about this center of gravity is equal 

to the radius of a plane projection of a molecular model of 

the ion . 

In the case of an unsymmetrically substituted ion the 

center of gravity is displaced from the central carbon atom 

and the estimation of the radius of its swept out volume is 

more difficult. As a first approximation it must be assumed 

that the mass density throughout the bulk of the ion is 

constant . That this is not a bad assumption is immediately 

apparent from molecular models for these ions. 

The center of gravity must be f'ound . This can be done 

quite readily in two ways, namely by direct experimentation 
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with the molecular model or by geometrical considerations 

~n a plane projection of this model . The former methOd 

was chosen for this work. The radius of the unsymmetrical 

ion is considered as be ing equal to the di s t~~c e between the 

center of gravity and the atom mos t distant from it . 

Table 2- VIII summar i zes the radii estimated for the 

series of triarylcarbonium ions treated by the method of 

Bje~rumto yield the K2 values listed in table 2- X. 
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' . 
TABlE 2-VIII 

Estimated Ionic Radii for Triary1oarbonium Ions 
and Corresponding Bjerrum Parameters. 

Carbonium ion 

~R, 
Bjerrum Parameters 
for the Correspond-

~~~-crR3 · Cation 
ing Trityl Chlor i des. 

Temp. Radius 
(oc.) ( i ) i b Q. (b ) 

Rl R2 R3 ( ,() 

H H H 0.1 7.0 8.8 4.524 0.667 

H H H -8.9 7.0 8.8 4.407 0.641 

H H H o;;;ol7 .o 7.0 8.8 4.308 0.619 

H H m-¢ 0.1 8.8 10.6 3.757 0.496 

H H m-¢ -8.9 8.8 10.6 3.658 0.474 

H m-¢ m-¢ 0.1 10.2 12.0 3.319 0.398 

H m-¢ m-¢ -8.9 10.2 12.0 < 3.232 0.378 

m-¢ m-¢ m-¢ 0.1 10.8 12.6 3.161 0.363 

m-¢ m-¢ m-¢ -8.9 10.8 12.6 3.078 0.244 

H H p-¢ 0.1 9.2 11.0 3.619 0.465 

H H p-¢ -8.9 9.2 11.0 3.526 0. 444 

H p-¢ p-¢ o.o 10.8 12.6 3.160 0.362 

p•¢ p-¢ p-¢ o .• o 11.8 13.6 2.927 0.310 

H H m-methy1 o.o 7.1 8.9 4.473 0.656 

H H p-methy1 o.o 7.9 9.7 4.104 0.573 

H H p-t-buty1 o.o 8.3 10.1 3.942 0.537 

H p-t - bu p-t-butyl o.o 9.0 10.8 3.686 0.480 



(Tables 2-'lZ1l[ Continued) 

p-t-bu p-t-bu p-t-butyl 6.0 9.4 11.2 3.555 0.451 

H H 1-naphthy1 o.o 7.8 9.6 4.147 0.583 

H H 2-naphthyl o.o 8.5 10.3 3.865 0.520 

H H H o.o 7.0 
a 

9.4 4.234 0.604 

H H · p-methyl o.o 7.9 10.3a 3.865 0.519 

(a) For corresponding perchlorates. Radius of perchlorate 
ion is 2.36 R. (136). 

The assumptions involved in selecting the above 

radii can be somewhat substantiated by an examination of 

the conductivity data of Ziegler and Wollschitt (138) for 

several triphenylmethylperchlorates. Since these perchlorates 

are essentially ionic in the crystal (30) the equilibrium 

constants derived from the conductivity data for these salts 

in liquid sulfur dioxide should cor~espond to pure ion pair 

dissociation constants. 

Equilibrium constants from Ziegler's data were 

calculated by the Shedlovsky method. Ion pair dissociation 

constants were calculated from equation 2-1~ using 

to the sum of the ionic radii listed in table 2-lmL 

0 
a equal 

The 

results of these calculations summarized below illustrates 

the apparent validity of the imposed assumptions to at 

least a good first approximation. 



TABIE 2,.JX 

Tentative Ion Pair Dissociation Constan~s 
Triphenylmethylperchlorates in so2 at 6 c. 

Substituent 

None 

p-Methyl 

5 
Kexp. x 10 

(observed) 

350 

400 

K2 x 10 
5 

(calculated) 

341 

403 
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The agreement shown above is excellent within the 

combined experimental and computat i onal errors. It should 

be pointed out, howeTer, that this agreement may be fortui­

tous in view of the questionable accuracy of Ziegler's 

measurements combined with the inherent uncertainties in 

the K values for strong electrolytes. In this respect it 

is noteworthy that Lichtin and Bartlett (90) failed to 
. . . - -

obtain a straight line plot from data for tri-p-methoxy­

phenylmethylperchlorate. Moreover, they observed discrep­

ancies between their data and Ziegler's data for triphenyl­

chloromethane and its mono-p-methyl derivative. 

Figure 2-XIV illustrates the Shedlovsky plots obtained 

from Ziegler's perchlorate data. The straight lines were 

plotted by the method of least mean squares and the mean 

deviations ~ ~of the points serve as a basis for the estimation 

of the probable accuracy of the derived Jl 0 and K2 values. 

The A 0 values are in error by ! 5% which sets the 
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probable error in the slope at about a factor of two . Thus 

the Kexp • values for both compounds lie in the range 2 x lo-3 

to 8 x lo- 3 and the apparent agreement cannot be weighted very 

heavily . These data do however suggest that precise experimental 

measurements of triphenylmethyl perchlorates would be profitable . 

One further assumption is implied in the radii tabulated 

(table 2-VIII} , namely, that the values are independent of 

both temperature and the dielectric constant of the .medium. 

The data of Fuoss and YJaus(42} and those presented in Part 

I of this dissertation are offered in support of these assumptions. 

A detailed examination of these asstwptions has been presented 

in Part I . 

That the data of table 2-VIII based on the new model are 

consistent with the limitations imposed on K2 is at once 

apparent and can be seen from the structural influence of 

m-phenyl substituents on the radii of m-phenyl substituted 

triphenylcarbonium ions . It is seen , that as required by the 

ratios in table 2-VTI , the radius suffers its greatest change 

in going from 0 to 1 substituent, a smaller change from. 1 to 2, 

ru1d less change from. 2 to 3• 

Ion Pair Dissociation Constants 

Table 2- X summarizes the ion pair equilibrium data 

calculated for a series of substituted triphenylcarbonima 

salts in liquid sulfur dioxide solution by the equation of 

Bj errum(l6) • 
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TABLE 2-X 

Summary of I on Pair EQuilibrium Da ta for Triarylcarbonium 
Chlor i de s i n Liq uid Sulf ur Dioxide . 

Compound 

H H H 0. 1 
H H H w8 .9 
H H H ·· ~17 .0 

H H m-¢ 0 . 1 
H H m-¢ - 8 . 9 
H m-¢ m-¢ 0 . 1 
H m~¢ m-¢ ~8 . 9 

m-¢ m-¢ m-¢ 0.1 
m-¢ m-¢ m-¢ - 8 . 9 

H H p-¢ 0.0 
H H p-¢ - 8 .9 
H p-¢ p- ¢ 0 . 0 

p~¢ p-¢ p-¢ o.o 
H H p - t - C4H9 0 . 0 
H p - t-C4Hg 11 0 . 0 

p - t-C4H9 " » 0 . 0 
" " " - 17 .0 
H H m- CH3 0 .0 
H H p- CH3 0 . 0 
H 1-naphthyl H o.o 
H 2- n a phthyl H o.o 

314 
353 
3 93 
422 
478 
526 
599 
576 
659 
450 
510 
578 
675 
3 90 
4 3 6 
464 
587 
319 
365 
360 
403 

a 
~F0 .AH0 As0 

(K- c al. ) (K- cal . } e . u. 
(mole } ( mole ) 

3 . 13 
2.96 
2 . 82 
2. 97 
2 . 81 
2 . 85 
2 . 69 
2.80 
2. 64 
2 . 94 
2. 77 
2. 80 
2 . 71 
3 . 01 
2. 95 
2 . 92 
2. 62 
3 . 12 
3 .05 
3 .20 
2 . 99 

- 1 . 86 
- l.86b 
- 1 . 80 
- 1 . 99 
- 1 . 99 
--2 . 07 
- 2 . 07 
-2. 15 
- 2 . 15 
- 2 . 00 
- 2 . 00 

"1.----

-18.3 
- 18 . 3 
- 18.0 
- 18. 2 
- 18.2 
-18 . 1 
- 18 . 1 
-18 . 2 
- 18. 2 
- 18 . 2 
- 18 . 1 

(a) 0 0 
Calculated over the range 0 . 1 to - 8 . 9 c. ~H is assumed 

(b) 

to be constant over this interval . 
0 

Calculated over the range - 8 . 9 to - 17 . 0 c. 
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According to the Bjerrum theory of ionia association, 

the reciprocal of the ion-pair dissociation constant can be 

calculated from the equation 

where, 

and 

_ 41TN (1ZJZ21E 
2

)
3 ~"~(b) 

1000 . DkT -q:, 

b :.._ IZJ.Z2j€ 
- R DkT 

2 

(2-12 

(2-13 

eYy - 4dy = : t e2 
- l:i (2) t Ei (b) --t0-t-i-- .J ~2)} 

(2-14 

in which Ei(x) is the exponential integral 

Ei(x) .... [x e~tt-1dt (2-15 
00 0 

provided that values of, a, the distance of closest approach 

of the ions are known. 

Calculations 

Details of the calculation of ionic asso~iation constants 

are described fully in Part I of this dissertation. Briefly• 

the data reported in table 2~X ·· were obtained by solving 

equation 2-12 for each compound, ·employing the physical con­

stants for liquid sulfur dioxide reported in Part I equation 

2-12 becomes for 1-1 electrolytes 

K ... l = CKQ,(b} 

and 2-13 becomes 

b 0 a 
• 

(2-16 

(2-1? 

Values of the constant coefficients CK and Cb are summarized 

below. 
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TABlE 2-XI: .. 

Bjerrum Coefficients for 1-1 Electrolytes in Liquid so2 • 

Temperature CK cb 
coo.) XlOO X 107 

0.1 4.7802 3.9825 

o.o 4.7763 3.9813 

-8.9 4.4140 3.8780 

-17.0 4.1245 3.7913 

Values of the function Q(b) were obtained directly 

from a large scale plot of •Q(b) versus b. The Q,( b) values 

used in the construction of this plot were calculated from 

equation 2-14 employing W.P.A. Tables (134) of the exponential 

integral. The plot shows that over the range 3~ b~ 5, ·Q( b) is 

exactly linear with b and can be described by the equation 

Q,(b) =0.215 .;. 0.2233(b-2.5) (2-18 

Q,(b) values can be obtained from the plot or from equation 2-18. 

It should be pointed out that for all of the triarylcarbonium~ 

chlorides considered in this work the value of b falls within 

the range of validity of equation 2-18 and this equation may 

be used conveniently in the derivation of an equation for 

aH0 of dissociation of ion-pairs consisting of triaryl­

carbonium chlorides as will be shown below. 
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Thermodynamic Properties of Ion Pairs 

'It has been shown that the ion pair dissociation 

constant is dependent only on temperature, dielectric 

constant , and the distance of closest approach of the ions. 

It should therefore be possible to calculate ..... the thermo­

dynami.c properties AF 0 , [lH0 , and t.S0 directly from 

equation 2-12 without recourse to experiment. In priatiple 

this can be done by substitutinz equation 2.-12 into the 

differential Va...'1' t Hoff equation and solving for AH~ . 

For the special case of' triar~arbonium-chloride ion 

pairs in liquid sulfur dioxide, where 3~ b f 5, equation 2-12 

becomes 

-1 . JT N 1 ~~ ·~· 23 
K - -fooa ~ n · [o.215 1- o.2233Cb-2.5i] 

(2-23 

Equation 2•23 can be substituted into the differential van•t 

Hoff equation and solved for ~~ as a function of temper ature 

dielectric constant and the distance of closest approach t o 

give 

Ll~ = 3RT RT 0.2233b (1-LT) 
0.2233b- o.343 

(2-24 

where L. 6.676 x lo-3 is the temperature coefficient of the 

dielectric constant of liquid sulfur dioxide. 

0 
A detailed derivation of a general equation for L}~ 

is presented in Part I of this dissertation ( see equation 1-40). 
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Table 2-XII summarizes the thermodynamic properties . 

calculated from equation 2-24 for the ion pair dissociation 

reaction. In column 3 are tabulated ~F~ values calculated 

from K2 values listed in table 2-X. The 6~ values in 

column 4 were calculated from the theoretical equation 2-24, 

and those in column 5 were calculated by substituting K2 

values into the integrated form of the Van't Hoff equation. 

Columns 6 and 7 contain the ~S~ values calculated from the 

LlF~ values and the ll~ values of columns 4 and 5 
respectively. 



145 

TABlE 2-XII 

Derived and Apparent Thermodynamic Properties of Triary1carboniwm 
Chloride Ion Pairs in Liquid Sulfur Dioxide. 

Compound 

((R, 
(a) (b) Ra'O-C-CI Temp. t;Ho l:§io 

(}Rl. (oo.) 2 2 - ,.. 

(K.-oa1ories/mo1e) 
R1 R R3 2 

H H H 0.10 ... 2.02 -1.86 

H H H ... 8.93 -1.82 ... 1.86 

H H H ... 1?.0 -1.65 -1.80 c 

H H m-¢ 0.12 .... 2.10 -1.99 

H H m-¢ -8.93 -1.90 -1.99 

H m-¢ m-¢ 0.12 -2.16 -2.0? 

H m-¢ m-¢ -8.93 --1.96 -2.0? 

m-¢ m-¢ m-¢ 6.12 -2.21 -2.15 

m-¢ m-¢ m-¢ -8.93 -2.01 -2.15 

H H p-¢ 6.10 -2.12 -2.00 

H H . p-¢ -8.93 -1.98 -2.00 

(a) Calculated by equation 2-24. 
(b) Calculated by integrated Vant Hoff equation. 
(c) Temperature interval from -8.93° to -l?.0°C. 

6.S~(a) ~s~(b) 

( calories) 
( deg.-mole) 

-18.9 -18.3 

-18.2 -18.3 

-1?.4 -1a.oc 

-18.5 -18.2 

-1? .9 -18.2 

-18.4 -18.1 

-18.4 - 18.1 

·18.4 - 18 .2 

-1?.5 -18.2 

-18. 5 - 18.2 

-18.0 -18. 1 



0 
It can readily be seen from equation 2-24 that ~H2 is 

not temperature independent. Since the. Lli~ values calculated 

by the integrated Van't Hoff equation (column 5 table 2-XII) 

0 supposes that 6H2 is constant over the temperature range 

employed, a comparison of colums 4 and 5 should give an 

estimate of the error in ~~ introduced by this assumption . 
<-

These errors range from a few percent to somewhat more than 

plus or minus ten percent and may be ignored for all practical 

purposes since they do not change the conc·lusions which can be 

drawn concerning the effects of variation in ionic size on the 

energy of dissociation of ion pairs. 

From an examination of 6~ values in either columns 

4 or 5 (table 2-XII) we find, as should be expected for this 

range of ion sizes, AH~ is almost independent of the distance 

of closest approach, 

Unfortunately , for the case of experimentally determined 
0 

(K~.;p.) equilibrium constants direct comparison of L\ H values. 

calculated by the integrated Vadt Hoff equation may lead to 

erroneous conclusions since the logarithm of the ratio of 

equilibrium constants at two temperatures is. a very sensitive 

function of ·errors in the individual equilibrium constants 

employed. E~erimentation with equation 2-2 for a given 

compound demonstrates that as little as a five percent error 

in one or both of the experimental equilibriUm constants can 
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re s ult in an apparent error in A H0 
of the order of 2 to 20 

percent. Table 2-XIII summarizes the results of s uch experi ­

menta tion with the data for triphenylchloromethane at 0. 12°c . 

a nd -8. 93°C. In th i s table the L1 H0 values were calcula t ed 

by 2-2 using several values of K to which wer e assigned 
exp 

an er ror of t or - 5 percent of K exp 

TJ\BIE 2-XIII 

Influence of Errors in Kexo on LlH
0 

Va lues 
Ca lculated by Eq ua~ion 2-2. 

(Trityl Chloride in Liquid Sulf ur Dioxide . ) 

Er ror i n Kexp . AH0 Apparent Error 
in l\H • 

0 0 
(K.Ca l./Mole) (%) 

0 .12 c. -8.93 c. 

none none -7.63 o.o 

t 5% none - 6 . 9 8 . 0 

- 5% none -8.4 10 

-5% t 5% - 9. 4 24 

rf5% (.5% ... ? . ? 2. 0 

rf.5% w5% ~G . 2 18 

none t 5% -s•4 10 

none .... 5% -6. 7 12 

-5% ... 5% - 7 . ? 2. 0 



Several more interesting deductions can be obtained 

from table 2-x -. .. The data clearly indicate that the 

conclusions of Lichtin and Bartlett {90} are c orrect to a 

firs t approximat ion . It can be seen from column 2 that the 
0 

calculated ~F 2 values are approximately constant over the 

entire range of compounds co nsidered. The essential c onst ancy 

of ~H0 
2 and jj S

0 
2 are in agreement with the approximation 

that K2 varies little for the series of compounds being 

compared . There is a variat ion, however , of about 10 percent 
0 

1•t in .6 F 2 whi ch cannot be neglected since corresponds to 

a change of almost a factor of two in the value of K
2 

in going 

from triphenylchlorome t hane to its tri-m-phenyl substituted 

derivative. It has been shown tha t such a factor of t wo in 

K
2 

has a noticeable effect on the desired proportionality 

be t we en Kexp . and K1 f or the ionizat ion of the c ovalent compound . 

Calculated Ionization Constants for Triarylchloromethanes . 

K1 values for the ionization of the carbon-chlorine 

c ovalent bond in triarylchlorc.methanes can now be calculated 

fr om the measured K and calculated K values (see t ables 
exp . 2 

2-I and 2- VIII) by employing the expressi on relating these 

three quantities, namely , 

-- {2- 22 



Values calculated for the ionization constants K1 

and the apparent thermodynamic quantities · 

for the reaction 

..< "'· > 

are summarized in table 2- XI V. These results constitute 

the first attempt to evaluate the absolute va l ues of the 
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thermodynamic equilibrium quantities for the ionization of 

triarylchloromethanes in liquid sulfur dioxide. The values 

are the composite result of both experimental data and data 

calculated on a purely theoret i cal basis. 

Although, as has been shown thus far , the assumptions 

of Lichtin and :Bartlett hold fairly ·Nell for the compounds 

which are weaker electrolytes than triphenylchlorom~thane 
' . 

and interpretations based on either K1 or K for such exp 
compounds agree well with the exception of minor refinements 

in interpretation which are possible with K1 values ~ the 

major significance of the K1 values lies in the interpretation 

of experimental data for compounds which are much stronger 

electrolytes than triphenylchloromet,hane. 

A final test of the model used for the calculation 

of ion-pair equilibrium constants lies in an examination of 
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TABLE 2-XIV 

Calculated Ionization Constants and Thermodynamic Properties 
for the Ionization of Triarylchloromethanes in Sulfur Dioxide. 

Compound 

Q-R, 
103K 

0 ~0..) 
R3'0-C-CI Temp. /lFO LlH1 

/lSO 

Q}Rl. (oc.) 1 1 1 
(K.-ca1/mole) t Cal. ~ 

Rl R2_ R3 0 - mole -

H H H 0.10 13 . 4 2.35 .... 5 . 90 -30.3 

H H H -8.93 19.4 2.09 -5.90 - 30.3 

H H H -17 .0 34 . 3 1 .74 ••• • . . . . 
H H m- ¢ 0.12 7.35 2.67 - 4.55 ·- 26.5 

H H m-¢ -8.93 9.78 2.43 -4.55 -26.5 

H m-¢ m-¢ 0.12 4.25 2.97 -3.71 -24 .4 

H m-¢ m-¢ -8.93 ;;.32 2.75 -3.71 -24 .5 

m-¢ m-¢ m-¢ 0.12 2.36 3.29 - 3 . 60 -25 . 3 

m- ¢ m--¢ m- ¢ .,8.93 2.96 3.06 -3.60 -2 5.3 

H H p-¢ o •. lo 56.8 1.56 -7.50 -33 .2 

H H p-¢ - 8.93 90.7 1.26 •7.50 -33.3 

(a) Calculated from the integrated van't Hoff equation using 
K1 values. 



the data of table 2-XIV for its adherence to the expected 

stepwise influence of the stepwise introduction of meta-
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phenyl groups on the ionization constant of triphenylchloro-

methane. As has been done before, this test can be applied 

by comparing the ratios Kn/Kn-l for all values of n from 

zero to three using K
1 

values listed in table 2-XIV. Table 

2- XV summgrizes the results of this test. 

n 

TABI.B 2-X:V 

The Relative Effects of Meta- Phenyl Substituents 
on the Calculated Ionization Constant of Triphenylw 
chloromethane in Sulfur Dioxide Solution. 

(number of K~./~-1 Kin/K'n-1 
0 0 

m-pheny1 (0.12 c.) ( -8. 93 c. ) 
substituents) 

1 0.55 0.51 

2 0.58 0 . 55 

3 0.56 0.55 

Mean 0. 56 .;._ 0 . 010 0.54 t 0 . 016 -
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The agreement shown above is excellent within the combined 

experimental and computational errors. 

These data ( table 2-XIV) illustrate another interest-

ing fact. 0 Examination of' the ~ H1 values shows that there 

exists an apparent parallelism between electrolyte strength 

and t .he energy of dissociation. The direction of the L}Hf 

changes is the expected one, for, those substituents which 

stabilize the carbonium ion over the covalent molecule will 

make the ionization more favorable in the sense that it would 

reduce the energy necessary to effect the ionization thereby 

increasing the endothermicity of the reaction. 

Limiting Conduct.t.p;e£ :;_ 

The limiting conductance values summarized in table 2-I 

appear to adhere to the qualitative demands of Stoke's Law (62) 

in that the observed values decrease with increasing size of 

the cations. One exception to this generalization lies in the 

)\ 0 value for p-biphenylyldiphenylchloromethane at 0.12° 

compared to the similar quantity for the m-phenyl derivative. 

According to the ionic radii estimated for triarylcarbonium 

ions one would predict that the para compound would have a 

somewhat lower limiting conductance value than the correspond­

ing meta compound. It must be pointed out however, that the 

observed discrepancy is very close to the experimental error in 

limiting conductance values and .may well be the result of an 

artifact. Moreover, this apparent reversal is not found in 

the -8.93°0. data for these compounds. 

S.ince ionic .mobility data are not available for 



solutions in liquid sulfur dioxide it is impossible to 

determine the accuracy of the limiting conductance values 

by direct comparison with ionic mobilities by the Kohlraush 

relationship. 

Such mobility data would be of great value for , as has been 

pointed. out by Belcher (9), t he major error in equilibrium 

constants determined by an extrapolation procedure lies in 

the Jl o value obtained by extrapolation. If the limiting 

conductance values were known accurately from other sources 

it would be possible to accurately evaluate the equilibrium 

constant from the slope of the extrapolation plot. 

It is possible however, to examine the internal 

consistency of the limiting conductance values at the two 

temperatures by testing for deviations from Walden's Rule (12?). 

Walden has established that the relationship 

holds for a given electrolyte in a large number of different 

solvents or in the same solvent at several temperatures. By 

applying this rule t o the data for the several compounds it 

is possible to test. the constancy of the Walden product at 

the two temperatures. This test t!1en serves as an estimate 

of the internal consistancy of the data. Table 2-XVI 

summarizes ~he results of this test obtained from the data 

of table 2-I. 



TABLE 2- XVI 

A Test of Walden's Rule for Tr iarylchloromethanes 
in Sulfur Dioxide Solution. 

Compound 

l\(-R• 
A (a) 'l"t A~ b) o R;©-c-ct 

(} R2. 
'l'\.o Mean 

o . 1a 0c. .... 8 . 93 c. 
Rl R2 % 

H H H 0 . 084 0 . 082 0. 083 

H H m- ¢ 0 . 0?4 0 . 0?? 0.0?6 

H m- ¢ m- ¢ 0 . 066 0 . 0?0 0.068 

m- ¢ m- ¢ m- ¢ 0 . 060 0.064 0 . 062 

H H m- ¢ 0.0?6 0 . 0?5 0 . 0?6 

(a) Viscosit y at 0 . 12°0. = 4 . 025 mil1ipoise . 

(b) Viscosi~y at -8.93°0. = 4.350 millipoise . 

Mean 
Deviation 

0 . 001 

0.001 

0 . 002 

0 . 002 

o.ooo 

An examination of these data shows that the agreement with 

Walden's Rule is excellent for the compounds considered. 

Interestingly, the percent deviation from the mean is of the 

order of plus or minws. two percent which agrees well with the 

estimate of the precision of these values derived earlier. 

A detailed analysis of limiting conductance values 
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must await the availability of precise data for a large number 

of compounds. 
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THEORETICAL DISCUSSION 

Introduction 

The wide variations in the dissociation constants of 

a series of carboxylic acids in a solvent S must be ascribed 

to the influence of the group R upon the equilibrium 

RCOOH s RCOO-

The gro11p may either assist or hinder the removal of the 

hydrogen ion by the solvent molecule; at the same time it may 

operate in favor of or against recombination. In its influence 

upon the relative ease of removal of the proton the group 

exerts its effect by means of pure electrical induction 

whereby the intrinsic electron affinity of the group polarizes 

the R-C bond. The direction of the resulting dipole will 

depend primarily on the group concerned and will result in 

either an increased or decreased electron density at the 

reactive site. Ingold (69) has coined the term Inductive 

Effect ( f or -I) to describe this general electrostatic 

influence of substituents on the reactivity of a parent 

compound. 

The relative magnitudes of the inductive effect can 

be readily demonstrated by comparison of the relative dipole 

moments of mono substituted benzenes. The order of increaE.1 ing 

dipole m~ent for the alkyl benzenes closely parallels the 



order of decreasing acid strengths of the correspondingly 

substituted acetic acids in water (130). On the basis of 

these results it must be concluded that, for example, alkyl 

groups are electron repelling and can be considered to have 

a -I effect. A direct and ingenious method of ascertaining 

the direction of dipole moments has been advanced by Thompson 

(124) on the basis that the net dipole moment of a disubst i­

tuted benzene derivative should be the vector sum of the 

dipoles o:r the individual substituents. 

Since the inductive effect is coulombic in nature i ts 

influence on the free energy of an ionization process! in 

which ground states of the ions are being compared to the 

ground states of the undissociated molecules, must be such 

that the effect ·will vary ~.nversely as the distance of t he 

group from the reacting center. Moreover, the effect can be 

transmitted either through the carbon chain (dielectric 

constant equal to about 2) or through space which may or may 

not be occupied by solvent mol3nnles. Actually part of the 

effect will be transmitted through both mediums and the 

relative amounts through each will depend on the microscopic 

dielectric constant in the i~nediate vicinity of the molecule 

and thus cannot be determined with any degree of certainty. 

The possibility exists also that the polar group may effect i vely 

dissipate some of its inductivity through direct interaction 

with solvent molecules rather than with the reactive center. 
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It is therefore virtually impossible to arrive at 

the absolute magnitude of the inductive effect of substi­

tuents on a reactive center without taking into consideration 

the microscopic as well as the macroscopic variables. Current 

theory is not sufficiently developed to handle this problem. 

A noteworthy exception is Kirkwood and Westheimer's (?9) 

application of the electrostatic model of Kirkvwod and 

Scatchard (?8) to ionization equilibria~. 

It should, however, be a simple matter to determine 

the relative order and magnitudes of the electronic inductive 

effects of substituents (relative to hydrogen) by a direct 

comparison of the relative strengths of the saturated aliphatic 

acids. This has been amply illustrated in the literature. 

However, when attempts have been made to predict the course 

of other reactions on the basis of the inductive effects 

observed from acid strength measurements, more often than not 

the results were in complete dissagreement with predictions. 

Examples of the apparent muddled order of group effects are 

too numerous to consider here (?), yet we may conclude from 

these observations that the inductive effPct need not be the 

sole factor contributing to the influence .of & substituent 

on the rate of a chemical reaction or on the position of 

equilibria. In fact the net influence of a group can have 

meaning only in terms of the substrate to which it is connected. 

Thus when the substituent is coupled to an unsaturated or an 

aromatic substrate conjugative and hyperconjugative resonance 

(*) For a complete discussion of this treatment see reference 13~. 



effects become important and often completely mask the 

intrinsic inductive nature of the group. 

Influenc·e of Substituents on Reaction Rates and Equilibria 

Since the velocity of a chemical reaction can be 

represented by the Ahrrenius equatio~ namely, 

k = PZ . e-E/RT {.2-25 

and the collision frequency Z is essentially constan ·t for 

most reactions (of the order of 3 x lo+11).; · it is evident 

that the observed effects of substituents on reaction rates 

may be due to changes in E, or P, or both. Ingold (70) and 

coworkers have shown that for several reactions of ring substi­

tuted benzene derivatives the influence of meta- and para­

substituents on the velocity of the reaction can be ascribed 

almost entirely to changes in the a~tivation en rgy. Thus 

it can be concluded that the probability faotor,P, is not 

significantly altered by the introduction of meta- and para­

substituents and may be considered to be a constant for a 

particular reaction of a series of ring substituted benzene 

derivatives. It therefore follows that, for a particular 

value of P, the Ahrrenius equation may be written in logarithmic 

form as 

1n k = Constant -E/RT (2-25a 

Bradfield and Jones (21) have demonstrated, moreover, 

that the contributions of groups to the activation energy of 

poly-substituted benzene derivative are completely and 

independently additive. The activation energy may then 
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be represented as the sum of a series of terms . 

E = E +€ +~ -t··· · · + E: 0 I ~ ~ 
(2-26 

In this equation E refers to the unsubstituted · ·parent 
0 

compound and Et are the contributions due to the substituents. 

Hammett's Relationship 

While variations in reaction velocities resulting from 

the introduction of groups into the meta or para position of 

a benzene derivative are usuall y due to changes in the energy 

of activation, the variations in log K for the ionization of 

a series of substituted carboxylic acids are reflections of 

changes in the free energy of ionization. Hammett (56) has 

demonstrated that plots of log k for a given reaction of a 

series of aromatic substitution derivatives against log K for 

the ionization of the cor re sponding acids are approximately 

linear. The plot of log k values for one reaction against 

those for another reaction are also linear. 

These observations led Hammett to propose a general 

quantitative relationship between the nature of the substi~ 

tuent and reactivity of the side chain . This relationship 

has become known as the Hammett equation and is usually 

stated in the form 

{2-27 
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In equation 2-27 log kj is the rate constant or 

equilibrium constant for the reaction or ionization of the 

aromatic compound which carries substituent, j, in the meta 

or para position; log k
0 

being the corresponding value for 

the unsubstituted compound. Rho is defined as a "reaction 

constant" dependent upon the reaction and external conditions 

while sigma is a constant characteristic of the substituent 

only. 

Hammett's line~r relationship breaks down when steric 

factors become involved such as is the case for ortho substi-

tuents. 

Jaffe (71) has recently presented an excellent review 

of the Hammet relationship. 

The Inductive Effect of the Phenyl Group 

Olefinic and acetylenic acids are stronger than the 

corresponding saturated acids. The electron attre."Cting 

influence of the multiple bond, like an inductive effect, is 

transmitted through a chain of saturated atoms and decreases 

in magnitude with increasing distance from the carboxyl group. 

Phenyl has a similar effect, the order of decreasing acid 

strength being ¢cH2COOH /¢CH2CH2COOH/CH
3

COOH. 

Phalnikar and Bhid~ (106) found that the introduction 

of a phenyl group on the beta-carbon of glutaric acid resulted 



in a decreased ratio of the first and second ionization 

constants which could not be explained solely on the basis 

of steric effects but indeed required that the phenyl group 

be considered as an intrinsic attractor of electrons. It is 

this inductive effect of the phenyl group which invalidates 

Bjerrum's (17) equation relating the dissociati~n constants 

with the distance between the carboxyl groups in dicarboxylic 

acids. 

Numerous other examples could be cited as evidence 

of an intrinsic negative inductive effect of the phenyl group. 

However, due to the coexistent resonance interactions which 

are usually present, very little evidence of the quantitative 

aspects of the inductive effect are available. A striking example 

of this complication arises in consideration of the first order 

solvolysis rates of phenyl substituted methyl chlorides. For 

example, the first order rate constants for alcoholysis at 

25oc. are 2.5 x lo-8 , 5.06 x lo-5and 7.44 x 10-l for benzyl, 

benzhydryl and trityl chlorides respectively (104). How much 

of the observed effect is due to the electron attracting 

influence of the phenyl group and how much to first order 

conjugative resonance which stabilizes the ground state of 

the corresponding carbonium ion by distributing the positive 

charge into the benzene rings cannot be evaluated. This 

example is further complicated by the possibility of steric 

effects. 

Hammett (58) has assigned a sigma value of t 0.218 

to the m-phenyl group. This should constitute excellent 



quantitative data on the non-resonance electronic influence 

of this group. It has recently (91) been pointed out, however, 

that' this value is based on admittedly (23) unreliable data 

and therefore measurements were carried out in this research 

which were intended to provide a more reliable sigma value 

for this group. Acid strengths of benzoic and m-phenylbenzoic 

acids were determined under conditions which reproduced those 

employed by Berliner and Blommers (12) for which these workers 

had accurately established a rho value. The resulting sigma 

value is f 0.06 t 0.03. Interpretation of this value is 

relatively simple for neither steric factors nor first order 

resonance effects can be operative. The possibility that the 

effect is due to the phenyl group complexed by water or by 

dibutyl cellosolve can be readily dispelled on the basis of 

spectral evidence. In this respect it is known (85) that the 

ultraviolet spectrum of benzene in solution in water, ethanol, 

or diethyl ether, resembles its spectrum in the gas phase even 

more closely than does its spectrum in cyclohexane solution. 

The differences in all of these cases are small. 

Higher order resonance interaction between the two 

rings such as contributions from dipolar structures which 

are considered important in biphenyl systems cannot account 

for the increase in acid strength due to the meta-phenyl 

group. For example contributions from canonical structures 

I-IV may be considered as 



~T cf? ()9· ~ 

+ 

CooH COofl COOH COOI-I 
I JI .11I IS£ 

contributing slightly to the resonance stabilization of the 

unionized acid. On the other hand none of these structures 

can be of any importance in the stabilization of the anion. 

Structure I and III would be expected to inhibit direct 

resonance with the carboxyl group due to the presence of 

two adjacent positive charges in structures such as v. 

/c o o_ 
y 

One should expect on this basis that the resonance interaction 

of the m-biphenyl system would lead to an overall stabilization 

of the parent acid over its anion with a consequent slight 

decrease in strength of the acid. 

The observed increase in acid strength upon the 

introduction of a m-phenyl group into benzoic acid can be 

due then only to a small but definite electron attracting 

character of this group . 

I 

If such resonance considerations, 'as have been discussed 

in this respect, are in fact not of such high order as to be 



negligible for all practical purposes then indeed -one must 

conclude that the established sigma value for m-phenyl is 

1~ 

at least a minimum estimate of the inductive effect inherent 

in this group. 

It should be pointed out that Wheland (132) has 

presented a theoretical basis for the electron attracting 

nature of the phenyl group relative to hydrogen which does 

not depend on resonance interactions associated with distri­

bution of charge into the benzene ring. Furthermore, the 

observation that the effect of the phenyl group is reflected 

on the acid strengths of phenylacetic and p-phenylpropionio 

acids, .in which cases the phenyl group is separated by one 

and two saturated carbon atoms respectively and therefore 

cannot be involved in resonance interactions with the carboxyl 

group, can be consi dered as direct evidence of an intrinsic 

negative inductive effect. 

In the para position the influence of the phenyl group 

is complicated by the possible coexistence of direct resonance 

interaction with the reactive center. Thus while the 

migratory aptitude (65) of the meta -biphenylyl group in the 

pinacol rearrangement is 0.4 (phenyl=l) that of the para­

biphenylyl group is 3.?. Lichtin and Glazer (91) have 

interpreted these results as indicating that the p- phenyl is 

so situated that it can participate in the distribution of 

a positive charge in the activated complex and thus act s 



an electron supplying group while the meta-phenyl, since 

it cannot participate in Ench resonance interactions, 

behaves as an electron withdrawing group in accord with its 

negative inductive effect. Also it is notable in this 

respect that while the m-phenyl group has a small effect 

-leading to a decrease in the ionization constant of triphenyl­

chloromethane in liquid sulfur dioxide the para - phenyl 

exibits a rather large effect in the opposite direction. 

The magnitude and direction of the effect of a para­

phenyl gr oup is not in accord with the small sigma constant 

(f0.009) · assigned to this group by Ha~nett. A sigma constant 

for para-phenyl (ro.Ol to.03) can be calculated from the 

ionization constants of the corresponding acid (12). 

Consideration of possible resonance interactions of 

the para-phenyl group with the carboxyl group of benzoic 

acid leads to the conclusion that such interactions cannot 

contribute substantially to the stabilization of the anion 

or of the undissociated acid. Dipolar structures can 

contribute somewhat to the stabilization of the acid ; however, 

the extent of such contributions must be small if not entirely 

negligible. 

If we assume that the para-phenyl, like the meta-

phenyl group, exerts an effect on the ionization of benzoic 

acid which is completely due to its electron attracting 
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nature then it should be possible to calculate a sigma 

constant for the para position based entirely on electro­

static considerations. For example, if in the meta position 

the group exerts an attraction which results in a sigma of 

tO.o6 t_ 0.03 then by invoking an inverse square relation­

ship between sigma and the distance from the carboxyl group 

it is possible to arrive at a value of about t0.04 t- 0.03 

for sigma at the para position. The actual value observed for 

the para position lies within experimental error of the calculated 

value. 

It is therefore necessary that another sigma constant 

be assigned to the para-phenyl group which will account for 

resonance interactions involving the distribution of charge 

from the reactive center to the ortho and para positions of 

the ring. Obviously the dissociation of benzoic aoids cannot 

be used for this purpose. Possibly the acid strengths of 

substituted phenols would constitute an exoellent source 

for this data. 

In this research a rho value has been ca~culated for 

the reaction 



in liquid sulfur dioxide. From the observed effect of a para ­

phenyl substituent on the ionization constant it is possible 

to assign a new sigma constant to this group. 

The Elect r onic Influence of the Phenyl Group on the 

Ionization of Triarylchloromethanes 

The effect of a substituent on the ionization 

equilibrium of triphenylchloromethane cannot be predicted 

without the assumption that the pronounced stability of the 

triarylcarbonium ion is due to resonance of the type shown 

below. 

Substituents that assist this resonance either by increasins 

the number of structures or by stabilizin3 positive charges 

on the ortho or para positions increase the ionization 

constant . 

A chemically negative (fi) group is one that attracts 

electrons. Such a group in the para position reduces the 

stability of the quinoidal structures having a positive charge 



on the para carbon and hence causes a decrease in the 

ionization constant. A group in the para position can, 

however, have a tendency to reduce the ionization because 
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of its inductive effect and at the same time have a tendency 

to increase ionization because it introduces new forms into 

the resonance. A rigorous prediction is impossible, however, 

it is possible to determine which of the opposing tendencies 

is predominant. 

In the meta position direct resonance interactions 

are prohibited and the observed effect is due primarily to 

the inductive character of the substituent. 

Lichtin and Glazer (91) in a study of the effect of 

one meta-phenyl group on the ionization equilibrium of 

triphenylchloromethane in liquid sulfur dioxide have produced 

data which c~n be interpreted as resulting from a small 

fundamental electron attracting influence . Alternate 

explanat i ons however are possible , namely, that the responsi­

bility is due to a sulfur dioxide complex of the m- phenyl 

group, or that the presence of a positive charge localized 

in one ring decreases resonance interaction of the two rings • 

. Consideration of t .he Possibility of Complexing with Sulfur 

:P:l:oxide 

A small electron attracting influence of the meta­

phenyl group has been established in this work and shown not 



to be the result of a solvent complex of the group. In 

liquid sulfur dioxide, however, this possibility cannot be 

ruled out with any degree of certainty. The known (5}(74) 

ability of sulfur dioxide to complex with aromatic rings 

and the observed low limiting conductance value of meta­

biphenylyldiphenylchloromethane can be considered as 

evidence supporting the hypothesis that the phenyl group is 

solvated. However, since the exact nature of the binding 

involved in such complexes is obscure it is not possible 
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to predict its influence on the electronic nature of the 

phenyl group. Some indication ot the importance of possible 

solvent complex ·formation with the ring on the observed 

effect of phenyl substituents may, howeve~ be obtained by 

indirect means. For example, the effects of meta-, and para­

phenyl groups on the solvolysis rates of the corresponding 

trityl chlorides in aqueous alcohol would serve as a quanti­

tative estimate of the effects of these groups in the absence 

of oomplex formation with the solvent. These data are, however, 

not -vailable and therefore as a first approximation it will 

be assumed in the discussion which follows that the effect 

of the phenyl group is characteristic of the group itself. 

The Influence of Ste2wise Introduction of Substituents 

... 
Shorter and S~ubs (119) compared the effects of 

several substituents on the free energy of ionization of 

polysubstituted benzoic acids. In agreement with the 

conclusions of Bradfield and Jones ( cf. pg. 157 ) these 

workers were able to demonstrate that the change in /J,.F0 



of ionization caused by two or more substituents on benzoic 

acid was the algebraic sum of the effects of the individual 

groups in all cases except those in which substituents were 

present ortho to the reactive center. 
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Recently, ~ans and coworkers ( 10,11,33,34,35 } have 

demonstrated that a similar relationship holds true for the 

effects of substituents on the ionization of polysubstituted 

triphenylchloromethanes in nitroalkane solutions. This can 

be readily seen from their data in nitromethane summarized 

in table 2-XVI-II. 

These data demonstrate that in all cases the changes 

in the free energy of ionization of polysubstituted trityl 

chlorides are exactly equal to the sum of the effects caused 

by the indi•idual substituents within experimental error of 

t 0.1 K-cal./mole. These results parallel the data of 

Nixon and Branch (104) on the solvolysis of substituted 

trityl chlorides and it is thus possible to conclude that 

for reactions and equilibria involving the ionization of 

trityl chlorides the probability factor in the rate equat ion 

is not strongly dependent upon the nature of para-, or meta-

substituents and that the rate and equilibrium constants 

therefore reflect only changes in energy of activation or 

in free energy produced by the electronic influence of the 

substituent. 

A completely equivalent situation should be expected 

for the ionization of triarylchloromethanes in liquid s ulfur 
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dioxi de. The data of this research illustrate that even for 

the meta-phenyl derivatives, where the relative importance of 

changes in ionic association are expected t o be a t a minimum, 

the expected additivity of group effects as indicated by 

experimental free energy values is not excellent. On tne 

other hand, however, when the calculated free energy values 

( table 2-XIV ) are compared the expected agreement is indeed 

excellent and•hibits no individual deviation greater than 

i o.ol K-cal./mole. In either case, however, the additivity 

rule is obeyed within the limits of experimental error. 

This observation strongly suggests that in this investigation 

the errors in the relative free energy values are extremely 

small and of the order of t 1 percent. It can, moreover, be 

concluded from these results that the assumptions of Lichtin 

and Bartlett are a good first approximation for the meta­

phenyl derivatives of triphenylchloromethane. 



TABLE 2-:X.VII 

Ionization of Triarylchloromethanes in Ni tromethane 
Solutign. a 

20 .0 c. 

Compound 

AF0 

R R R (K.-Cal .JM. ) 

H H H 4 . 5 

H H p-CH3 3 . 6 

H p- CH3 p- CH3 2 . 6 

p- CH3 p- CH 3 p- CH3 1 . 7 

H H p- C4H9 3 . 7 

H p- C4H9p- C4H9 2.7 

p- C4H9p- C4H9p- C4H9 2.0 

H H p- Ol 5 . 0 

p-Cl p- Ol p- Ol 5. 9 

p- Ol p- CH 3 p- CH 3 3 . 1 

H H p- Br 5 . 0 

H p- Br p- 04H9 4 . 0 

p- Br p- C4H9p- C4H9 2 .9 

(a) Data of Evans and cow orkers (10 , 11 , 33 , 34 ,35 }. 
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A consequence of the additivity rule is the fact tha t 

a plot of free energy against the number of simila r subst i t uents 

should be exactly linear. 

a nd the ca lcula ted ~F~ 

A comparison of such plots of Ll F0 

exp. 
values for m-phenyl derivatives should 

demonstrate the relative importance of ionic association 

corrections for these compounds. 

Figure XV shows a sma ll deviation from linearity for 

the experimenta l free energy va lues and excellent agreement 

for the ca lculat~d free energy va lues. The excellent a gree­

ment shown by the ca lculated values cannot be purely fortui­

t ous and should serve as an indica tion of the validity of the 

ion pair treatme~t employed in this work. A more rigorous 

test of the model lies, however, in a comparison of those 

da t a for compounds which a re stronger electrolytes tha n 

trityl chloride a nd for which the a pproximation of Lichtin 

a nd Bartlett is not va lid. Lichtin and Gl a zer(91) and 

Lich tin a nd Bart l ett (90) ha ve provided the experimenta l 

da t a needed for this comparison . These values combined 

with the ion pair dissociation constants ca lcula ted in this 

dissertation make it possible to calcula te the desired f ree 

energies of ionization for these compounds. These da t a a re 

summarized in table 2-XVIII. 

These data (table 2-XVIII) demonstrate that the 

additivity principle does not hold for the experimental 

free energy valu~s while the agreement shown by calculated 

val ues is excellent within experimental error. 
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TABlE 2-XVIII 

Exper i mental and Calculated Free Energies of Ionization 
of Triarylchloromethanes in Sulfur Dioxide Solution at 0°0. 

Compound qnL 
_D-1-CI 

105K l0
2
K LlF0 ~F0 R1 ~R, (exp. ) (calc! . }(K-5~~7m.)(K1cal/ml 

Rl R2 R3 

H H H 4.15 1 .34 5 . 48 2 .35 

H H p- ¢ a 23.2 5.68 4.54 1. 56 

H p- ¢ p- ¢ 
a,b 

99 20.7 3.75 0.86 

p-¢ p-¢ p-¢ 
a , b 290 75 . 8 3 . 17 0.15 

H H 
. c 
m-CH3 9 .2 2.97 5.04 1.92 

H H '"'H c P-v 3 71 24.4 4 . 05 0 .72 

H H p-t - C4H9°76 24 . 4 3.90 0.72 

H p-t-o4H9 
c 

p-t-C4H9 340 354 3.08 - 0 .72 

p-t-C4H9 p-t-c4H9 
c p-t-C4H9 800 {---) 2.62 {---) 

H H 
d !-naphthyl 70 30.7 3.96 0 . 64 

H H 2-naphthyldl4. 4 2.70 4.80 1.96 

(a) Data of Lichtin and Glazer (91). 
(b) Data of Ziegler and Wollschitt {l38) .Caloulated by Lichtin 

and Glazer ( 91). 
(c) Data of Lichtin and Bartlett (90). 
(d) Data of Ziegler and Wollschitt (138). Calculated by 

Streitweiser (120) . 



Free Energy Group Factors 

A free energy factor can be a ssigned to each subst i -
. 0 0 0 . 

t uent if this be · defined as 6 F0 - .LlF . - ,1L.\ F . ; where the 
J - J 

subscript, o , refers to trityl chloride and, j , refers 

to a particular substituent. For polysubstituted compounds 

the total effect of a ll the substituents must be equa l to 

the sum of the individual /).b F~ f a ctors of e ach substit uent . 
J 

Gr oup factors calculated for the stepwise introduction of 

meta- , and para-phenyl groups are summarized below for 

both the experimenta l and calculated free energy dat a . 

Free Energy Gr oup Factor s f or the St epwise 
Intrqduction f Phenyl Substituents. 

Number of Groups 

1 

2 

3 

1 

2 

3 

0 . 16 

0 . 17 

Para-Phenyl 

fl fj Fo exp . 
(per group ) 

K.Ca l . /mole 
0 . 94 

0 .87 

0.77 

Meta-Phenyl 
0 

- 8 .93 c. 
0 .19 

0 .20 

0.3 2 

0. 31 

o . 31 

0 
LlLlF1 

{per group) 

K. Cal . /mole 
0 . 79 

0 . 75 

0 . 74 

0 - 8 . 93 c. 

0 . 34 

0 . 32 
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From table 2- XIX we note that the group factors for meta­

phenyl are exactly identical regardless of the number of 

times the meta- phenyl group is substituted into the parent 

compound. In the case of the para substituents there appears 

to be a small decrease in the gr~up factor as the number of 

substituents is increased. This departure from ideality is 
0 

much less pronounced in the calculated ~~ F1 , group fac t ors 

than is the case for the experimental values. If this effect 

is reE.l then it would be suggestive of some sort of interaction 

between the substituents . Since, however, the group factors 

for the di-, and tri- , substituted compounds , wLich are based 

on the experimental da ta of Ziegler and Wollschitt (138) and 

which differ by 0.1 K- cal. per mole, become identical to within 

0.01 K- cal. per mole as a result of the correction for ion-

pair effects, it would seem not unreasonable to tentatively 

ascribe the departure from additivity for these two compounds 

to a consistent error in the experimental data of these workers. 

This conclusion becomes more attractive in view of the 

observation of Lichtin and Bartlett that there exist serious 

discrepancies between Ziegler's data and their own. This 

apparent discrepancy may be resolved when more ·accurate data 

for the di - , and tri- para phenyl compounds become available. 

In the meantime it is not too unreasonable to assign a ~~ F: 
0 value of - 0.79 Kr cal. per mole to the para - phenyl group at 0.1 c. 

based on the precise data of Lichtin and Glazer (91) . 



Correlationmrof Gro_ua F~ctors 

Since the influence of substituents on the free 

energy of ionization of substituted triarylchloromethanes 

in liquid sulfur dioxide has · been demonstrated to be exactly 

additive, it follows that the PZ factors of the Arrhenius 

equation are not significantly different regardless of the 

nature of the polar substituent in the meta or para position 

for all reactions involving the ionization of triarylchloro­

methanes. _ Thus in any SN-1 reaction of trityl chlorides the 

effect of a substituent should be reflected completely in the 

energy of activation. This situation is analogous to that 

which exists for reactions of meta-, and para-substituted 

benzene derivatives for which the Hammett relationship 

AE*'=~AF 0 
has been established. 

Consequently, it should be possible to obtain a linear 

plot of slope (l\ if . !J.F
0 

of ionization is plotted against Ll E* 

of any given reaction of a series of substituted trityl 

compounds. 
0 

A comparison of such plots using both .6F exp. and 
0 

6F1 should serve as an independent test of the ion pair 

treatment proposed in this dissertation. 

Unfortunately the only extensive data available for 

such comparisons are the data of Ev:ans (33) in nitromethane 

solution. Recently doubt (86-a) has been cast on the reliability 

of these data, however, for the present purposes it is 

permissible to use these data for qualitative comparison. 



In figure 2-XVI the experimental free energies in 

liquid sulfur dioxide at 0°0. are plotted against the 

data of Evans for the ionization of the same triarylchloro­

methanes in nitromethane solution. Figure 2-XVII shows an 

analogous plot for the free energies in liquid sulfur 

dioxide calculated on the basis of the ion pair dissoci­

ation corrections. While the results thus illustrated are 

not conclusive, the agreement is qualitatively better for 

the calculated data than for the experimental values. It 

can be seen, in either case, that the Hammett relationship 

appears to be satisfied. 

179 







Hammett Rho Value for the Ionization of Triarychloromethanes 

An important relationship cah be shown to exist 
0 

between the free energy group factors ,AaFj , in liquid 

sulfur dioxide defined as 

0 ... /lF j (2-28 

and the Hammett sigma cons tant defined by the relationship 

log K
0 

- log Kj = ~j for the ionization of benzoic acids 

in water at 25°C. 

It can be shown from the Hammett equat ion that in 

liquid sulfur dioxide 

AI). F0 
log K0 - log Kj - J 

2 .303 RT • (2-29 

Since for any reaction 

log K0 - log Kj - per (2-2? 

it is immediately obvious that 

f).L\ Fj 
=2-.. 3~0=3:--::':RT:::--- = p CT" (2- 30 

In words , this equation means that tbe group factors are 

directly proportional to Hammett's sigma constants. 

In general, for any reaction or equilibrium of 

substituted aromatic compounds, the rho value is evaluated 

by plotting log k for a series of substitution derivative s 

against the corresponding sigma values for the substituents. 
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A straight line is obtained and the slope of this line deter­

mines the rho value for the given reaction under the specified 

conditions. 

An interesting corollary can be deduced from equation 

2-30. Since, for the reaction under consideration in liquid 

sulfur dioxide, we have demonstrated that the free energy group 

factors are additive and are directly proportional to Hammett's 

sigma constants it must also be true that for this system the 

sigma constants are additive.* This should also be the case 

fe r those polysubstituted benzoic acids considered by Shorter 

and atubs (119) . Therefore a plot of log K for the ionization 

of triarylohloromethanes in sulfur dioxide solution against the 

summation of sigmas for all substituents should give a straight 

line of slope equal to rho for this system. 

Alternatively, ~ rho value may be calculated directly 

from equation 2-2? by substituting the proper values for any 

given derivative. The values chosen for this purpose are 

those for the m-phenyl derivative for which a reliable sigma 

value has been provided in this investigation. Rho values 

have been calculated in this manner from the experimental 

*) Jaffe' (?2) has arrived at a similar conclusion for multi ­
substituted benzene derivatives. His result is stated in the 
form of an equation 

log K - log K p~() (2- 31 
which can be shown to be 0 identical to. equation 2-30 derived 
in this dissertation for polysubstituted trityl derivatives . 



equilibrium constant for m- biphenylyldiphenylchloromethane 

(table 2~I) and from the calculated ionizatio · constants 

(table 2-XIV) . The resulting rho values are summarized below. 

TABLE 2- X:X: 

Hammett Rho Values for the Ionization of 
Trityl Chlorides in Sulfur Dioxide . 

p (a) 
exp . 

0 O.l2°C . w8 . 93 C 

-2.6 

~ ion . 
0 . 12 c. 
... 4 . 2 J 

0 
- 8 . 93 c • 

(a ) Bartlett (7- a) calculated a value of - 6 . 33 from the 
data of Lichtin and Bartlett (90). 

Sigma Value for p-Phenyl 

It was pointed out earlier that the sigma value 

assigned to the para-phenyl group on the ba·sis of its e f fect 

on the ionization of benzoic acid does not accurately descr lbe 

the effect of this group on reactions in which direct reson~ 

ance interaction with the reactive center is possible . Indeed, 

it has been suggested ( 13,16-a,l8 , 22 ) that at least two 

sigma values are needed to adequately define the quantitative 

aspects of the electronic influence of a substituent . The 

sigma constant for a group will depend not only upon the nature 

of the substituent and its location in the ring ( meta- , or 

para-) as required by Hammett's definition , but will also 

depend upon the nature of the reactive center i n so far as 



its structure permits or restricts direct resonance inter­

action with the ring substituent. Moreover, in the case of 

conjugative resonance between the · p-phenyl group and the 

reactive center, the electronic demands of the reactive 

center will determine the algebraic sign of the sigma constant 

(13). Thus sigma will be a positive quantity in those reacti ons 

involving the ionization of phenols (83) or anilines where 

the p-phenyl group can act as an el9ctron withdrawing group . 

On the other hand, for those reactions involving the formation 

of a phenyl carbonium ion the sigma constant for a p-phenyl 

substituent will be a negative quantity indicating that here 

the phenyl group functions as an electron supplying group. 

Thus at least two sigma constants are required to 

describe the influence of a para substituent except in those 

cases where the nature of the substituent is such as to 

prohibit direct resonace interactions with the reactive 

center . These constants are generally denoted as:(a) the 

inductive sigma,O(, obtained from dissociation constants 

of substituted benzoic acids; and (b ) the resonance sigma, 

C)*, applicable to reactions in which the substituent is 

involved in direct resonance with reactive centers. Several 

examples for this reasoning may be found in Hammett's (58) 

original table of sigma constants where, for example, tvJo 

values are assigned to the p-ni~ro group. Jaffe' (71} has 

summarized several other examples of multiple sigma constants. 



The resonance sigma,cf*, for para-phenyl is further 

complicated by the fact that this group may act either as 

an electron supplier or withdrawer . Thus two values are 

required for the sigma constant of the para-phenyl group , 

namely: (l)t ~ * , when the group withdraws electrons from 

the reactive center and , (2) -<! * when the group supplies 

electrons . 

A tentative value for the electron withdrawing 

resonance sigma, tc>*, for the para-phenyl group can be 

calculated from the data of Kiefer and Rumpf {76-b) and 

of Judson and Kilpatrick (76-a) for the ionization constants 

of p-hydroxybiphenyl and of phenol respectively. Applicat ion 

of Hammett's rho value for this reaction {58) to the above 

data affords a f O* value of f0. 15 . 

It is now possible, on the basis of the rho value 

established in thiE dissertation for the ionization of 

triarylchloromethanes in sulfur dioxide solution, to evaluate 

the electron supplying resonance sigma, - <f*, for the para­

phenyl group. The values summarized below were calculat ed 

from the experimental equilibrium dat a of tab l e 2- I and 

from the calculated ionization constants of table 2-XIV. 

TABLE 2-XXI 

Sigma Values for the Para-Phenyl Group. 

Rho 
a 

- 2 . 13 
b 

Sigma 

-0. 354 

- 4.25 -0. 148 
(a ) Based on experimental data . (b) Based on calculated data . 



The value -0 . 148 is based on calculated K1 values for 

p- biphenylyldiphenylchloromethane and t riphenylchloro­

methane and is here proposed as the correct value for the 

para-phenyl group when direct resonance interactions with 

the reactive center are possible and when the e lectronic 

demands of the reaction are such as to require the substiw 

tuent to function as an ele c t ron supplyi ng group . 

At the present t ime there are no reliable data in 

the literature with which to test the accuracy of this 

valU:e for the ..:.(j* value f or the para-phenyl group . It rrtay 

be significant , however, that both the t and - cf* values 

appear to be identical except for their algebraic sign. 

Hammett Rho~Sigma Plots 

Figures 2- iQTIII and 2-XIX show Hammett rho- sigma 

plots constructed for the ionization of substituted tiiaryl­

chloromethanes in liquid sulfur dioxide a t 0°C . The solid 

lines were drawn through lo~ K for the unsubstituted compound 

with slopes equal to the appropriate rho values calculated 

from the experimental 7Elues for the mono- meta- phenyl 

derivatives (figure 2- XVI II) and from the calculated K1 

values (figure 2- XIX) . In f i gure 2- XVIII the log of the 

experimental equilibrium constants (table 2-I and data from 

reference 90) are plotted against the summation of Hammett ' s 

sigma constants (58) for t he various substituents . Figure 

2-XIX differs from figure 2- XVIII only in that calculated K1 

values are employed. It can be seen that for all compounds, 
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the calculated Ki values give much better agreement with the 

theoretical slope than is the case for the corresponding 

experimental data. The improvement noted here is a direct 

consequence of the cancellation of the influence of ion pair 

dissociation on the measured equilibrium constants and there­

fore serves as a quantitative test of the validity of the 

ion pair treatment employed. 

The divergence of points H, G, and K from the plot 

(figure 2-XIX ) suggests the need for CY* values for para­

alkyl groups where hyperconjugative resonance interactions 

are important. Values calculated for these groups are 

C)* = 0.3 for both p-methyl and p-t-butyl. If this value 

were incorporated with the data plotted in figure 2-XIX 

the observed divergence of all three points would no longer 

exist. 

Resonance Stabilization of Triaryl Carbonium Ions 

Oaldulations (120) of the resonance stabilization of 

several substituted trityl chlorides and of the ions derived 

from them on ionization of the carbon-chlorine covalent bond 

has shown that the meta-phenyl group stabilizes the covalent 

compound more than it does the corresponding ion. The net 

effect of the meta-phenyl group then is to decrease the 

extent of ionization of the substituted compound relative to 

triphenylchloromethane by virtue of dipolar contributions 

to the resonance energy which are effective only in the 

undissociated molecule. 



.l. ~.l. . 

The para-phenyl group, on the other hand, on the ~asia 

of similar calculations was shown to stabilize the ion to a 

much larger extent than it stabilizes the covalent compound. 

This results in an increased ionization relative to trityl 

chloride. 

The calculated differences in delocalization energy, 

A dE, in terms of the exchange integral,€> were shown to very 

closely parallel the measured ~o values for the ion-
e:x:p. 

ization of the corresponding meta-, and para-~henyl substi-

tuted trityl chlorides in sulfur dio~ide solution. In this 

respect Streitweiser (120) demonstrated that a plot of .L1F0 exp. 

against ~dE was a smooth plot. It is interesting to note 

moreover that for the meta-phenyl series eaoh successive meta­

phenyl group apparently produces an identical increment in the 

~dE values. While this may well be a d~rect consequence of 

the assumptions involved in applying the simple LCAO method 

to charged ions, it may be argued that these data serve as 

a theoretical basis, to a first approximation, for the 

observed additivity of the group effects. 

Deviations from additivity for the para-phenyl deriva­

tives are of the order of 4 percent of the calculated stabili­

zation values. This strongly suggests that even here the 

resonance increments at e additive. If this is indeed the 

case then it is obvious that the smooth curve of dE agains t 

AF0 is the result of two factors, namely, the fact that 
exp. 

only two substituents, meta-, and para-phenyl, are considered 

and that AF 0 for the para-phenyl derivatives are not a true exp. 



measure of the effect of this group due to the complications 

of ion pair equilibria. 

More exact calculations on a large number of series of 

stepwise substituted trityl chlorides may well demonstrate 

that no such smooth correlation curve exists between .e:.F0exp. 

and ~dE. A definite relationship may be expected however fo~ 

the LlFi values. 

Intuitively it seems reasonable that relationship between 

~F01 and AdE to be expected will consist of a series of straight 

lines all of which begin at a point corresponding to values 

of the variables for the unsubstituted parent compound. 

The slopes of these lines should differ depending upon the 

nature of the substituent being considered. This follows 

· from the fact that while AdE is a measure of the resonance 

interactions of the group, the free energy of ionization 

reflects both this effect and the electrostatic effects due 

to the intrinsic inductive nature of the group. 

Figure 2-XX shows an example of a plot of M]. against 

Streitweiser' s ,6dB values for meta-, and para-phenyl 

derivatives which serves to illustrate the above hypothesis. 

Extensive measurements and calculations are needed to test 

the soundness of this proposal. 
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FUTURE WORK 

Conductivity of triarylchloromethanes in liquid 

sulfur dioxide solution can serve as a powerful tool for 

the quantitative evaluation of substituent effects only if 

it is possible to accurately determine the free energies of 

ionization of ring substituted derivatives. Since, however, 

conductivity measurements supply only an experimental free 

energy value which is a composite of the free energy of ioni­

zation and of the free energy of ion pair dissociation, a method 

of accurately determining the ion pair association constant 

must be developed. A theoretical treatment of ion pair 

equilibria based on the statistical theory of Bjerrum has 

been presented in this disse~tation. Very satisfying results 

have been obtained by application of this treatment to the 

experimental data of this ' research. Direct experimental 

verification of the accuracy and limitations of this treatment 

for triarylcarbonium chlorides is, however, lacking at this 

time . The required data are easily accessible and can be 

obtained from the measured equilibrium constants of a series 

of substituted triarylmethylperchlorates. A series consisting 

of triphenylmethylperchlorate and its monow~i-, and tri-para­

phenyl derivatives would amply test the accuracy and validity 

of the model and would indicate whether refinements in the 

treatment are required. 

Experimentally the measurements must be of the highest 



precision and in view of the limited validity of the Shedlovsky 

treatment the experiment s must be designed to yield accurate 

data over a very limited concentration range. In order to 

accomplish this, a new cell must be designed which will 

incorporate the features of a sm.all dilution ratio and an 

electrode bulb of rather large volume. With such a c·ell it 

wi ll be possible to accurately prepare a solution of low initial 

concentration , of the order of 5Xl0-4 moles per liter and 

obtain a reasonable numbe r of experimental dilutions within 

a region extending to a concentration of about 2Xlo-5 moles 

per liter . 

The first order rates of solvolysis of a series of 

ring substituted triarylchloromethanes should be determined 

i n order to establish a rho value for this system and thereby 

permit an unequivocal determination of the ~ o'* value for t he 

p- phenyl substituent . This v1.lue would serve both as an in­

dependent check for the value proposed for -cr* in this 

dissertation and also as a test for the ion pair corrections. 



EXPERIMENTAL PART 

Synthetic 

All compounds used in this research were prepared b~,­

the author with the exception of triphenylchloromethane and 

its mono-para-phenyl derivative which were supplied by 

Professor Norman N. Lichtin to whom the author is indebt ed . 

Table 2-XXII swm~.rizes the physical properties and analytical 

data for all the compound~~. The numbers in the last column 

i ndicate the conductivity runs in which the particular 

compound was employed. Experimental data summarized in 

Appendix II-A (tables 2-A to 2-H) are tabulated under run 

numbers corresponding to those i n the last column of table 

2-XXII. 

Meta-phenyl substituted t riphenylchloromethanes as 

well as m-phenylbenzoic acid were prepared by reacting m­

pheny l Grignard reagent with the proper carbonyl compounds. 



H 

H 

H 

H 

m-¢ 

m•¢ 

H 

Compound 

¢-R 
~-¢-c-o! 

¢-~ 

~ 

H 

H 

m-¢ 

m-¢ 
m·¢ 

m-¢ 
H 

T .ABLE 2 -XXII 

Physical Properties of Compounds. 

. ( ) 
Melting Range a 

( oc.) . 

Found Lit. Found 

0 

111-2' 112-3 . 
. 85-87 86..-87 84·4 

!13.6- ----- 86.1 
14·4 

m-¢ (d) 117.6- ----- ---
118.4 

m-¢{O) 199·8-2oo.6 87•1 
290-201 

m-¢(d) 201.2-202 n 

p-¢Cer 147.o--147·8 

{b) 
Analysis . 

Theory 

H 01 0 H 

12.9 (f) 

5·5 . 9·9 84.6 5·4 
5·5 8.3 86.4 5·4 

--· 8.2 

" tt 

Runs 

01 

12.7 HL-50,55,18 

9·99 Hi*63,79,80 
8 • 2 HL-4 ,5, 6, 14 ,I 

" 
9·99 

m.-15 
HL ... 7,8,9,16 

40 

EL-42,43,44 
HL-20,21,22 

(a) Anschutz Type thermometers. (b) Microanalysis by~. Carol K. Fitz, Needham, Mass.' 
{o) Designated as sample I. (d) Designated as sample II. 
{e) Compounds supplied as chlorides by Professor N. N. Lichtin. 
{f) Hydrolyzable chloride indicated 99.2% of theoretical. 



Synthesis of m-Bromobiphenyl 

m-Bromobiphenyl (V) was synthesized from 2- aminobiphenyl 

(I) by the method of Huber (66) employing the modifications 

of Woods and Reed (135}. The following is an outline of the 

sequence of experimental steps employed in the preparation of 

m- bromobiphenyl. 

~-

JIOI.f -..... 

CrQ 
B...,., 

The deamination was carried out according to the general 

procedures for hypophosphorus acid deaminat i on described by 

Kornblum ( 80). 

Experiment 1: Preparation of 2-acetaminobiphenyl 

214 ml. (3.0 moles) Baker's C.P. acetyl chloride were 

added slowly to a stirred solution of 340 grams (2 . 0 moles) 

E&stman Kodak Co., Yellow Label 2-aminobiphenyl iL 800 ml . 

Matheson Co. pyridine. During the addition the temperature 

was maintained between 10° and 15°C. by means of an ice bath. 



When the addition was complete (one hour} the reaction 

mixture was stirred for one hour at room temperature. The 

crude product was isolated by slowly pouring the pyridine 

solution into a mixture of conc~ntrated hydrochloric acid 

and cracked ice. The crude product was washed free of acid 

199 

and then dried on a Buchner funnel. Two recrystallizations 

from 50% aqueous acetic acid following decolorization with 

animal charcoal afforded a 71.0% yield (310 grams) of straw 

colored needles melting sharply 118°-119°0.* 

Experiment 2: Preparation of 2-acetamino-5-bromobiphenyl. 

A solution of 53.4 ml. (1.04 moles) Bakerts C.P. 

bromine in 1 liter of glacial acetic acid was added rapidly 

to a stirred solution of 220 grams (1.04 moles) of 2-acetamino­

biphenyl in 1.8 liters glacial acetic acid. The reaction 

mixture was allowed to stand for 36 hours after which the 

product was separated by pouring the reaction mixture into 

6 liters of water. The crude product was washed free of 

acetic acid and air dried. Crystallization from aqueous 

ethanol furnished 290 gms (97 .2% yield) of ~olorless needles 
0 0 

melting sharply between 127.5 -128.5 c. In two other runs 

the product was prepared in 84% and 92% yields the melting 

points being 128.5?-129~0 c. and 127? . 0-128.5°0. respective ly. 

* All melting points are recorded with Anschutz type total 
i~~ension thermometers in a stirred electr ically heated bath. 
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Experiment 3: Preparation of 2-amino-5-bromobiphenyl. 

~ solution of 28? grams (0.989 moles) of 2-acetamino-

5-bromobiphenyl and 300 ml. concen.trated hydrochloric acid in 

500 ml. 95% ethanol was refluxed for 5 hours. The hot, clear, 

orange liquor was poured into 4 liters of cracked ice and ·water. 

This was allowed to stand for 12 hours and was then diluted 

wi·th 3 liters of water and neutralized with 20% sodiwt. . 

hydroxide solution. The crude produc·t was triturated with 

water and finally v'Jashed and air dried to give 20? grams 

(84.5% yield) of poorly defined white crystals melting in 
0 0 

the range 53 -5? c. 

In two other runs this product was prepared in 89% 

and 90% yields. 

Experiment 4: Preparation of m-bromobiphenyl. 

A cold solution of 40 grams of sodium nitrite in 100 

ml. of water was added to 400 ml. (4.04 moles) Mallinkrodt 

u.s.P. 50% hypophosphorus acid which had previously been 
0 

cooled to -5 c. 

Forty ml. of concentrated sulfuric acid cooled to 5°C . 

was added very slowly to a solution of ?5 grams (0.302 moles) 

of 2-amino-5-bromobiphenyl in ?00 ml. glacial acetic maintained 

at 20°C. This solution was then added slowly to the solution 

of sodium nitrite in hypophosphorus acid while maintaining 
0 the temperature between 0° and 5 C. with a salt-ice mixture. 
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~~en the addition was complete the solution was stirred for 

two hours and an additional 40 grams of sodium nitrite dissolved 

in 100 ml. water was added slowly. Stirring was continued for 

two hours at o0c. after which the ice bath was removed and the 

reaction mixture was warmed to room temperature. Since 

evolution of gases at room temperature was not appreciable the 

reaction mixture was warmed by i~~ersing a hot copper steam 

coil into the reaction vessel . Instantly the evolution of 

gases increased and the reaction was soon out of control . 

Fortunately, however, the reaction beaker was still standing 

inside of the large galvanized iron tub which was previously 

used as an ice bath and therefore none of the reaction mixture 

was lost. In about ten minutes the vigorous reaction had 

subsided and the mixture was diluted with 2 liters of wa ter 

and extracted twice with 300 ml. diethyl ether. The ether was 

removed and the dark oily residue was dissolved in petroleum 

ether and washed several times with 20% sodium hydroxide 

solution and then with distilled water . 

The petroleum ether layer was dried over anhydrous 

potassium carbonate Qnd chromatographed by passing it through 

a 2 x 75 em. column of 8e-200 mesh activated alumina (City 

Chemical Corp . grade F-20). The column retained a deep orange 

band and the eluate was completely colorless . The column was 

washed with petroleum ether until the colored band was eluted 

to the bottom. Solvent was removed by ordinary distillation 

and the slightly yellow product was distilled under reduced 
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pressure to give 5C.3 grams (?2% yield) of colorless oil, 
25 0 nd= 1.6394, boiling at 104 c. at 0.2 mm. pressure. 

In earlier experiments a 22% yield of m-bromobiphenyl 

was obtained using a 5 to 1 mole ratio of hypophosphorus acid 

and an 82% yield when the ratio was 12 to 1. These experiments 

differed from the one described above only in that a steam 

bath was used in place of a steam coil to warm the reaction 

mixture and since under these conditions the reactions were 

mild the mixtures were heated for 3 hours. 

Synthesis of meta- phenyl derivatives of triphenylchloromethane. 

m-Biphenylyldiphenylcarbinol (VI) was prepared by the 

addition of one mole of m- biphenylmagnesium bromide to 

benzophenone followed by acid hydrolysis according to t he 

method of Marvel et . al . (9?). Tri-m• biphenylylcarbinol VIII 

was prepared by the addition of three moles of the Grignard 

reagent to ethyl carbonate as described by Marvel (96). Di­

m-biphenylylphenylcarbinol, (VII ) not previously descr i bed in 

t he literature, was prepared by the addition of two moles of 

the Grignard reagent to ethyl benzoate. The reactions involved 

in these preparations are summarized below. 
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The carbinols were converted to the corresponding 

chl orides by reaction with acetyl chloride under anhydrous 

conditions. 

Experiment 5: m-Biphenylyldiphenylchloromethane. 

a. Preparation of m-biphenylmagnesium bromide . 

The apparatus used was essentially that described by 

Fieser (36) for the preparation of Grignard reagents under an 

atmosphere of dry nitrogen. The reaction flask and auxilliary 

equipment were carefully dried by flaming while being flushed 

by a steady flow of dry nitrogen. 

Dow Chemical Corporation "Super-Pure" magnesium turnings 

(1.824 grams., 0.0?5 mole ) were dried in the reaction vessel 

by flaming and flushing with dry nitrogen. When cool, 200 ml. 

of Baker's C.P. diethyl ether (dried over Ca~ :) was added. 



A solution of 16.31 grams (0.070 moles) of m-bromobiphenyl 

(freshly distilled n~5= 1.6394) in 100 ml. anhydrous ether 

was added through a dropping funnel. Localized heating 

with the lighted end of a cigarette and scratching failed 

to initiate the reaction. A crystal of iodine added to the 

reaction mixture followed by heating had no visible effect. 

The reaction was finally started by adding a small amount 

of activated magnesium prepared by heating a mixt.ure of 

powdered magnesium and iodine in an open test tube over a 

Bunsen burner . 
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The reaction proceeded very slowly accompanied by the 

formation of a white precipitate. The reaction appeared to 

stop and at this point the mixture was refluxed for t wo hours . 

An aliquot of the reaction mixture was hydrolyzed in 

aqueous ethanol and titrated with standard hydrochloric acid 

to a methyl red end point. 

A 2 . 0 ml. aliquot of a total of 350 ml of the etheral 

solution required 0.94 ml . of 0.116 N hydrochloric acid. This 

titre corresponds to 0.019 moles of Grignard reagent or 25% 

conversion. 

b. Preparation of m- biphenylyldiphenylcarbinol. 

Working on the assumption that the Grignard reagent is 

only slightly soluble in ether and was present in the observed 



precipitate, the addition reaction was carried out &s i f 

complete conversion had been obtained. 

A solution of 12 . 84 grams {0.070 mole) Eastman Kodak 

Co . White Label benzophenone (dried over anhydrous calc i um 

s ulfate) in 80 ml. anhydrous e t her was added dropwise over 
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a period of 20 minutes to the Gr ignard solution. An immediate 

pr ecipitate was formed and the solution became a bright cherry 

red color which gradually changed to yellow as the addition 

continued . No heating was observed. The solution was st i r red 

for 30 minutes and then hydrolyzed by pouring into 1 l iter of 

cra cked ice containing 100 ml. of concentrated hydrochlor ic 

acid. 

The ethereal layer was separated and washed three time·s 

with 100 ml. of water . The ether was removed by ordinary 

distillation and the yellow oily residue was purified b y 

steam distillation. When a clear distillate was observed , 

the residue was dissolved in ether and separated from the 

wate r layer. The ethereal solution was dried over calcium 

chloride and the crude product was isolated on removal of the 

ether. The crude product was triturated with petroleum ether 

to give 2 . 4 grams (10 . 5% yield, based on m~bromobiphenyl ) of 
0 

yellow powder, m.p. 103-105 c. 

Crystals were obtained from aqueous acetic acid after 

standing in the refrigerator for 8 days. The crystals 



(1.0 gram., 5% yield) were pale yellow and melted between 
0 104-106 C. This materi~l was not converted to the chloride. 
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Since it was believed that the poor yield obtained in 

the preperation of m-biphenylyldiphenylcarbinol was the result 

of incomplete conversion of m-bromobiphenyl to the corre­

sponding Grignard reagent, several experiments were performed 

to determine the optimum conditions for the preparation of this 

intermediate . 

Experiment 6: Preparation of m-Biphenylmagnesiumbromide. 

6-a. Fresh turnings of Dow Chemical Co. "Super Pure" 

magnesium (3.65 grams 0.15 moles) were activated by flaming 

in a nitrogen filled reaction flask containing a small crystal 

of iodine. Flaming was continued until the flask was completely 

filled with purple iodine vapors and it was then allowed to 

cool under a stream of dry nitrogen. ~fuen cool, 400 ml. of 

anhydrous ethyl ether (dried over sodium wire) was added. 

A solution of 34~95 grams (0.15 moles) of m~bromo­

biphenyl in 100 ml. anhydrous ether was added dropwise. After 

adding about 10 ml. of the bromide solution the reaction was 

initiated by localized heating. The reaction proceeded slowly 

accompanied by the formation of a white precipitate. Within 

several minutes the reaction stopped. The reaction could be 

started again by the usual methods but in each case failed to 

maintain itself for more than a few minutes. The mixture was 
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refluxed for three hours and stirred overnight at room 

temperature , after which a con$iQerable quantity of the· white 

precipitate was· present . 

Since it was believed that the white prec i pitate may 

have been m- bi.phenylmagnesium bromide the next reactant ( e·thyl 

benzoate) was added in an attempt to prepare di-m-biphenylyl­

phenylcarbinol • . No reaction was apyarent and the mixture was 

refluxed for two hours and hydrolyzed in the usual manner. 

Steam distillation of the residue from the ether layer gave 

27 grams (80%) of unchanged m-bromobiphenyl. None of the 

desired carbinol was obtained. 

Experiment 6- b: 

Twenty grams (0.086 mole) of m- bromobiphenyl (dried over 

anhydrous calcium sulfate) in 200 ml. dry ether was added to 

a mixture of 2.2 grams (0.091 mole) Eastman Kodak Co~ White 

Label magnesium turnings and 100 ml. dry ether . The reaction 

started on the addition of a crystal of iodine but failed to 

reach an appreciable rate and stopped completely following 

the formation of the white precipitate as had been observed 

in previous experiments. Other standard techniques for starting 

Grignard reactions also failed to give satisfactory results. 

Addition of 20 ml. C.P. benzene (dried over calcium 

hydride) to the reac~ion mixture resulted in the complete 

dissolution of the white precipitate. The reaction was again 



started and was now able to maintain itself at a slow but 

steady rate. Analysis of two aliquots after a three hour 

reflux period inaicated 96.5% and 97 . 6% conversion to the 

desired Grignard reagent. 

2o8 

Since excellent results could be obtained by preparing 

the Grignard reagent in the presence of about 5 percent (by 

volume) of dry benzene as described in experiment 6- b, this 

procedure was adopted as the .:~tandard procedure for the 

preparation of this intermediate. It was found, moreover, that 

with Dow Chemical Co. "Super pure" magnesium which had been 

turned on the lathe. immediately before use, better than 90% 

yields of Grignard could be obtained repeatedly by refluxing 

for less than two hours. The increased rate is believed to 

be due to the greater surface available in the very fine 

turnings which were used. 

Experiment 7: Preparation of m-Biphenylyldiohenylchloromethane. 

Meta- biphcnylmagnesium bromide was prepared in 97% yield 

from 16 . 1 grams (0 . 069 moles) of m- bromobiphenyl a nd 1 . 68 grams 

(0.07 moles) of freshly turned, extra fine, Dow "Super Pure" 

magnesium turnings. 

A solution of 11 . 83 grams (0 . 065 moles) Eastman Kodak 

Co. White Label benzophenone in 100 ml. of anhydrous ether 

was added over a period of one hour to the ether solution of 



the Grignard . The mixture was stirred and refluxed for two 

hours. The cooled reaction mixture was hydrolyzed with a 

cold solution of 30 brams of ammonium chloride in 100 ml. of 

ice water. The ether layer was washed with 'No.ter , 5% sodium 

bicarbonate solution, and finally with water. The residue, 

after removing the ether, was purified by steam distillation 

which was continued until a clear distillate was obtained. 

The crude product, which was a yellovv glass, was dissolved in 

hot ligroin and twice recrystallized from this solvent · following 

decolorization with charcoal to give 15.42 grams (75% yield) 

of pure white crystalline m- biphenylyldiphenylcarbinol, nelting 

range 10?. 5°-106°0. The carbinol was converted to the chloride 

by reaction with acetyl chloride under rigorously anhydrous 

conditions. 

All glass apparatus was used throughout the preparation 

and purification of all triarylmethylchlorides employed in 

this research. Glassware was thoroughly cleaned before use 

as follows: Treatment for o.t least four hours in a hot acid 

bath was followed by profuse rinsing with tap water. Traces . 

of acid were then r emoved by soak i ng the glass in 10% ammonium 

Lydroxide solution for several minutes. Final washing with 

tap water and distilled water was followed by oven drying at 

120-l30°C. for at least four hours. The hot glassware was 

cooled either in an atmosphere of dry nitrogen or in a desiccator. 

Twenty-five ml . of c.P. acetyl chloride was distilled 

directly onto 6 grams of the carbinol in a .50 ml. erlenmeyer 
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flask equipped with a 24/40 standard taper joint . The flask 

was removed from the column and a reflux condenser equipped 

with a soda - lime drying tube was immediately inserted. The 

carbinol dissolved completely to form an amber solution which 

was refluxed for three hours then filtered rapidly through 

a medium porosity sintered glass funnel. (All filtr ations 

were performed under an atmospher e of dry nitrogen by working 

directly below a large inverted funnel through v~hich a fast 

stream of nitrogen flowed.). The volume of solution was 

reduced to 10 ml. and white crystals were obtained after 

standing in the refrigerator twenty four hours. The product 

was recrystallized twice from C.P . acet yl chloride and once 

from a solvent consisting of three parts dry C.P. petroleum 

ether and one part C. P . acetyl chloride followed by t r iturat ion 

'Nith C.P. petroleum ether and vacuum drying for forty eight 

hours at room temperature to give 0.446 grams of pure mono-
o 0 m-biphenylyldiphenylchloromethane, melting range 87.4 -88 .2 c. 

wi th slight preliminary sintering at 85°C. The melt was color-

less. 

Analysis* ; Calculated for c25H1gCI : Cl, 9. 99%. Found: 9. 9%. 

Experiment 8: Preparation of Di-m-biphenylylphenylchloromethane 

8 - a: Preparation of sample B-I 

A solution ~f 7.15 ml. (0.05 mole) Eastman Kodak Co~ 

* All semi micro analyses , unless other-wise spec ified, were 
carried out by Dr. Carol K. Fitz, Needham Heights, Massachusetts. 
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White Label ethyl benzoate (dried over anhydrous calcium sulfate) 

in 50 ml. dry eth~r was added to an ether solution of m­

biphenylmagnesium bromide prepared in 90% yield from 0.10 

mole of m-bromobiphenyl. The reaction mixture was refluxed 

for one hour followed by hydrolysis and isolation in the 

usual manner. The crude carbinol was a yellow glass which 

did not yield to crystallization. Trituration with petroleum 

ether finally gave 15.4 gms. of sticky yellow powder, melting 

below 60°C. , which was converted directly to the chloride. 

Five grams of the crude carbinol was refluxed for four 

hours with 15 ml. of freshly distilled acetyl chloride. The 

carbinol dissolved readily and failed to crystallize even 

after standing in the freezing compartment for seventy two 

hours. The acetyl chloride was replaced by petroleum ether 

but this failed to give a solid material. Benzene also failed 

to give the desired result. A solid was finally obtained 

after eleven days in the freezing compartment from a solvent 

consisting of three parts acetyl chloride and five parts 

petroleum ether. The solid oiled out on filtration . Most 

of the solvent was removed by suction and the oil was triturated 

with petroleum ether. Standing with petroleum ether for three 

days gave a brovmish powder which, when filtered and washed 

with petroleum ether, gave 2 . 33 grams of slightly yellow 

powder. Some of this material was saved for seed and the rest 

was dissolved in 1:1 acetyl chloride- petroleum ether . Seeding 
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the concentrated solution gave a crystalline product after 

twenty four hours · in the freezing compartment. This material 
0 0 was essentially white and melted between 114.4 and 116.2 c. 

The impure chloride was twice recrystallized from acetyl 

chloride-petroleum ether to gi7e a pure white crystalline 

product. The product v~as triturated and washed with petroleum 

ether and dried at room temperature under high vacuLw to yield 

the pure product as a white po-wder. This compound was designated 

as sample B-I • . Melting point 113.6° to 114.4°0. (lli~corrected). 

Analysis : Sample B-I 

Calculat ed for c31~3c1: c, 86.4%; H, 5 . 4.%; 01 , 8.24%. 

Found: c, 86.1%; H, 5·5%; Cl , 8.3%· 

8- b: Preparation of Sam;>le B-II 

Di-m-biphenylylphenylcarbinol was prepared by the same 

procedure employed in experiment 8-a. The carbinol was obtained 

as a pale yellow crystalline .solid by recrystallization from 

heptane. The material melted over a wide range below 65°0 ~ 
' and since all attempts ~t further purification failed to 

improve the melting point the crude carbinol was converted 

directly to the chloride by refluxing a solution of 5.2 grams 

of carbinol in 20 ml. acetyl chloride for two hOQTS. Standing 

in the freezing compartment for ten days gave 2.9 grams of a 

white crystalline solid, melting 11?.6°-118.4°0. (corrected). 

This material was twice recrystallized from acetyl chloride, 

washed and triturated with petroleum ether and vacuum dried 
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to produce 1.20 grams of white product. 

Analysis : Calculated for c31H23ol: 01, 8.24%. Found: Cl , 8.6_%. 

It was assumed that the high chlorine analysis was due 

to occluded acetyl chloride. The sample was again triturated 

and washed with petroleum ether and was dried by pumping 

under high vacuum for eight days . 

Analysis: Sample B-II 

Calculated for Cl, 8.24%. Found: Cl, 8.2%. 

Experiment 9: ·Preparation of Tri-m-biohenylylchloromethane 

Twenty grams ( 0.086 moles) of m-bromobiphenyl and 2 •. 2 

grams (0.09 mole) Dow "Super Pure" magnesium .turnings gave 

a 97 .5% yield of m- biphenylmagnesium bromide. The carbinol 

was prepared by adding a solution of 2.93 grams (0 . 025 .mole) 

Eastman Kodak Co., White Label ethyl carbonate {dried over 

calcium sulfate) in 25 ml. dry ether to the ether solution 

of the Grignard reagent over a period of two hours followed 

by a two hour reflux period. The reaction mixture was worked 

up in the usual manner. 

The crude carbinol failed to crystallize from the 

following solvents: acetic acid, benzEne, heptane, eth~nol, 

ligroin, ethyl alcohol, ether, ethyl acetate and retroleum 

ether. A ye l low powder was obtained by rapidly cooling & 

0 
petroleum ether solution to - 80 c. The crude carbinol1 10 . 7 

grams ( 74% yield), melted over a range betv~een 120 ° -135°C. 
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and was converted to the chloride without further purification. 

Five grams (O.Ol mole) of the crude carbinol was treated 

with 25 ml. of freshly distilled acetyl chloride. After a three 

hour reflux period a considerable amount of the solid remained 

undissolved and dry benzene was added in 0.5 ml. portions 

until a clear solution was obtained. A total of 15 rnl . of 

benzene was required. A crystalline product was obtained 

after twelve hours in the freezing compartment . The crude 

chloride was recrystallized once from benzene containing a 

few drops of acetyl chloride and was vacuum dried to give 

2.90 grams of white micro needles melting 201.2°-202°0. Part 

of this material was designated as sample T-II . 

Analysis: Sample T- II 

Found : c; 86.7%, 88.2%. H; 5·3~ , 5.2%. Cl.; ·6.7%. 

Calculated for c1; 7 .o%. 

The remaining product was twice recrystallized from 

benzene containing a few drops of acetyl chloride and once 

from pure benzene. 

Sample T-I: M.P . 8 0 0 199 · -200 .6 c., (yellow melt). 

Analysis : Sample T-I 

Calculated for c37H27CJ.: C; 8?.6%. H; 5.4%. Cl; 7.0% 

Found: c; 87.1%. H; 5.8%. Cl; 7.1%, 7.0%. 



Experiment 9: Preparation of m- Phenylbenzoic acid. 

Carbon dioxide (generated from dry ice and dried by 

passing the gas through concentrated sulfuric acid) was 

bubbled slowly into an ether solution of m- biphenyl Grignard 

reagent prepared in 97% yield from 16.1 grams (0.069 mole) 

of m- bromobiphenyl. A large excess of carbon dioxide was 

used. The mixture was refluxed for two hours followed by 

hydrolysis with ac: 'J.eous ammonium chloride. The aqueous 
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layer was acidified with dilute hydrochloric acid and then 

separated from the ether layer. The ether layer was washed 

wi th water and extracted five times with 5% sodium bicarbonate 

solution. The combined aqueous extracts were acidified with 

hydrochloric acid and the crude product which precipitated 

was wa shed with water and air dried. Recrystallization from 

aqueous ethanol following decolorization with charcoal afforded 

7.0 grams of slightly yellow plates melting sharply between 
0 0 165.2 - 166.2 c. This product was twice more recrystallized 

from aqueous ethanol to give the pure white m- phenylbenzoic 
0 

acid, 6. 6 grams (44% yield ), m. p. 165.4- 166.2 c. The acid 

was vacuum dried a t 110°0. over phosphorous pentoxide fo r two 

hours before use. Analysis by potentiometric titration 

indicated 99.7 and 99 .5% purity. 

Mater ials. 

All other materials used in this research unless otherwise 

specified were purified as described below. 
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Benzoic acid. 

The benzoic acid used in the acid strength measurements 

was National Bureau of Standar~ Acidimetric and Calorimetric 
. 0 

Standard No. 39 f and was oven dried at 90- 100 C. for t vw 

hours before use. 

Butyl Cel l osolve. 

Howe and French Co. technical grade butyl cellosolve was 

purified by the method of Halford (55) to yield material boiling 
0 0 

between 106 - 107 C. at 70 mm. pressure . Two liters of butyl 

cellosolve was allowed to stand over 600 grams of Baker ' s C. P . 

calcium oxide for eight days in a tightly stoppered flask . 

The mixture was mixed thoroughly by vigorous shaking at frequent 

intervals over this period. Distillation at reduced pressure 

gave a middle fraction (1 . 5 liters) boiling over a one degree 

range . The pure solvent was stored in a tightly stoppered 

amber bottle. 

Sodium Hydroxide in 50% Aqueous Butyl Cellosolve . 

Carbonate free sodium hydroxide solution was prepared 

from Merck and Co. Analytical Reagent grade sodi~1 hydroxide 

by diluting an aliquot of a clear saturated solution with 

freshly boiled distilled water. The aqueous solution was 

diluted with an equal volume of purified butyl cellosolve to 

give a solution of about 0.07 molar sodiun hydroxide in 50% 
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aqueous butyl cellosolve. The solution was stored in a dark 

bottle equipped with a syphon and protected from atmospheric 

carbon dioxide by means of a soda - lime tube. The solution 

was standardized a ga inst primary standard benzoic acid a t 

frequent intervals. 

Aq ueous Butyl Cellosolve Stock Solvent. 

Stock solvent was prepared by diluting 1 liter of 0~098 

molar lithium chloride solution with an equal volume of 

purified but yl cellosolve to give a solution 0f 0.049 molar 

lithium chloride ( ionic strength 0.05) in 50% aqueous butyl 

cellosolve. The solvent was stored in a dark bottle protected 

by a soda - lime tube. A blank was determined for this s olvent 

by titrating 100 ml. with standard base to a pH of nine 

employing conditions identical to those used in the actual 

measurements. The blank was about 0.01 ml. and was neglected 

since the same volume of solvent was used in each of the runs. 

Other Mater ials. 

Acetone , petroleum ether and liquid sulfur dioxide used 

in this work were as described in part I of this dissertation . 

Acid Strength Measurements: 

Apparatus and Procedure 

Thirty to fifty milligram samples of the purified acids 

dissolved in 100 ml. of 50% aqueous butyl cellosolve ( -'fr:. 0 .05 

LiCl ) were titrated with standard base using a Leeds and Nothrup 
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Co. No. ?662 pH meter and glass electrode sensitive to t 0.01 

pH unit. Asymmetry of the glass electrode was corrected 

using Coleman Certified buffer tablets of pH 4.00, 5.00, 

6.80, and ?.00. Temperature was maintained at 25.10 C 0 . 25°C. 

with a regulated water thermostat and the solution was stirred 

and maintained under an atmosphere of nitrogen throughout the 

titration. Sodium hydroxide solution was added from a self­

filling micro buret graduated directly in 0.01 ml. divisions 

and containing a total volume of 5 . 0 ml. Sample weights were 

chosen such that a titration could be completed without re -

filling the buret. 

pH values were recorded after each addition of base. In 

the buffer region and near the end point readings were taken 

at 0.05 ml. increments of added base. The end points were 

de termined b~ the differential plot of the change in pH per 

unit volume of base added against the total volume of base 

used. The p KA values were then determined from enlarged plots 

of pH against ml . of base in the buffer regions by determining 

the pH corresponding to exactly one - ha lf the volume of base 

required to reach the end point. Individual p KA values were 

5.70, 5.68, 5.65, 5.64, 5.63 for benzoic ~cid and 5.57, 5.57 , 

5.61, 5.56 for m- phenylbenzoic acid. 

Conductivity Measur·ements. 

The apparatus and techniques used in these measurements 

have been described in part I of this dissertation. 



219 

Individual Conductivity Runs: 

A brief summary of each conductance run, the data of which 

are summarized in tables 2- A-2-H in Appendix II-A, is presented 

below. The runs are described by compound and in the order 

in which they were performed. The description of the runs 

therefore parallels ~ he arrangement of the data in tables 

2-A to 2-H . 

0 
Measur ements at 0 . 12 C. 

m-Biphenylyldiphenylchloromethane 

Run HL- 63 
0 

OnG run was made at 0 . 12 c. with this compound 

to check the conductivity data of Lichtin and Glazer (91) . 

Tha material used wa s from the same sample used by these 

workers and had the fol l owing properties : It was an off whit e 
0 

solid powder, melting range 85- 87 c . , to give a brown melt. 

Analysis by titration of acid formed on hydrolysis carried out 

by Mr . M. J. Vignale indicated a purity of 99 . 2%. In this 

r un the sulfur dioxide was outgassed for one hour by pumping 

the liquid at -78°C. Agreement between this run '3.r-d the data 

of Lichtin and Glazer was good over the entire dilution range. 

Di - m- biphenylylphenyl chloromethane 

Three runs, HL- 4, HL- 5, and HL-6 were carried out at O.l2°C. 
0 0 using sample B- I, melting range 113.6 - 114.4 c. Excellent 

agreement was fo r.;nd between the t hree runs . The sulfur dioxide 

was not outgassed in these runs. 
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Tr i - m- biphenylylchloromethane 

Four runs were performed on two different samples of 

this material at O.l2°C. There was no visible difference 

in the data which could be attributed to differences in 

purity of the two samples. In runs HL-?, HL-8, and HL-9 
0 

sample T-I, melting range 199.8-200.6 c. was employed. 

Sample T-II was employed in run HL-44 and although analysis 

by Dr. Fitz indicated a rather low chlorine value for this 

sample (6.?% found; ?.O% calculated) the conductance data 

failed to reflect any difference when compared to the data 

for sample I where ?.0 and ?.1% chlorine was reported by the 

same analyst. The melting ranges recorded for the two samples 
0 0 

{199.8-200.6 and 201.2-202 C.) are not consistent with the 

large differences in chlorine analysis. Sulfur dioxide was 

not outgassed in these runs. 

Measurements at -8.9C. 

Triphenylchloromethane: 

Three runs HL-18, 50 and 55 were carried out on this 

compound. Triphenylchloromethane was from a sample supplied 

by Dr. Lichtin and used previously in the measurements at o?c. 

reported by Lichtin and Bartlett (90). The material melted 

to a colorless melt between lll-ll2°C. Analysis for hydro­

lyzable chloride: Found 12.9%; calculated 12.?%. Run HL-50 

w~s carried out jointly by the author and Professor Norman 

N. Lichtin. 



m-Biphenylyldiphenylchloromethane 

Two runs HL-79 and 80 were carried out jointly by the 

author and Professor N.N. Lichtin employing the sample 
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0 
described for the measurements at 0.12 C. Since the agreement 

between these runs was excellent a third run was deemed un-

necessary. 

Di-m-biphenylylphenylchloromethane: 

Three runs HL-14, HL-15, and HL-49 were made on two 

different samples of this material at -8.93°C. Sample B-I 

was used in runs HL-14 and HL-49. Sample B-II was used in 

run HL-15. Agreement between runs with both samples was 

excellent. 

Tri-m-biphenylylchloromethane 

A total of four runs were made on this compound at 
0 

-8.93 c. using two different samples. 

In runs HL-16, and HL-40 sample T-I was employed and 

the data obtained were in excellent agreement with those 

found in runs HL-42 and HL-43 in which sample T-II was 

employed. 

p-Biphenylyldiphenylchloromethane 

Three runs HL 20·, 21 and 22 on this compound at - 8 . 93°C. 

showed excellent internal agreement. The sample used in this 

work was supplied by Professor HormanN. Lichtin and was the 



222 

same one used in the O.l0°C. measurements reported by Lichtin 
0 

and Glazer. Melting range 147.0-148.0 c. (uncorrected) 

Analysis: Calculated for c25H1gCl : Cl , 9·99%• 

Found: 01 , 9.8%. 

Recovery of Compounds After Runs. 

In several of the conductivity runs recovery of the 

sample was attempted. This was done by opening the cell 

and pouring the contents into a dry beaker and allowing the 

sulfur dioxide to evaporate to dryness under an atmosphere 

of dry nitrogen produced by the inverted funnel technique. 

Since the liquid sulfur dioxide solution always sprayed out 

of the cell, partial hydrolysis invariably occured and the 

significance of the recoYery experiments is therefore uncertain. 

The residues were always pumped in a vacuum disiccator for 

at least 48 hours before melting points were recorded. 

Di-m-biphenylylphenylchloromethane recovered from run 
0 

HL-6 melted between 63-67 to give a deep brown melt. 

Tri-m-biphenylylchloromethane, recovered from run HL-8, 

was an ivory colored solid melting over the range 190-197°C. 

to a red brown melt. In run HL-7 the recovered product melted 

below 150°C. In several other cases where _recovery experiments 

were performed either insufficient material was recovered or 

the material could not be dried sufficiently to permit a 

melting point determination to be made. 



Experimental Difficulties: 

The major source of dif f iculty in the conductivity 

me a surements was caused by leaka ge resulting from a pin 

hole in the electrode bulb of the cell. This pin hole was 

sea led with De Khotinsky cement and was always checked 

before and after each run. Whenever a leak developed during 

a run, evidenced by the presence of a leak in the De Khotinsky 

seal after the run was completed, the data of that run were 

disca rded. The data from severa l other runs were also 

discarded because of accidenta l errors in weighing, dilution 

and drainage. 



' ' 

PART ITI 

The Apparent Ionization of 

Hexaphenylethane. 
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INTRODUCTION 

Walden (126) first observed the apparent heterolytic 

fission of a carbon-carbon bond in a symmetrical hydrocarbon . 

This worker obser~ed that solutions of hexaphenylethane in 

liquid sulfur dioxide exhibited a high equivalent conductance 

which increased with dilution. This behavior, typical of 

electrolytes in solvents of low dielectric constant, led 

Walden to the conclusion that hexaphenylethane had dissociated 

heterolytically to produce ionic fragments. The lack of 

reproducibility in Walden's conductivity measurements was 

attributea to the uncertain purity of the samples of hexa~ 

phenylethane which had been supplied to him by M. Gomberg who 

first discovered the free triphenylmethyl radical (47}. 

The observation of the anomalous behavior of hexaphenyl­

ethane in liquid sulfur dioxide stimulated many investigations 

all of which failed to adequately explain the phenomenon. 

Many apparent contradictions and discrepancies now exist in 

the literature as a result of these investigations. 

Gomberg and Cone f50} repeated the conductivity 

measurements employing only freshly prepared samples of pure 

hexaphenylethane. The results of several runs by these 

workers failed to demonstrate that reproducible conductance 

data could be obtained in this system. Part of the dis­

crepancy was later (52) attributed to the fact that the 

hexaphenylethane used in the measurements was actually a 1:1 

addition complex with petroleum ether which was used in the 

., 
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purification of the compound. 

Subsequently (53) it was demonstrated that the ioni~ 

zation of a symmetrical hydrocarbon was a general property of 

hexa.arylethanes in sulfur dioxide solution. In each instance 

however, it should be noted that precise and reproducible 

measurements were not obtained. This fact not withstanding, 

the phenomenon was considered as well established and many 

authors (4,49,115,128,129,133) attempted to explain the 

mechanism of the heterolytic cleavage of symmetrical hexa­

arylethanes in ionizing solvents . Of the many suggested 

mechanisms, all of which involved s ome type of radical­

solvent interaction, none could account for all of the many 

pieces of conflicting evidence available in the literature. 

The so called dual nature of hexaphenylethane in 

ionizing and non ionizing solvents is not an accurate 

description of the system for the ionization does not occur 

in many well known ionizing solvents . Thus , for example , 

Gomberg and Sullivan (53) found that although triarylmethyl 

halides gave conducting solutions in liquid hydrogen cyanide 

the radical merely decomposed. In this respect it is inter­

esting that no solvent other than sulfur dioxide exhibits the 

power to promote the heterolytic cleavage of hexaphenylethane. 

Indeed, liquid sulfur dioxide stands out as the only solvent 

in which abnormal behavior is observed. 

Many examples of the difference between sulfur dioxide 

and other solvents can be found in the literature. Thus Gomberg 



and Sullivan (53) regarded the colors of hexaphenylethane 

solutions in sulfur dioxide as being qualitatively differ en t 
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from t hat in other solvents. _4nderson (4) observed a reversal 

in temperature dependence of the spectrum. In non ionizing 

solvents the absorption increased with temperature while in 

sulfur dioxide the reverse was observed . The latter effect is 

typical for electrolytes in solvents of low dielectric constant. 

P~derson moreover found that the spectrum in liquid sulfur 

dioxide was significantly different from that in other solvents. 

This is even more remarkable in view of the small differences 

fl37 ) , if any, observed between the spectra of triphenylmethyl 

in a large number of organic solvents. The s~ectrum of hexa­

phenylethane in liquid sulfur dioxide was .found to be essentially 

i dentical with that found for solutions of triphenylcarbonium 

s alts in this medium. Anderson (4) noted, however, that the 

spectra obtained from hexaphenylethane and from triphenyl­

bromomethane differed somewhat in the region of longer wave­

length. This led him to conclude that the radical in sulfur 

dioxide was in equilibrium with its ionized isomer and a 

·solvated electron . Unfortunately Anderson did not disclose 

t he degree of reproduc ibility obtained with several independent 

.m.easuremehts~ This omission is suggestive of a lack of 

agreement between the spectra for several solutions of hexa­

phenylet~ane in sulfur dioxide, which, as in the case of t h e 

po or results obtained in the earlier conductance work, may have 

been attributed to uncertainties in the purity of the mat er i al . 
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Perhaps the singly most significant difference 

observed in liquid sulfur dioxide solutions of the radical 

is the apparent failure (4} of the radical in this medium 

to react with oxygen. 

Sulfur dioxide solutions differed photochemically 

from solutions in non ionizing solvents. Many of the early 

vvorkers reported that hexaphenylethane solutions were decolorized 

on exposure to direct sunlight. Meyer and Wieland (100) found 

that triphenylmethyl exhibits its strongest absorption in the 
0 . 

blue-green (4000-5300A ) region of the spectrum. Bowden and 

Jones (20) found that the radical was photochemically unstable _ 

to light of this wavelength and that the rate of photochemical 

decomposition was essentially independent of solvent except in 

the case of liquid sulfur dioxide in which the radical was 

photochemically stable. The photochemical stability of solutions 

in sulfur dioxide was furthermore demonstrated by the obser-

vation that the conductivity of the solution did not change 

appreciably after several hours of irradiation. In more recent 

studies , Bartlett and Weston (8) obtained data in direct cont~a­

.diction of the reported photochemical stability. These workers 

observed a gradual increase in the intensity of absorption with 

time. The spectrum of sulfur dioxide solutions of the radical 

which had been irradiated . for several hours differed quali-

tatively from that obtained from rapid measurements on non 

irradiated solutions. 



228 

In view of the conflicting and uncertain nature of 

the evidence for the heterolytic cleavage of hexaphenylethane 

in sulfur dioxide solution it is not surprising that no 

conclusive mechanism has been proposed. It was considered 

of interest therefore to reexamine this system by means of 

precise conductivity measurements on sulfur dioxide solutions 

employing solid samples of pure hexaphenylethane. Experiments 

employing crystalline samples of hexaphenylethane of purity 

established by quantitative oxygenation {92) and a refinement 

of the conductivity technique of Lichtin and Glazer (91J 

produced evidence that the conductivity of the sulfur dioxide 

solutions is an artifact of at least two processes, namely, 

reaction with dissolved oxygen and a photochemical trans­

formation. On the basis of these findings and da.ta on the 

solubility of oxygen in liquid sulfur dioxide (31), much of 

the conflicting evidence of earlier workers may now be resolved. 

SCOPE CF THIS INVESTIGATION 

This research was devoted primarily to the study of 

the behavior of pure hexaphenylethane in liquid sulfur dioxide. 

Since the author was at first unaware of the importance of 

dissolved oxygen much effort was expended in attempts to relate 

the non reproducible conductivity measurements to uncertainties 

in the purity of the hexaphenylethane. Therefore a considerable 

amount of time was spent on refinement of the method of preparatim 

and analysis of the free radical . The subsequent discovery 

of the importance of oxygen in this system demonstrated that 
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much of the earlier work had been unnecessary. However, several 

significant observations were obtained which are worthy of 

description. 

Although the photochemical instability of hexaphenyl­

ethane in sulfur dioxide solution was found at an early stage 

of this investigation it was not considered judicious to 

investigate this phenomenon quantitatively until the major 

problem of the conductivity behavior was resolved. By the 

time this goal was achieved the photochemical transformation 

was no longer considered to be within the scope of this research 

since it was more significant to attempt to identify the nature 

of the conducting species resulting from the oxygenation process 

in liquid sulfur dioxide solution. All attempts toward the 

direct isolation of the product met with little success. It 

is possible, howe~er, to cast some light upon the nature of 

the ionic compound from the results of these investigations. 

The detailed mechanisms of the photochemical autoxi­

dation and of the direct oxygenation of hexaphenylethane in 

sulfur dioxide solution remain as yet unsolved problems. 

RESULTS and DISCUSSION 

The poor quality of the conductivity data obtained by 

early workers is illustrated in figure 3-I. For the most 

part these results fail to demonstrate that even a qualitative 
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similarity exists between the data of several workers. Indeed, 

it is not possible to conclude that these . results correspond 

to data for a sing~:le' c ompound. The striking quantitative 

differences can be related to the experimental techniques 

employed by the various workers. The results of Lichtin (89) 

most closely approach reproducibility. This of course is a 

consequence of refined technique. In general it is obvious 

that the results obtained by those workers most experienced 

in conductivity studies, namely, Lichtin and also Walden exhibit 

considerably lower conductance values at initial concentrations 

than were obtained by the less experienced Gomberg t.See Table 

3- II). Consideration of the techniques employed suggests a 

possible source of the discrepancies. 

Gomberg and Cone (50) employed a conductivity cell 

which was essentially open to the atmosphere. This technique 

provided the highest conductance values obtained by any of the 

early workers. Walden on the other hand used a system which 

was clo~ed to atmospheric contamination and thus obtained 

lower conductance values. The most recent of the earlier 

workers , Lichtin (89) employed a completely closed system 

with the result that the lowest observed values were obtained . 

Neglecting uncertainties in the purity of the hexa• 

phenylethane employed by these workers, the only explanation 

consistent with the variations in experimental technique is 

that the magnitude of the conductance is strongly influenced 



by some agent present in the atmosphere . Two possibilities 

can be suggested, namely, water vapor and atmospheric oxygen. 

On the basis of the results of Anderson {4) and of Bowden and 

Jones (20) it is possible to eliminate oxygen as the source 

of the discrepancy~ Further support for this is found in the 

fact {126) that triphenylmethyl peroxide ·is essentially 

insoluble and is a nonconductor in liquid sulfur dioxide . 

Thus if oxygen is at all involved we should expect that the 

conductivity would be lowest for the most exposed measurements . 

This is in direct contradiction to observations . 

Water vapor , on the other hand, is an attractive possi­

bility. Water will react with the ionized form of the radical 

to form triphenylcarbinol vmich is known to give conducting 

solutions in sulfur dioxide. Thus the most exposed solutions 

should exhibit the highest conductivity. Although this 

expla..r1ation is compatible with the observed conductance 

behavior , it can be somewhat discredited on the basis of 

Lichtin's measurements which involved the rigorous exclusion 

of atmospheric moisture. It is, moreover, significant that 

Lichtin observed a time dependence of the conductivity of his 

solutions and Bartlett fu~d Weston found evidence for the 

photochemical instability of the radical in sulfur dioxide . 

Neither of these facts can be related to contamination of the 

solutions with atmospheric ~oisture . 

It appears then that on the basis of existing evidence 

both moisture and oxygen can be eliminated as contributors to 
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the nonreproducibility of the conductance behavior. Only two 

obvious factors remain to be considered, namely, photochemical 

decomposition and chemical impurities in the hexaphenylethane. 

The exact operation of these factors cannot be predicted. For 

example, the photochemical decomposition may produce either 

an increase or a decrease in conductance. The former requires 

the photochemical formation of ions from a solution of the 

nonconducting radical. On the other hand the photoche~ical 

destruction of ionic species would result in a decreased 

conductance. 

Similar difficulty exists in predicting the effect of 

impurities . First if the impurity is the peroxide, which may 

have been formed by exposure of the solid samples to air prior 

to dissolution , a decreased conductance would be expected for 

impure samples. In this respect, it should be noted that 

Walden fl26) found that part of his hexaphenylethane failed 

to dissolve . 

If, on the other hand, the impurities are of a conducting 

nature such as unreacted triphenylmethyl halide or the carbinol 

resulting from its hydrolysis we should expect the conductivity 

to be highest for the least pure samples. 

The Influence of Purity on Conductance 

Logical deductions from existing data suggest the 

possibilities of a photochemical decomposition and chemical 

impurities as the source of the non-reproducible conductance 



behavior. Therefore the early experiments of this investi­

ga.tion were designed to test these possi bill ties. 
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Figure 3-II shows the conductance behavior observed in 

the first run performed in the dark on a sample of hexaphenyl­

ethane (Lot II) for which analysis by the oxygenation procedure 

(92) indicated 95.8% purity . Stable conductance values were 

obtained at each dilution as indicated by lengthy observations 

for possible drifts. Table 3-I illustrates a typical drift 

observation. 

Subsequent runs performed under darkroom conditions 

·all yielded stable conductance values, however, reproducible 

results were not obtained. Table 3-II summarizes the conduct­

ance values (at approximately the same concentration) obtained 

from several runs on samples of hi&~ purity. These data fail 

to demonstrate any relationship between conductance and 

apparent purity of the samples employed. Indeed it is most 

disturbing to note that even with runs on several identical 

samples from the same lot of material completely unrelated 

values were obtained. 

The data of table 3-II serve as a good indication that 

the difficulty to be resolved does not lie in variations of 

purity. 

Influence of Light on Conductance 

Exposure of a dilute solutio~of hexaphenylethane in 

sulfur dioxide to direct sunlight for a short period of time 

(!J) Refers to Run II-1 at , a. dilution of 10,740 liters/m. 
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TABLE 3-I 

Typical ~ift Observation on a Solution of 
Hexaphenylethane in Liquid Sulfur Dioxide 

in the Absence of Light. 

(Run Hexa II-1, 0.12°0., 168.5 liters/mole. } 

Time Resistance 
(.min.) (ohms} 

0 Cell placed in thermostat 

11 889.0 

17 888.o 

24 888.o 

32 888.8 

48 891·7 
82 888.1 

101 889.2 

200 891.1 

215 891.2 
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TABLE 3-II 

Summary of Conductance Data from Early Runs. 

Hexaphenylethane in Liquid Sulfur Dioxide 
( Light Excluded) 

Lot No. Run No. Purity~ a) Dilution{b) k X 106 A Temp. 

C%> (liters/m.} (mhos-cm.-1) c~c. > 
2 (mhos-em. ) mole 

II 1 95·8 168.5 249·6 42.0 0.12 

II 2 " 2o8.1 70.4 14.6 -8·93 

II 3 tt 195·8 84.1 16.5 " 
VI-b 1 99·5 218.2 133·3 29.1 tt 

VI-b - 2 " 276.9 141.1 31.6 " 
VI-b 3 " 157·6 181.5 28~6 " 
VI-c 1 97·2 216.o 58.~ 12.6 n 

(d) 18o(0 ) Walden Ref.126 77.1 13·9 o.o 

" " ---- 412(0) 27.1 11.2' " 
tt " ----- 526.4 (c) 39·3 · 20.7 tt 

Gomberg(d)Ref.50 274{o) 195·5 53·6 " . 
" tt ----- 246(0 ) 2oo.6 49·4 " 
" " ----- 274(o) 16o.6 44 " 
tt " ----- 217(c) 147.0 32 " 

Lichtin(d)Ref.89 395·5 29·4 11.5 tt 

" "· 48o.6 22.1 10.6 tt 

{a) Based on quantitative oxygenation by the method of 
Lichtin and Thomas (92). · 

(b) Dilution calculated on molar basis. Mol. Wt.= 486.6. 
{c) Calculated from- data based on Mol. Wt.: 243, converted 

to Mol. wt. • 486. 
(d) Diffuse daylight. 



initiated a slow steady drift towards higher conductance. 

This drift continued at an approximately constant rate 

{90 ohms per hour) for the entire period of observation 

{42 hot~s). It should be pointed out that irradiation with 

incandescent, fluorescent and infra- red heat lamps. failed to 

initiate such drifts. 

Irradiation of the drifting solution with a Burton 

mercury vapor lamp produced a ten fold increase in the drift 

rate. The resistance decreased at an approximately constant 

rate for thirteen hours and did not reach a steady value until 

another sixteen hours had elapsed. Further irradiation for 

an additional sixteen hours failed to produce any furth~r 

change in resistance. 

had gone to completion. 

Apparently the photochemical process 

Dilution of the totally irradi~ted 

solution also provided a solution which was stable to further 

irradiation. 

The drift data summarized in table 3- III clearly 

demonstrate that, contrary to the results of Bowden and Jones 

(20) hexaphenylethane is not stable to light . in sulfur dioxide 

solution. Furthermore, the effect of the photochemic~l process 

is to increase the concentration of ions in the solution. This 

may occur either by the decomposition of the conducting species 

into smaller fragments or, more likely, by the photoionization 

of the non conducting radical. The exact mechanism, however, 

remains as yet an unsolved problem. 



TABLE 3-III 

The Influence of Light on the Conductance of 
Solutions of Hexaphenylethane in Sulfur Dioxide. 

. c&.> 
{ Run II-1, 0°0., Dilution= 10,740 liters/mole. ) 

Time 
(hrs . } 

0 

1 

4 

8 

13 

36·5 

46·5 

61.5 

62.5 

Resistance 
(ohms) 

22190 

21100 

18500 

15630 

13990 

13590 

12330 

12394 . 

12300 

Remarks 

u.v.Lamp on 

" 
" 
" 

· La.mp turned off 
at 13.0 hrs. 

Lamp turned on 
at 36.5 hrs • . 
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(a) After exposure to sunlight 'the resistance decreased 
fro.m an initial value of 26, .~40 ob.ms to 22,190 ohmS ' 
over a forty two hour period in the dark. This 
solution W&fl then exposed t -o u.v. light. 
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Valence Type of the Conducting Species 

Figure 3-III illustrates the conductance data obtained 

from several runs performed in the absence of light. The 

reader is referred to table 3-II for data concerning the 

purity of the samples employed in these runs. The conductance 

and dilution values upon which figure 3-III is based are 

summarized in tables 3-A to 3-H in the appendix. 

Several features of the curves shown in figure 3- III 

are worthy of mention. First, and most obvious, is the complete 

absence of reproducibility. More significant, however, is 

the fact that the curves all appear to have the sam~ shap~, 

and are in no way similar to curves typical of 1-1 electrolytes 

in this medium. 

The significance of the similarity in the shapes in 

the curves. lies in the fact that this strongly suggests that 

in each run the conductivity is due to the same compound. 

If we accept this reasoning, then it follows that the dis­

crepancies between runs is merely a reflection of a large 

uncertainity in the concentration of the electrolyte. It 

should be pointed out , however, that the magnitude of the 

apparent concentration error is many times greater than the 

largest possible experimental errors. 

It is possible to demonstrate that the conductance curves 

shown in figure 3-III can be exactly superposed and therefore 
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represent the conductance behavior of the same compound. 

Figure 3-IV demonstrates this fact. The curve shown here 

was constructed as follows: A plot of specific conductivity 

versus dilution was constructed from the data obtained from 
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a run (VIII d-1) which exhibited the highest observed conductiv::,;;; 

ity. The concentrations of electrolyte (initial concentrations 

only) of the other runs were then determined directly from · 

the calibration curve by a comparison of specific conduct­

ivities . The initial concentrations thus determined were 

then employed in the calculation of the equivalent conductances 

and dilution values from the remaining data for each run. 

This treatment corresponds to an adjustment of the initial 

concentration of electrolyte for each run considered. The 

resulting data were plotted as shown in figure 3-IV. 

Shedlovsky Treatment 

Figure 3-V shows a plot of the Shedlovsky data based 

on a representative hexaphenylethane run (II-3). It is 

imm.ediately obvious that this curve is not typical of those 

found for uni-uni-valent electrolytes. The curve is, however, 

typical of behavior expected for 2-1 electrolytes as can be 

seen by comparison with the curve for tetramethylammonium 

sulfate (Part I appendix I-0). 

It seems not too unreasonable, on the basis of the 

available evidence of 2-1 electrolyte behavior, to conclude 

that the conducting species resulting from the apparent 
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ionization of hexaphenylethane in liquid sulfur dioxide is 

a 2-1 electrolyte . 

The Influence of Dissolved Oxygen 

The ·next avenue of approach to the problem was to consid~ 

possible impurities introduced from the solvent . It was 

reasoned that since t!J,e volume of solvent condensed was known 

to vary from run to run, this could provide varying amounts 

of a species promoting conductivity* if this species were 

volatile . 

The sulfur dioxide used in all of this work was of the 

highest purity available. It was considered possible, however , 

that certain noncondensible gases may be present probably 

having been introduced accidentally by the .manufacturer while 

filling the tanks. Therefore a series of runs were carried 

out in which the solvent was subjected to various treatments. 

It was found that increasingly efficient degassing of 

the solvent prior to dissolution of hexaphenylethane leads 

to progressive diminution of the conductivity of solutions 

prepared in the dark. This suggests the production of an 

electrolyte by reaction with a gaseous impurity present in 

the sol vent. An extremely low specific conduct.i vi ty (several 

times that of the pure solvent) was obtained when the solvent 

was obtained by distillation from a solution of hexaphenylethan~ 

* This reasoning would also hold if the volatile impurity 
reduced conductivity by an irreversible reaction with the 
conducting species. 



The gaseous reagent was identified by exposing a solut ion of 

the nonconducting radical in sulfur dioxide to an excess of 

oxygen in the dark and observing a hundredfold increase i n 

c onductivity to a level somewhat greater than the highest 

comp arable values obtained without degassing the solvent. 

Table 3-IV sun~arizes some of the relevant data . 

These data clearly indicate that hexaphenylethane in pure 

sul fur dioxide does not dissociate heterolytically. In all 

probability the dissociation is homolytic, as in other solvents , 

and the apparent ionization is an artifact of at least two 

processes, namely, reaction with dissolved oxygen and a 

photochemical transformation . 

The Nonconducting Hexaphenylethane 

Hexaphenylethane, in the absence of light and dissolved 

oxygen , forms nonconducting solutions in liquid sulfur dioxide . 

The dimer dissolves and, as in other solvents, dissociates 

into free triphenylmethyl radicals. This ~act can be demon­

stra ted in several ways , namely, freezing point depression , 

magnetic susceptibility measurements and product isolation. 

Only the latter was employed in this research . 

Demonstrati on of the Presence of Radicals 

The solvent from a nonconducting solution of hexaphenyl­

ethane in dege.ssed sulfur dioxide was carefully removed under 

vacuum to leave a bright yellow solid residue. The residue 
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TABLE 3-IV 

Conductivity of Hexaphenylethane in Sulfur Dioxide. (a) 
-8.93oc. 

Run Dilution(b) 

( li ters/.m. l 

k x 106{C) Purity(dl Treatment of 
~ Solvent 

(.mhos-om. - 1 ) .J\. 2 (%) 

II-2 208.1 

VI-b-1 218.2 

VI-o-l 216.0 

VI-d-1 219.2 

VI-d-2 236.3 

VI-b-4 226.2 

VI-c-2 111.7 

VI-o-2 111.7 

VI-c-2 250 

70.4 

133·3 

58.2 

9·8 

2.7 

0.9 

206 ., 
·""·· 

77-7 

Light excluded. 

(.mhos-em. l 
.mole 

14.6 

29.1 

12~6 

2.2 

o.6 
0.2 

40 

50 

1.6 

50 

Based on hexaphenylethane. 

95·8 

99·5 

97·2 

94 

94 

99·5 

90 

90 

No degassing 

" 
" 

Degassed 1 hr. 

Degassed 4 hrs. 

Degassed 3 hrs. and 
redistilled from 
hexaphenylethane. 

Degas sed 2 hrs. 

Above solution after 
treatment with o2• 

Above solution 
diluted. 

Degassed 4 hrs. and 
redistilled from 
hexaphenylethane. 

A~ove solution after 
treatment with 02• 

(a} 
(b) 
( c} 

(d) 

Corrected
6
for solvent conductance which varied from 0.15 to 

0.3 x 10- mhos c.m.-1. 
By quantitative oxygenation (92). 



dissolved in dry acet one to give a yellow solution in which 

the presence of free radicals was indicated by the Schmidlin 

(114) test . * Part of this solution was oxygenated to produce 

a white crystalline precipitate which was characterized by 

mixed melting point as being triphenylmethyl peroxide thus 

proving the presence of triphenylmethyl radical . 

The Influence of Light . 

Irradia·t;ion of a nonconducting solution of hexaphenyl-

ethane in degassed sulfur dioxide with u.v. light produced 

a steady drift toward higher conductivity. Table 3-V summarizes 

the data of a typical irradiation experiment performed on an 

initially nonconducting solution. 

Contrasting with t he behavior shown in table 3-V are the 

data shown in table 3-VI resulting from irradiation of a 

conducting solution prepared by oxygenating a nonconducting 

solution . 

The data shown in table 3- VI indicate that the solutions 

prepared in the presence of oxygen are indeed photochemically 

stable. This fact lends strong support to the contention that 

the work of both Bowden and Jones (20) and of Anderson (4) 

were performed on solutions which contained sufficient oxygen 

* According to Schmidlin (114) a positive indicati on of a 
hexaarylethane can be demonstrated as follows: The suspected 
hexaarylethane is dissolved i n an organic solvent. Upon 
standing for a short time the solution develops color . Swirling 
in air causes the color to disappear by the formation of a 
colorless peroxide. If this solution is then allowed to stand 
the color gradually reappea·as a result of further dissociation 
of the hex8.arylethane. The phenomenon can be repeated several 
times. 



TABLE 3-V 

The Effect of Light on the Conductivity of Solutions 
of Hexaphenylethane in Pure Sulfur Dioxide. 

Time 
(hr.} 

Resistance (a} Re.m.arks 
(oh.m.s) 
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)0 

3·5 

4·0 

5·5 

6.5 

8.5 

196,6oo u.v. La.m.p turned on. 

75,000 

66,200 

49,100 

41,500 

34,6oo 

9·5 3o,8oo Observations stopped. 
•' 

(a) Run VI-d-2 at o.ooc. 6750 liters/mole dilution. 

TABLE 3-VI 

The Effect of Light on the Conductivity of the System: 
Hexaphenylethane- oxygen-sulfur dioxide. 

Ti.m.e Re-sistance(a) Re.m.arks 
(hr. ) (oh.m.s) 

0 55oo · u.v. Lamp turned on. 

1.0 5590 

15 5680 

16 .. 
576o 

16.5 5710 Lamp turned off. 

27 5820 Lamp turned on 

28 6020 

30 6020 

{a) Run VI-c-2 at o.ooc. 3000 1iters/.m.ole dilution. 
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to convert all or most of the hexaphenylethane . On this basis 

only, do their results become reasonable. 

Color of Solutions of Hexaphenylethane in Ltguid Sulfur .Dioxide 

In the runs in which oxygen was rigorously excluded 

the sclutions were bright yellow and appeared to the naked 

eye to be similar to solutions of the radical in most organic 

solvents . The residues obtained from these runs were yellow 

~~d reacted with oxygen in organic solvents to form the expected 

peroxide . 

When oxygen was present as an impurity in the sulfur 

dioxide (evidenced by intermediate conductivity values) the 

colors of the solutions varied from brownish- red to a~ber. 

In the presence of excess oxygen , both the solution 

and the residues were blood red . Lengthy irradiation of a 

nonconducting solution produced a change in color from yellow 

to re dish-orange and the residues were red. 

Residues from irradiated or oxygenated solutions did 

not provide triphenylmethylperoxide when treated with oxygen 

in an organic solvent . 
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THEORETICAL CONSIDERATIONS 

The Apparent Ionization of Hexaphenylethane 

The conductivity which has been observed with solutions 

of hexaphenylethane in liquid sulfur dioxide has in conjunction 

with observations of color and spectroscopic data been subject 

to several interpretations which differ in detail but which 

all assume an ionization mechanism involving only hexaphenyl­

ethane and the solvent. This conductivity is now found to 

be an artifact of at least two processes, namely, reaction 

with dissolved oxygen and a photochemical transformation. 

The results of this investigation now conclusively disprove 

the long accepted theory which contends that heterolytic 

cleavage of a carbon-carbon bond can occur in ionizing solvents 

even when the bonded atoms are symmetrically substituted. 

It dees not seem too unreasonable furthermore to generalize 

somewhat and include the reported ionization (6) of halogens 

in liquid sulfur dioxide as another example in which the 

ionization is more apparent than real. These systems warrant 

reinvestigation. 

A discussion of the interpretations offered in the 

literature (4,49,115,128,129,133} of the conductivity of 

hexaphenylethane in sulfur dioxide would not be profitable. 

These interpretations are no longer of any significance since 

none of them recognize the importance of oxygen or actinic 

rays as the essential promoters of the apparent ionization. 
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The Reaction With Oxygen 

Hexaphenylethane in the absence of light reacts with 

oxygen dissolved in liquid sulfur dioxide to produce ionic 

species. This reaction is accompanied by a change in the color 

of the solution from yellow to blood red and the compound 

produced retains its red color in the solid state. While 

considerable effort was expended in attempts to isolate and 

characterize the product of this reaction, very little is 

known about its nature. It is possible however, to speculate 

on this subject in the light of qualitative information. 

A semi quantitative determination has provided data 

which indicates the stoichiometry of oxygen in the reaction. 

Apparently one mole of oxygen is consumed for each mole of 

. hexaphenylethane re~cted. It should not be too unreasonable, 

moreover, to assume that at least one mole of solvent is also 

involved. Therefore it is possible to write the following 

reaction: 

ionic compound. 

The red substance in sulfur dioxide solution exhibits 

behavior characteristic of 2-1 electrolytes. Some inference 

of the nature of the cationic fragment can be gained from 

spectral data. Anderson {4) found that the spectrum of hexa­

phenylethane in liquid sulfur dioxide was essentially identical 



with that obtained for solutions of triphenylmethyl bromide . 

Some indication of the presence of a small amount of tri-

phenylmethyl radical was also evident . It appears then, on 

the basis of the findings of this inves t i gation that Anderson's 

solution contained almost enough oxygen to convert all of the 

hexaphenylethane and ther efore that the cationic frag~ent formed 

in the oxygenated solution is the triphenylcarbonium ion. 

A preliminary formula can now be written for the red 

compound namely, C¢3ct) 2 SxOy Compounds of this type would 

be expected to be ionic in the crystalline state and hence 

very unstable toward atmospheric moisture and traces of acid . 

All attempts to isolate this substance as a pure compound have 

failed. Such failure is not surprising considering the diffi-

cul ties inherent in the .isolation , of highly ionized carbonium 

salts (25,10:+) . 

It is not possible at this time to define the chemical 

nature of the anion. Several oxides of sulfur can be suggested 

among which the author prefers and proposes "cum grano salis" 

triphenylmethyl sulfate. 

The mechanism and the products of the oxygenation 

reaction remain as pro blems for future workers. 

The Photochemical Transformation 

The photochemical transformation is by far the more 

interesting of the two processes. This does not result from 



any knowledge of the nature of the process but rather on the 

basis of the many interesting problems connected with it. 
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In organic solvents the photochemical reaction product 

has been shown to be (20) diphenyl-bis-diphenyleneethane. 

This intermolecular hydrogenation is (20) promoted by light 

of the wave lengths most strongly absorbed by tripheny~ethyl 

and therefore is a reaction of the radical and not of its dimer. 

This reaction is not reversible as is indicated by the permanent 

loss of color of the radical solution. It is interesting in 

this respect to note that the recent investigations of 

Linschitz et. al. {94) can be interpreted as contradicting the 

irreversibility of the photochemical decomposition in organic 

solvents. These workers found the spectrum of triphenylmethyl 

radical in a rigid solution of photooxidized triphenylmethide 

ion. This spectrum is reported to be essentially identical 

to that found in ether solutions of hexaphenylethane by 

Anderson {4). Since triphenylmethyl is unstable towards light 

it is difficult to evaluate Anderson's spectra. However, if 

the photooxidation of triphenylmethide produces the free 

radical as cla~ed by Linshitz, this then should undergo the 

irreversible photodecomposition to form the diphenylene de­

rivative. Linschitz, however, reports that the photooxidation 
tr,;. 0 initiated by light in the 4000-uuOO A region is completely 

reversible. Apparently the photodecomposition is not a reaction of the 
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radical alone as s uggested by Bowden but rather involves 

an attack of a radic al on a molecule of undissociated hexa -

phenylethane. 

In sulfur dioxide solution the situation is much more 

complex. Here the photodecomposition, or more likely photo­

oxidation, produces ionic fragments. The initial photochemical 

reaction may be the oxidation of triphenylmethyl or of sulfur 

dioxide. If it is the latter then oxygen, which may be pro~ 

duced photochemically, can r ·eact with . the triphenylmethyl to 

produce ionic fragments in much t he same way they are produced 

in the oxygenated system. In the photochemical process however 

the cation would probably be the 9-phenylfluorenyl carbonium 

ion. 

An alternate path could be the initial photooxidation 

o~ the triphenylmethyl to the corresponding carbonium ion . 

The electron could be "solvated" by reaction with sulfur 

dioxide involving a vacant d-orbital on the sulfur atom (24).· 

Further investigation of this procrss will be very 

rewarding especially to one wha is interested in the funda­

mentals of photooxidation reactions. · 



Conclusions 

Hexaphenylethane dissolves in liquid sulfur dioxide 

to form solutions containing only free triphenylmethyl radicals 

in equilibrium with the undissociated dimer. These solutions 

are nonconducting as one should expect. This observation · 

disproves the long accepted theory that symmetrical carbon­

carbon covalent bonds can undergo heterolytic cleavage i n 

ionizing solvents. 

The color of the radical solution is yellow and not 

unlike that observed for solutions of the radical in organic 

solvents. Contrary to the observations of Bowden (20) the 

solutions in sulfur dioxide were found to be light sensitive 

a$ evidenced both by increased conductivity and a definite 

color change. The nature of the conducting products formed 

from the photooxidation of hexaphenylethane in liquid sulfur 

dioxide has not been established. 

Contrary to the reports of Anderson (4) hexaphenylethane 

in sulfur dioxide solution will react with gaseous oxygen. 

The reaction with oxygen is different from that observed in 

organic solvents in that the normal triphenylmethyl peroxide 

is not the major product observed. In sulfur dioxide solution 

the oxygenation reaction leads to the production of ionic 

products probably through a mechanism involving attack on 

solvent molecules. The oxygenated sulfur dioxide solutions 
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of hexaphenylethane exhibit a very high conductance character­

istic of uni-bivalent electrolytes. These conducting solutions 

were found to be photochemically stable. T~e mechanism and 

products of the oxygenation reaction in sulfur dioxide remain 

as yet unsolved problems. 

On the basis of the findings of this investigation and 

the data of Dornte and Ferguson (31) on the solubility of 

oxygen in liquid sulfur dioxide it is possible to reconcile 

many of the conflicting reports found in the literature con­

cerning this system. The solubility data summarized below 

clearly indicate that oxygen is a likely impurity in sulfur 

dioxide. Indeed it can be safely concluded that the hereto­

fore observed conductance resulted from the presence of 

varying amounts of oxygen in the solvent and /or exposure of 

the solutions to light. The solutions investigated by 

Bowden and by Anderson, among others, were essentially 

completely oxygenated. 

This investigation has uncovered several interesting 

new research problems and it remains for future workers to 

completely define the system, hexaphenylethane-sulfur dioxide. 



TABLE 3-VII 

Solubility of oxygen in Liquid Sulfur 
Dioxide. 

(Data of Dornte and Ferguson (31).) 

Temp. 
(a) 

Solubility 
{oc.} {c .c •LS!•l 
-6o 0.12 to Oe59 

-50 1.6 to 5·2 

-40 10 to 11 

-30 25 

t~oo20 25 

-10 50 

0 g8 

10 183 

20 331 

30 575 

(a) c.c. (S.T.P. }/gm. S~ at 1 at.m. 

-,/-
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Suggesti ons for Future Work 

The research described in Part III of this dissertation 

has raised many more que$tions than it has answered. While 

it has been established that hexaphe~ylethane does not ionize 

in pure sulfur dioxide solution very little insight has been 

gained into the nature of those processes which lead to the 

formation of ionic species in this system. In this respect 

there are three important questions which must be answered 

before the final chapter to this problem can be written. It 

remains for future investigators to determine the nature of 

the photochemical transformation, the oxygenation reaction and 

the conductivity behavior of the products resulting from these 

processes. 



EXPERIMENT_.l\1, PART 

Preparation of Hexaphenylethane 

All sa~ples of hexaphenylethane used in this work 

were prepared by this worker by the methods described below. 

Table (3-VIII) summarizes the analytical data and physical 

properties for the various sa_rnples. The sampling technique 

employed required that several distinct sampling operations 

26o 

be performed on each lot of hexaphenylethane . In each sampling 

operation four identical samples were obtained. Thus the samples 

are coded according to lot number (Roman numeral); sampling 

(lower case letter); and sample number. Conductivity runs are 

coded to correspond to the sample employed in the run. 

Apparatus 

All glassware employed in the preparative work were made 

of pyrex glass and were thoroughly cleaned by the following 

proceedure. Acid bath treatment was followed by profuse wash-

ing with tap water . The last traces of acid were removed by 

treatment with hot Alkanox solution followed by soaking in 
' 

dilute a.m.rn.onium hydroxide. After rinsi'ng with tap water and 

finally with distilled water the clean glassware were dried in 
0 

an oven for at least four hours at 120-130 c. 

Vacuum Dry Box 

The dry box used throughout this work was a modified 

version of the controlled atmosphere laboratory described by 

Thomas and Lichtin (123) . The major modification consisted of 
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replacing the all metal evacuation system (bellows, valvas, 

tubing and coupl i ngs) by an all glass system employing only two 

stopcocks . This resulted in a considerable improvement in the 

ultimate vacuum which could be obtained . Further improvement 

in ultimate vacuum was effected by separating the glove port 

pumping system from the main bell jar) evacuation system. With 

these modifications pressures a s low as 0 . 01 micron could be 

reached after twelve to fourteen hours pQ~ping . \Vhen thoroughly 

outgassed the bell jar was capable of holding a constant pressure 

of less ~han one micron when isolated from the pumping system 

for twenty- four hours . Thi s was considered satisfactory since 

the average time for a dry box run was of the order of twelve 

hours. Figur e 3- VI s hows a schematic drawing of the dry box 

pumping system. 

TABLE 3-VIII 

Physical Properties of Hexaphenylethane 

Lot No. Color M.P. (a) 
(oc •) 

II Pale yellow -------
VI-b White 153·5-154 
VI-c Buff 153-154 
VI-d Pale yellow 146-148 

VIII-d Yellow 144-146 

{a) Sealed Capillary tube. Uncorrected. 

(b) ~uantitative oxygenation (92). 

Ss.m.ples. 

A.nalysis(b} 
C%l 

95·8 

99·5 ;99·-f 
97.2;97·3 
94.02;94.1 

90.7;89.9 
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VACUUM DRYBOX 

FIGURE 3-VI 

lo Mechanical pump for glove port aystemo 

2o Glove porto 

3o Main bell jar . 

4 o Cold trap. 

5o Line to manometer and Me Leod gaugeo 

6o Line to gas purification system. 

7o Main pumping system· control stopcock. 

8. Mercury diffusion pumpo 

9o Fore pump for bell jar pumping systemo 
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Sampling Technique 

After the final purific ation, by recrytallization from 

acetone, the dry hexaphenylethane was stored in a specia l 

vacuum storage bulb while the dry box was opened and pre­

pared for the sampling operationo The storage bulb was 

connectedthrough a base-plate port to an external pumping 

syst~m and evacuated for several minutes while the dry box 

was opened. The stopcock A (figure 3-VII) was then closed and 

the bulb was wrapped in aluminum foil ~d transferred to the 

vacuum line where the hexaphenylethane was dried at room 

temp erature by pumping for twelve hours at a pressure of o .ol 

micron. During this time the drybox was cleaned and equipped 

for the sampling procedure. The storage bulb was then re t urned 

to the dr y box and was further evacuated by an external pump 

while the dry box was being evacuated. 

Storage Bulb for Hexaphenylethane 

FIGURE 3-VII 



The sampling operation was carried out in the dry box 

as follows: 

Break-off type sample bulbs (Figure 3- VIII) were placed 

in the dry box along with a sampling cow (Figure 3-IXJ . Long 

st em funnels , spatulas, pipe cleaners and other necessary 

accessories were included . The dry box was then sealed and 

evacuated to a pressure of the order of 1 micron after which 

it was filled with an atmosphere of purified nitrogen. , Air 

Reduct ion Co . Seaford grade nitrogen was purified by slow 

passage through a quartz tube filled with freshly reduced 

metallic copper maintained at 8oo 0c. The hot gas was co oled 

and dried by passage through a coil ~f. 15 feet of ~ inch 

copper tubing immersed in a dry ice acetone slush followed by 

a 3 x 75 em. tower containing calcium chloride and indicating 

Drierite. The atmosphere in the dry box was further puri fied 

by exposure to metallic sodium and phosphorus pentoxide which 

had been stored in the dry box in sealed, evacuated flaslcs . 

The getters were allowed to "clean up" the atmosphere until 

the surf:ace of a freshly cut piece of sodium remained bright 

for several hours. Not until this condition was reached was 

the hexaphenylethane allowed to come into contact with the 

atmosphere in the dry box. 

Stopcock A on the storage bulb was closed and the bulb 

was detached from the external vacuum. The stopcock was opened 

to relieve the vacuum with d~y box atmosphere and the storage 



Sample Bulb for Conductivity Samples. 

FIGURE 3- VIII 

Sample Bulb Filling Cow. 

FIGURE 3- IX 
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bulb was opened. Small quantities of hexaphenylethane were 

added to each of four sample bulbs. The narrow necks of the 

filled bulbs were cleaned carefully with pipe cleaners to remove 

material adhering to the walls . The storage bulb was immediately 

closed and evacuated and the sample bulbs were installed on 

the previously lightly greased joints of the cow. The cow 

and the bulbs were evacuated and the stopcock B turned to a 

neutral position . 

Several samples for oxygen analysis were prepared with 

each set of four conductivity samples. This was accomplished 

by the precedure described by Lichtin and Thomas (92) for the 

preparation of samples for analysis . After the analytical 

samples were sealed off and stored, the dry box was opened and 

the sampling cow with four filled sample bulbs was transferred 

to the high vacuum line where t he samples could be conveniently 

sealed off under high vacuum. All sampling and preparative 

work was carried out under darkroom conditions where only light 

from a Kodak Ruby Safelight was employed . 

Storage of Hexaphenylethane 

Sample bulbs containing pure hexaphenylethane were 

wrapped in aluminum foil and stored in a closed cardboard box 

in the freezing compartment. White samples stored in this way 

remained white for as long as one year unless the sample bulbs 

contained pinholes in which case the material turned yellow 

after several hours. 



Sam.ole Weights 

Sample weights were determined by· difference . Buoyancy 

corrections were avoided by employing a tare consisting of 

an empty sample bulb. The bulbs were constructed from glass 

tubing which had been previously cleaned thoroughly as described 

above. The completed bulbs were washed with distilled water , 

acetone and petroleum ether and were then dried and annealed 
0 

at 580 c. They were cooled in a desiccator and weighed after 

equilibrating with the atmosphere in the balance case. The 

filled bulbs containing the samples were washed with acetone 

and petroleum ether and air dried. The connecting joints from 

which the sample bulbs had been sealed off were cleaned in the 

acid bath, rinsed with water, dried and then weighed along with 

the corresponding sample bulb . 

A vacuum correction, applied to the weights of the 

evacuated bulbs, was calculated from the measured volume of 

the empty bulbs. This correction was usually of the order of 

3 to 4 .mg. and contained an uncertainty of about 1 mg. due to 

the volume occupied by the solid sample . 

Sa~ple weights were reproducible to within 0.1 .mg. and 

were probably accurate to 1.0 .mg . 

Melting Point Determination 

Several melting point capillaries were prepared for each 

set of conductivity samples obtained. The capillary tubes 

( 0. 5 x 12 5 .mm.Pyrex) were filled in the dry box with 1 to 2 mrc.. 
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of hexaphenylethane . The material was packed firmly into the 

closed end of the tube by gentl~· tapping and the open end was 

temporarily sealed with a plug of Apiezon "Q," (vacuum putty). 

After opening the dry box the tubes were sealed with a small 

flame . The seal was made between the sample and the temporary 

plug by first drawing the tube out to a fine tip a.nd then 

fusing the tip rapidly. In this way it was possible to avoid 

sample decomposition. Melting_points were uncorrected and 

were determined using an electrically heated, stirr·ed H type 

bath. 

Melting point behavior is worthy of description . The 

sample remained white and unchanged up to a temperature of 
0 0 

about 135°0. Between 135 and 145 c. the sample turned yellow . 

Above 145°0 . the color darkened to orange and finally red. 
0 

The material melted usually above 150 {see table 3- VII) to 

a red melt. Further heating failed to produce decomposition . 
0 

Above 180 c. the sample assumed a deep blue red or purple color. 
0 

On further heating , up to 300 c, the color became pure blue . 

Even when heated in an open flame the sample , in the sealed 

t ube , failed to show any signs of charring and the clear blue 

color remained. The color changes described above were 

irreversible , the colors formed at a~y of the several temperatures 

. r.~maine:d tmchanged on cooling. The blue compound formed by 

the thermal decomposition of hexaphenylethane in the absence 

of air was strongly fluorescent under ultra violet light. It 

would be interesting to investigate the nature of the blue 

decomposition product. 



Materials 

Triphenylchloromethane was prepared from Eastman Kodak 

Co. White Label triphenylcarbinol by reaction with acetyl 

chloride in dry ether. The carbinol [100 gms.) was suspended 

in 150 ml. C. P. ether (dried over CaH2) and 40 ml . C.P. acetyl 

chloride was distilled directly into the mixture which was 

then refluxed until a clear yellow solution was obtained. The 

product was crystallized by swirling the solution while it 

was being chilled with cold tap water. In this way a pure white 

crystalline product was obtained from the yellow solution. 

The colored impurities remained in the ether mother liquors. 

The rapidly crystallized product was allowed to stand 

in the refrigerator for one hour. It was found that with a 

longer digestion period yellow product was always obtained. 

The product was washed on a sintered glass funnel three times 

with 10 ml. portions of dry cold ether and then with 50 ml. 

dry petroleum ether. Recrystallization from ether and vacuum 

drying gave 93 to 97% yields of pure white triphenylchloro-
o 

.methane M.P . 112.5- 113 C. 

Mercury was usually triple-distilled C.P. grade which 

was outgassed by heating and pumping for several minutes before 

use. The following solvents were of C.P . grade: toluene was 

dried over calciQm hydride and filtered before use; bromobenzene 

was distilled and small forerun discarded; acetone was stored 



ov er Drierite for several weeks, filtered, refluxed over 

calcium hydride for several hours and distilled before use; 

ether was dried over calcium hydr ide and filtered . 

Techniques of Preparation 

Lot #II This preparation was carried out in the dry box 

accor iing to the :procedure described by Lichtin ru1d Thomas 
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(92) by shaking a solution of 0 . 10 mole triphenylchloromethane 

in 125 ml . of toluene wi th 1 . 0 mole of mercury for two hours . 

The reaction was carried out in a 250 cc . sealed flask shielded 

from light by wrapping in aluminum foil . Prior to sealing , 

the flask and contents were cool ed in an ice bath and outgassed 

for thirty minutes. Shaking was carried out at room temperature 

by means of a Burrell Co. Model CC shaker set a t speed 10 . 

The sealed flask was next transferred to the vacuum. dry box 

which contained all equipment needed for the isolation process . 

The dry box was evacuated to 0 .001 mm . pressuxe and filled 

with purifie d nitrogen. During the remaining operations light 

entering the dry box was kept to a mini mum with the aid of a 

red filter constructed from a 3 inch watchglass made of 

Corning LA (Low Actinic) glass . 

The flask was opened and the contents were filtered on 

a sintered glass funnel with suction. The filtrate was evacuated 

to dryness under vacuum and the crystalline hexaphenylethane­

toluene complex was subjected to two recrystallizations from 

acetone to give about 5 grams* of buff colored material. 

* Weights are estimated . 



Four samples for conductivity runs were prepared and 

six samples for oxygenation analysis. 

Analysis for Hydrolyzable Chloride 

About 0.5 gram of the ethane was dissolved in 50 ml . 

of acetone and poured into 15 ml. of 10% sodium hydroxide 

solution . The mixture was evaporated to dryness on a hot 

plate to assure complete hydrolysis and the residue was 

extracted with three 10 ml . portions of boiling distilled 
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water thus effecting a separation from organic material. The 

aqueous extract was acidified with C. P. nitric acid and treated 

with silver nitrate solution . The test indicated the complete 

absence of chloride in the solution . Hence it is concluded 

that hexaphenylethane prepared as described above is completely 

free of ~ydrolyzable chloride . 

Lot #III 

In this run the yield of hexaphenylethane was improved 

by modification of the procedure employed in the preparation 

of lot II. Since it was believed that much of the product of 

lot II was lost as solid retained in the voluminous mercury 

residue, the reaction mixture was warmed to about 8o 0 c. 
before filtration in order to increase the solubility of the 

hexaphenylethane. After filtration of the hot solution the 

residue was extracted with 50 ml . of hot toluene . This procedure 

increased considerably the volume of toluene which had to be 

removed (a tedious operation under dry box conditions} however, 

when evaporation was complete about 15 gms . of the toluene-



complex reiL.ained which was a tol erable increase over that 

obtained in previous runs. 

The toluene complex was decomposed and the product was 

twice recrystallized from acetone to give about 10 gms. of buff 

colored solid. Unfortunately the yi eld was lost by exp osure 

to air as the result of a mishap . The exposed material was 
0 

canary yellow and melted over a range between 144-147 c. to 

give a red melt. This melting point is close to that reported 

by Gomberg (48) and may serve as an indication that Gomberg's 

material was also partially decomposed by air oxidation. 

Oxygen analysis by the method of Lichtin and Thomas (92) 

met with little success. Three analyses were attempted on 

the exposed product . Reliable results were not obtained, how­

ever, because of the presence of a leak in the oxygenation 

apparatus . 

Lot #IV Molecular Silver 

"Molecular" silver was prepared by electrolytic dis-

placement from solution by metallic copper. The precipitated 

silver was boiled with aqueous silver nitrate solution to 

remove the last traces of copper. A£ter filtration the silver 

·was washed free of soluble salts and air dried at room temperature. 

Traces of silver oxide were removed by refluxing for five hours 

with absolute ethanol. The pure, finely divided product was 

dried under vacuum at room temperature. 
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The reaction was carried out by shaking a solution of 

50 gms . of triphenylchloromethane in 250 ml. of dry benzene 

with 53 gms. of "Molecular" silver. After shaking for sixty-

five hours at room temperature a considerable quantity of 

metallic silver remained. The reaction mixture was warmed to 
0 about 50 c. and shaking was continued for three hours at this 

temperature . 

The reaction mixture was then worked up in the usual 

manner and the solid remaining after evaporation of benzene 

was twice recrystallized from acetone to give about 40 gms . of 

yellow crystalline solid. Oxygen analysis indicated less t han 

1% free radical. Part of the residue was recrystallized from 

dry ether to give pure white crystals of triphenylchloromethane 
0 

melting between 111.5-113 c. - -, 

It is concluded that the reaction with silver prepared 

as described above is extremely slow under these conditions 

even though the solution developed an intense yellow color 

after shaking for one hour. Since Gomberg {49) reports good 

results by this method it would seem that the s urface condition 

of the silver is extremely critical . In this respec t it is 

important to note that Gomberg's (49) nMolecular" silver was 

prepared by electrolysis of silver chloride a.11d thus .may have 

differed from that used in the present work in a way which is 

not readily obvious . In the light of these considerations it 

se ems possible that many of the results of earlier workers , 

which were based on hexaphenylethane prepared in situe by the 

silver method, are lLnreliable . 
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Lot #V Silver Amalgam 

Silver amalgam was prepared by mixing 2 parts of 

metallic silver with 3 parts of mercury in a mortar. Grinding 

was continued for several hours to ensure homogeneity and the 

solid amalgam was dried over P205 for several days and pulverized 

before use. A reaction mixture consisting of 50 gms, of 40% 

silver amalgam 30 gm.s. of triphenylchloromethane and 350 !!1~. 

dry ether was placed on the shaking machine for forty two 

hours, The solvent was removed after filtration and the solid 

residue dissolved in 250 ml. of acetone and filtered to remove 

insoluble material . The volume of this solution was reduced 

to 100 ml. by suction. About 10 gms• of yellow crystalline 

solid were removed and stored as lot V- A. The mother liquor 

was evaporated to dryness under reduced pressure and the residue 

was dissolved in 100 ml. of ether . Concentration of the ether 

solution to about 50 ml. gave about 5 gms. of yellow powder 

which was stored as lot V-E. The residue from the mother liquor 

was isolated and stored as lot V-R. 

The following table summarizes the analytical results 

obtained for these products . 

Anal~tical Data for Lot v 

% Radical 
1 

Lot M.P. 

0 
V-A ---------- 95-108 c. 

0 
V-E 13.7 124-150 c. 

V-R 16. 5 ---------
ll ) By quantitative oxygenation {92). 
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Investigation of Reactiofi Conditions: 

A series of test reactions were carried out in an effort 

to determine the optimum conditions for the preparation of pure 

hexaphenylethane. 

Reacti ons were carried out in 4 ounce screw cap bottles 

fitted with puncture gaskets. Weighed amounts of triphenyl- . 

chloromethane were a ded to the carefully dried bottles under 

a stream. of nitrogen. Following the addition of 50 ·ml . of 

solvent the solution was deoxygenated by saturation with 

nitrogen and the bottle was quickly closed with the puncture 

gas.ket . The bottles were shielded from light with an aluminum 

foil wrap and the mercury was intr oduc ed through the gasket 

from a 1.0 ml . hypodermic syringe. 

The reaction bottles were placed on the Burrell shaker 

set at maximum speed and aliquots were withdrawn at various 

times \rlth a 5 ml. syringe equipped with a 6 inch number 24 

hypodermic needle. Before withdrawing the sample the shaker 

was stopped and sufficient time was allowed for the metal to 

settle to the bottom. Three ml . aliquots were withdrawn and 

quenched in an equal volume of ether contained in a 50 ml . 

beaker. The samples were allowed to react with atmospheric 

oxygen by standing until all of the solvent had evaporated. 

The dry residues were leached with acetone , ether and petroleum 

ether and the insoluble fractions were collected and weighed 

as peroxide. Melting points recorded for the peroxide resiuues 
0 

usually ranged between 180-190 c. 



The peroxide residues, which were pale yellow or buff 

and in some cases almost white, were found to be strongly 

fluorescent under ultra violet light. The intensity of 

fluorescence was greatest for the most highly colored residues. 

Since neither pure triphenylmethyl peroxide, chloride, carbinol, 

nor triphenylmethane exhibit this behavior under ultra violet 

light it seems reasonable to conclude that the observed 

fluorescence is due to the presence of a yellow impurity of 

unknown composition . The nature of this impurity was not 

further investigated. 

In some cases the soluble fractions from the oxygenated 

residues were tested for the presence of triphenylmethyl chloride 

and c~rbinol. The solvents were evaporated ~nd the Bowden (19) 

test was applied to the solid residues. Several mg . of the 

unknown solid ·was dissolved in 1 ml. of dry benzene on a 

porcelain spot test plate . One drop of a saturated ethereal 

solution of zinc chloride was added. Formation of a bright 

yello,., color indicated the presence of a triaarylm.ethyl halide . 

If color failed to develop, a glass rod which had been wet 

with concentrated hydrochloric acid was held over the solution 

on the spot plate. The formation of a yellow color in the 

solution when exposed to hydrochloric acid i ndicated the presence 

of a triarylcarbinol. Positive tests for carbinol were always 

obtained . 

The results of these investigations are summarized in 

table 3-IX. The percent conversions were calculated on the 

basis of the peroxide recovered from the oxygenation of aliquots 



TABLE 3-IX 

Experiments on the Preparation of Hexaphenylethane Unde~ Various 
Experimental Conditions. 

Exp. No. 

~I 

S·II 

S-III 

S-IV 

s-v 
S-VI 

S-VII 

Solvent 

~~~1~1 
Diethyl 
oxalate 
Ethyl ether 

Ethyl carbon­
ate 
Me-cycle­
hexane 
Ethyl formate 

Toluene 

S-VIII THF 

S-IX Acetone 

S-X Benzene 

s-n: Acetone 

Metal 

1:1 Ag-Hg 
12 gms. 

Hg. 13.6 g&J.S. 

Trityl 
Chloride 

(gms •) 

Hg. 10.0 gms. 3.0 

" " 
" " 

" If 

It " 
Hg. 13.6 gms. " 

" " 
tt " 
tt n 

1 hr. 

11 

-----
--~-

fa) 
% Conversion 

2 hrs. 

8.8 

54 

75 
11 

71 
78 

68 

53 
82 

47 

4 hrs. 

----
----

30 

10 hrs. 

79 

75 

75 
12 

51 

77 
68 

65 
82 
__ .. ~ 

20 hrs. 

88 

23 

71 
12(b} 

37 
81 (c l 

____ (d) 

____ (e) 

---- (f) 

(a} Calculated on the basis of weights of solid peroxide obtained on oxygenation. 
{b) After 8o bra. 12% yield. 
(c) Solution deep red. 
(d) After 60 hrs. 65% yield. 
(e) Solution deep red. 
(f) Reaction at 60°0. 



of the solutions. Since it is known (51} that quantitativ e 

yields of triphenylmethyl peroxide cannot be obtained from 

the oxygenation of pure triphenylmethyl, the conversions 

tabulated should be considered as minimum values only. The 

maximum yield of peroxide obtained in this work was 88% (run 

8-II) . This value may be considered to correspond to esse~tially 

complete conversion ~ to hexaphenylethane . 

The data (table 3-IX) indicate that in all of the 

solvents tested with the exception of methylcyclohexane good 

yields of hexaphenylethane can be obtained with mercury . The 

10:1 to molar ratio of mercury employed as standard procedure 

by Lichtin and Thomas (92} can .be appreciably reduced (to a 3:1 

ratio ) without suffering a decrease in the apparent yield. 

Indeed such a reduction serves to increase the actual yields 

by reducing losses resulting from retention of product in the 

bulky metallic residues obtained when a 10 to 1 ratio is employed . 

The reaction is generally complete after two hours 

shaking time , and further shaking does · not appear to be detri­

mental. However, in several cases (runs 8-III and S- VI) the 

yields appeared to suffer a decrease as a result of prolonged 

shaking. This observation is suggestive of a slow decomp osition 

of hexaphenylethane either by disproportionation or by reaction 

with the solvent. In this respect it is interesting to note 

that Thomas (122) failed to obtain any isolatable hexaphenyl-
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ethane when the reaction was carried out in toluene by shaking · 

for twenty four hours with a 10:1 molar ratio of mercury. 

In contradiction to his observation, however, an apparent yield 

of 81% was obtained in toluene (run. S-VIII} after a twenty h0ur 

shaking period . 

An alternate explanation of the apparent loss of 

hexaphenylethane with time of reaction lies in the possibilty 

of a leak arising from a defective gasket . Oxygen introduced 

in this way would produce tr iphenylmethylperoxide which , 

being insoluble, would not be isolated by the sampling techniques 

employed in these tests. This explanation could also account 

for the observation of Thomas, for the peroxides thus formed 

would be removed along with the metallic residue according to 

the isolation procedure employed by that worker . 

Several factors must be considered in selecting an ideal 

solvent for the pr eparation of hexaphenylethane. haong these 

are boiling point, ease of purification, solubility of products 

end impurities and complex formati on . Acetone appears to be 

the most desirable solvent in many respects . For example, it 

is readily available and easily purified. Since acetone does 

not form stable complexes with hexaphenylethane it is possible 

to prepare and purify the product with the same batch of solvent . 

This feature allows one to prepare pure hexaphenylethane in an 

all glass , sealed, system without requiring the use of the 

vacuum dry box. 
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Preparation of Hexaphenylethane in Acetone Solution 

Lot VI 

Since acetone is one of the few solvents which does 

not form a molecular complex (52) with hexaphenylethane it 

is possible to prepare and purify the product in the same 

batch of solvent. Therefore the solvent removal step of the 

procedure of Lichtin and Thomas can be eliminated and it should 

be possible to prepare pure hexaphenylethane in a sealed apparatus 

without requiring the laborious dry box operations. An apparatus 

was designed to permit bench top preparation of pure hexaphenyl­

ethane. The apparatus consisted of two separate units which 

could be sealed together as required. 

P;roocedure 

'l'he reaction flask, figure 3-X was dried carefully by 

flaming under vacuum and when cool was filled with dry nitrogen. · 

Eighty grams of mercury added through arm .A, was degassed by 

pumping and flushing with nitrogen . 

Reaction Vessel 

FIGURE 3-X 



Thirty grams of pure triphenylchloromethane and 400 ml , of 

acetone were then added under darkroom conditions and the 

resulting solution was outgassed by pumping far thirty minutes . 

The reaction mixture was cooled in a dry i c e- ker osene bath 

( - 40°0 . ) , evacuated , and carefully sealed off under vac uum at 

A. The reaction was carried out in the absence of light for 

nine hours by shaking on a Burrell shaker · set at speed 10 . 

The filtration f l ask , figure ( 3-XI-l, was sealed to the . 

redction flask as shown in figure {3eXII} . This vessel was 

D 

i lt.ration Vessel 

I GU.RE 3-XI 

dried by fl~aing Qnder vacuum and flushing with dry nitrogen 

through stopcock D. It was evacuated and removed from the 

pump after stopcock D was closed . The break- off seal , B, was 

smashed with a small glass rod which has been placed into the 

connecting tube for this purpose . 
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Apparatus for Preparation of 
Hexaphenylethane. 

FIGURE 3-XII 

The orange solution in the reaction flask was filtered into 

flask II by cooling II to -78°c . and rotating the apparatus 

clockwise so that flask I was above flask II. The side bulb 

F served to trap out most of the mercury residue in order to 

prevent plugging of the sintered disk , G. The solvent was 

then distilled back into flask I in order to wash the mercury 

residue free of product . The extract was fil tered into flask 

II and the washing procedure was repeated . 

The material in fl~sk II was crystallized by concentrating 

the solution to a volume of about 75 ml. The concentrated 

solution was· chilled in a dry- ice acetone slush until crystal­

lization appeared complete. The mother liquor was fil tered 

into _vessel I and fresh solvent {about 300. ml.} was distilled 

into flask II from flask I. The solid was dissolved and 



recrystallized by concentration and cooling. The recrystal­

lization procedure was repeated, and the twice recrystallized 

product was finally washed with 75 ml. of fresh acetone. The 

filtration flask, II, was removed from the reaction flask by 

sealing off on arm H which consisted of a short length of 

heavy wall tubing. The solid material was dried at room 

temperature by pumping through stopcock D. After sever al hours 

the stopcock was closed and the vessel was transferred to the 

dry box for final purification and sample distribution . 

The hexaphenylethane prepm·ed as described above was 

pale yellow or buff colored. That the yellow color was due 

to a surface impurity is evidenced by the fact that washing 

the solid with dry acetone effectively removed the color and 

a pure white product was obtained which melted between 153-154°c. 

Oxygen analysis indicated a purity of 99.50 and 99•47% free 

radical. The white solid hexaphenylethane did not fluoresce 

under ultra violet light . 

The product stored for further sampling was accidentally 

exposed to air for a short period as a result of a pinhole in 

the storage flask. Analysi s after the second sampling indicated 

97.5% purity. The exposed product was pale buff and showed a 

weak yellow fluorescence . 

The chemical natu~e of the yellow compound formed by 

the reaction of solid hexaphenylethane with atmospheric 



oxygen is a worthy s u:bjec t for future investigations . It is 

obvious that this compound is not the normal peroxide obtained 

from oxygenation of solutions of triphenylmethyl radical. 

Lot VIII 

Another batch of hexaphenylethane was prepared by the 

procedtiTe employed in lot VI. Several samples of white product 

were obtained which assayed at 90t1% hexaphenylethane. 

Analys is of Hexaphenylethane 

The method of analysis employed in this work has been 

adequately described elsewhere (92) . 

Conductivity Measurements 

Apparatus , materials and techniques employed in this . 

work were essentially those described earlier in this dis­

sertation. Several modifications and refinements were required 

in order to prevent exposure of the samples to atmospheric or 

other contaminants . 

P~eparation of Solutions in Sulfur Dioxide. 

Samples were introduced into the conductivity cell by 

the following procedure: Special sample bulbs were sealed 

directly to the inlet arm of the cell. A glass coated, gold 

or platinum plated, iron rod was used with the aid of a solenoid 

as a magnetic brea.l{er. In this way the fragile breakoff seal , 



which retained the sample, could be broken at the proper time 

thereby introducing the sample into the electrode bulb. A 

small quantity of glass fragments were also introduced by this 

procedure. This, it is estimated, introduces an error of about 

0.01 ml. in the appare~t volume of the solution. Since an 

~rror of this magnitude is negligible a correction was not 

applied. 

Special precautions were required in order to prevent 

thermal decomposition of the sample during the sealing operation. 

The sample bulb was inverted and gently tapped so that essen­

t ·ially all of the hexaphenylethane was packed into the upper 

part of the sample bulb. The breaker rod was then carefully 

inserted into the open extension tube (see figure 3-VIII) and 

allowed to rest upon the fragile breakoff membrane. The bulb 

was carefully immersed in a beaker of ice slush so that only 

about one inch of the extension tube remained above the water. 

The sample bulb and ice bath were clamped to the rack and the 

conductivity cell was inverted ~d clamped above the sample 

bulb so that the inlet tube of the cell was directly above the 

extension tube. The bulb was then carefully sealed to the inlet 

tube. When the seal had cooled completely the cell was carefully 

rotated .to its normal position and the breaker rod was allowed 

to slide down into the inlet tube. A glass grid in the inlet 

tube {figure 3-XIII) prevented the breaker from falling into 

the cell. 
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Method of Introducing Hexaphenylethane 
into the Conductivity Cell. 

FIGURE 3-XIII 

A. Sample bulb . 

B. Magnet ic breaker 

Co Glass grid support for magnetic breaker o 

D. Mixing bulb of conductivity cello 
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The conductivity cell was sealed to the vacuum line and 

evacuated for 24 hours, followed by the introduction of solvent. 

The cell was then generally removed from the line and the sample 

introduced by smashing the breakoff seal. 

Conductance measurements were carried out by the method 

of Lichtin and Glazer f91) with minor modifications which are 

described below. 

Survey of Individual Conductivity Runs 

Run Hexa II-1 

This run was an exploratory run in which the influence 

of several factors was . tested. The material was fro.m. lot II 

and assayed at 95.8% radical. The cell was pumped at a pressure 

of l0-5mm. for eight hours after which the bulb was smashed. 

The sample was then pu.m.ped an additional two hours prior to 

introduction of li.quid sulfur dioxide. 

The operations described in setting up the run were carried 

out in diffuse daylight. · Attempts were .made, however, to 

protect the sample and solution fro.m. exposure to intense 

illu.m.ination. 

0 
Conductance measurements were carried out at -8.9 at 

night under semi darkroom conditions. The first point was 

stable for a period of three hours. The next three dilution 

points were each followed for periods of one to two hours and 



were perfectly stable. Arter the fourth point (2000 1./m.) 

had been followed for two hours in the dark, the cell was 
0 

transferred from the -8.9 c. thermostat to a battery jar 

containing ice slush and was allowed to equilibrate in the 

dark. The influence of light from several sources was then 

tested. 
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A 6o watt incandescent bulb focused directly on the 

solution in the electrode bulb, produced no measurable change 

in conductance after a forty five minute period of irradiation. 

Fifteen minutes of intense irradiation with an infra-red heat 

lamp also failed to produce a change in the conductance of the 

solution. The conductance remained stable for ten hours in 

the dark after the irradiation testa. 

On the next dilution, the solution was exposed to 

fluorescent light for ten minutes with no measurable effect. 

When on the next dilution the solution was exposed to 

direct sunlight for five minutes a small steady drift toward 

higher conductance resulted. This drift was followed for forty 

two hours during which the resistance changed at an approximately 

constant rate of 90 ohms per hour. The solution was then 

irradiated with a Burton mercury vapor lamp and a tenfold 

increase in drift rate was observed. For the first 8oo minutes 

of irradiation the drift averaged 6oo ohms per hour. When the 

source of illumination was removed the conductance remained 

essentially constant for an eight hour .. period. .. On further 



irradiation the drift continued at a rate which steadily 

decreased from 400 ohms in the first hour to a stable value 

after sixteen hours. The resistance remained constant for 

the next sixteen hours of irradiation (see table 3-III). 

Irradiation of the next dilution point showed a slow 

drift from 25,850 ohms to 23,630 ohms over a thirty four hour 

period. The resistance then remained constant for the next 

seventy hours. 

The next dilution gave a constant value during fifty 

four hours of irradiation. 

At the completion of the run the solution was poured over 

into the res~ir bulb and it was noticed that some of the 

solid material would not dissolve. The cell was opened and the 

residue was collected in a stoppered flask and evaporated to 

give a red brown amorphouB residue. Pumping for one hour at 

less than 1 mm. failed to decompose the complex. The residue, 

which was dry and odorless soon became liquid {hygroscopic) 

on standing in contact with the atmosphere (wet day) and an 

odor of sulfur dioxide became apparent. 

Run Hexa II-2 

This run was carried out under strict darkroom conditions 

at -8.g0c. The material used was from lot II. The run proceeded 

smoothly from the start and steady resistance values were 

reached at each point after a normal (15 minute) thermal 

equilibration period. In some cases the conductance was watched 
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for two hours but no drifts were detected. The data fit a 

smooth conductance-Log V plot. The residue was discarded. 

Run Hexa II-3 

. 0 
This run, also at -8.9 c., was plagued from the start 

by a series of .mishaps the worst of which involved an explosion 

of a sulfur dioxide tank. When the run was finally started the 

glass jacket on the br.eaker cracked e~posing the iron · rod. It 

was impossible to remove the iron rod from the cell so the 

run was continued in the presence of the iron rod. It appears 

that any impurities introduced by the iron rod had no influence 

on the stability of the ethane solution for steady resistance 

values wer,e readily. obtained. The data fit a smooth conductance 

plot which differed from Run 2-II by about 10%. it was found 

that the two curves could be made to coincide by applying a 

correction of somewhat less than 10% to the initial concentration. 

This seems to suggest a possible error in weighing of one of 

the samples. 

Run Hexa VI-b-1 

0 . 
This run was carried out at -8.9 c. under strict dark-

room conditions. Since the resistance of the initial solution 

was quite low it was necessary to add a 250oC(A(t parallel 

capacitance to the cell arm ef the bridge. The run proceeded 

a.moothly and stable r .esistance values were obtained at each 

dilution. After completion of the run, part of the solution 



from the reservoi~ bulb was poured back into the electrode bulb 

and a segment of the curve was reproduced. 

The data obtained in this run failed to reproduce those 

observed in runs on lot II. The- shape of the c~ve very closely 

paralleled that of the earlier runs, however, the conductance 

values were greater by a factor of about two. 

The residue after evaporation of sulfur dioxide was a 

dark brown amorphous semi-solid. 

Run Hexa VI-b-2 

This run produced conductances which were somewhat higher 

than those obtained in the previous run. The cell developed 

a leak after the first dilution and unstable resistance values 

resulted. The conductance of the initial point was in fair 

agreement with the comparable data from the previous run. 

Run Hexa VI-b-3 

Cell leakage again interfered in the measurements, however, 

the initial conductance value was in fair agreement with other 

runs on this lot of hexaphenylethane. 

Run Hexa VI-C-1 

This run proceeded smoothly and stable resistance values 

were obtained at each dilution. The data obtained however, were 

lower by a factor of two than comparable values from other runs 

on the same lot. 



Run Hexa VI-d-1 

The sample bulb was sealed to the cell in the usual 

manner under darkroom conditions. The cell was pumped for 

sixteen hours after which the sulfur dioxide was i n troduced 

into the line. The solvent was degassed by pumping for one 
0 

hour at -78 c. The bulb was then broken and the purified sulfur · 

dioxide distilled into the cell. The cell was sealed off and 

the run was carried out. 

The solution was essentially nonconducting. 

Run Hexa VI-d-2 

In this run the solvent was purified by degassing for 

four hours followed by several distillations within the closed 

cell. In this way a specific conductance of lxl0-7 mhos-em. 

was obtained for the pure solvent before sample dissolution. 

The sample bulb was then br~ken and the homogeneous solution 

failed to conduct. The increased degassing period employed in 

this run produced resistance values for the solution which were 

greater by a factor of four than those obtained with a one hour 

degassing period in the previous run. The color of the solution 

was lemon yellow and was not unlike that observed in solutions 

of hexaphenylethane in organic solvents. The solid residue 

in the residue bulb of the cell was bright yello~ and crystalline. 
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:Irradiation Exper im.en t: Run VI-d-2: · 

At a dilution of 6750 liters per mole the cell was 

transfered to an ice-water thermostat and the solution was 

irradiated with a Burton mercury vapor lamp. After about ten 

hours of continuous irradiation the resistance of the s&lution 

decreased from 200,000 ohms to a stable value of 30,000 ohms. 

This tenfold resistance change was accompanied by a change in 

color from bright yellow to amber. Thus evidence is provided 

that solutions of hexaphenylethane prepared in oxygen fr e e 

sulfur dioxide undergo a photochemical transformation leading 

to the production of ionic products. 

The results obtained in the irradiation of this non­

conducting solution are summarized in table 3-V. 

Run Hexa VI-b-4 

This run was set up in the usual manner with the following 

exception. About 1 gram of hexaphenylethane was placed in ;the 

reservoir bulb of- the cell before the initial pumping procedure. 

The cell was p~ped for sixteen hours after which the line trap 

was filled with liquid sulfur dioxide • After degassing the 

solvent for three hours the electrode bulb was filled and the 

cell was removed from the line. The solvent was poured into 

the resevoir bulb, which contained hexaphenylethane to be used 

as a "getter" and then distilled back into the electrode bulb. 

After introducing and dissolving the sample the conductance of 
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the solution was determined and found to be about three times 

that of pure sulfur dioxide. 

The residue from this run dissolved in benzene to give 

a yellow solution which gave a positive Schmidlin Test (114} · 

for free triphenylmethyl. Oxygenation gave a white precipitate 

which was characterized by mixed melting point and infra-red 

spec~un as being the expected triphenylmethyl peroxide. These 

results clearly indicate that in the absence of light hexa­

phenylethane dissolves in pure sulfur dioxide to give a non­

conducting solution containing only free triphenymethyl radical 

and undissociated hexaphenylethane. 

Run Hexa VI-C-2: The Influence of Oxygen 

In this run the cell was modified by the addition of a 

pressurized stopcock on the arm between the residue bulb and 

the vacuum line. After filling the cell with sulfur dioxide 

(degassed for two hours} the stopcock was closed and the cell 

was removed from the line. The sample was introduced and dis-

solved and the conductivity of the homogeneous yellow solution 

was measured at -30° t 1°0. in a manually controlled dry-ice 

kerosene thermostat. The cell was returned to the vacuum line 
0 . 

and the electrode compartment thermostated at -30 c. in a large 

dewar. The line was evacuated to the stopcock on the cell and 

was then filled with one atmosphere of tank oxygen which was 

dried by passage through four 3.0 x lOOcm. columns of magnesium 
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perchlorate. The stopcock to the cell was then opened and the 

effect of oxygen on the solution was followed by observing the 

resistance changes as a .. function of time. The resistance of 

the solution changed by a factor of almost one hundred in about 

two hours. The results summarized below clearly demonstrate 

that the observed conductance of hexaphenylethane in sulfur 

dioxide solution is, in the absence of light, due to products 

formed by -a reaction between hexaphenylethane and oxygen -and 

probably involving at least one molecule of solvent. 

Table 3-X 

The Influence of Oxygen on the Resistance of a Hexaphenylethane 

Soluti.on in Sulfur Dioxide. 
0 0 -30 _.;. 1 c. 

· (Run Hexa VI-c-2, 111.7 liters/ mole., Light excluded.) 

Time 
(min • . ) 

0 ( 15 b) 

30 
35 
40 
50 
~~ 
95 
135 
155 
170 
175 
300 

(a) Before exposure to oxygen 
(b) Oxygen introduced at 16 minutes. 

Resistance 
(ohms) 



0 
The cell was transferred to the -8.9 c. thermostat and several 

dilutions were performed. It w~s not possible to complete 

this run since the volume of the solution had decreased during 

the dilutions so that the ,volume could not be accurately 

measured. 

The solution and the residue from the reaction of 

oxygen with hexaphenylethane in sulfur dioxide were blood red. 

Irradiation Experiment 

The cell was transferred to an ice-water thermostat and 

irradiated with a Burton mercury vapor lamp. Thirty hours of 

continuous irradiation failed to produce a significant resistance 

change (see table 3-VI}. 

Run Hexa VIII-d-1 

· Sulfur dioxide was purified by degassing for four hours 

followed by distillation from a solution of hexaphenylethane. 

After determining the conductivity of the nonconducting solution 

oxygen was introduced and several dilutions were performed on 

the oxygenated solution. Again a hundredfold increase in conduc~ 

ivity was noted when oxygen was added to the nonconducting 
0 

solution. This run was carried out at 0.1 c. 

Run Peroxy-I Conductivity of Triphenylmethylperoxide 

Triphenylmethylperoxide isolated from lot II was twice 

recrystallized from hot benzene to give white glistening crystal 

melting bejween 186-187°0. 
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A sample of 3·4 mg. of peroxide failed to dissolve 

completely in degassed sulfur dioxide (45 ml.). The resistance 

of the solution remained essentially constant at a value near 

that of the pure solvent. Throughout the three hour period of 

observation the solution remained colorless and white solid 

remained undissolved. It can be concluded from these results 

that triphenylmethyl peroxide does not form conducting 

solutions in sulfur dioxide. 

Attempt to De~ermine . thQ Stoichiometry of the Reaction of 

Hexaphenllethane with oxz~en in ~i~uid Sulfur Dioxide. 

One experiment was carried out in an effort to determine 

the stoichiometry of the reaction between hexaphenylethane and 

oxygen in sulfur dioxide solution. This work was done under 

darkroom conditions. 

The volume of the vacuum line was determined from 

the pressure change occuring when a known volume of nitrogen 

was expanded into an expans ion bulb of known volume. A 

calibrated 1 liter flask was s ealed to the vacuum line through 

a stopcock. The line and expansion bulb were evacuated and 

after the bulb was isolated by turning the connecting stopcock 

the line was filled with an atmosphere of nitrogen. The 

connecting stopcock was then opened and the volume of the 

vacuum line was calculated from the observed pressure drop. 

Six determinations afforded a value of 830 f~lO c.c. 

A weighed sample of hexaphenylethane (lot VIII-d) was 

sealed to a reaction bomb as shown in figure 3~XIV. The 



Reaction Bomb 

FIGURE '3~XI\t 

a . Sample bulb. 

bo Magnetic breaker . 

c . G1as s grid suppo~t f Ol' magnetic br eaker . 

do Stopcock to 'vacuum lirieo 

d 
J 



reaction bomb was connected to the vacuum lihe through a 

stopcock and a 10/30 W joint. About 70 ml. of liquid 

sulfur dioxide (degassed three hours) was condensed into 

the bomb which was then removed from the line in order to 

introduce and dissolve the sample. After returning the bomb 

to the calibrated vacuum line the line was evacuated and 

filled with a positive pressure of dry oxygen. The stopcock 

to the bomb was then opened and the reaction was allowed to 
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proceed at 0°C. until·a constant pressure was observed. The 

bomb was then thermostated at -6o°C. and the final equilibrium 

pressure was recorded. The volume of oxygen reacted and 

dissolved in the solvent was calculated from the observed 

pressure drop as follows. 

Pi • 1148 mm., . vi - 830 cc.' (pressure and volume before - reaction.) 

pf = 975 mm. v = 83o .;. 120 co.' (pressure and volume of 
f system after reaction.) 

vr - volume reacted. -
vs = volume dissolved. 

30 

A solubility correction was applied to the total 

apparent volume change as follows: The solution containing 

the reaction products was degassed for two hours at •78oc. 
The bomb was isolated and the line was aga i n filled with 

oxygen. The volume of oxygen dissolved by the solution was 

calculated from · the pressure drop observed when the bomb was 



opened to the vacuum line. 

pi = 1147 mm. vi= 830 co. ( pressure and volume before 
solubility experiment} 

pf = 1000 .mm. vt = 950 co • ( pressure and volume after 
solubility experiment) 

Vs = volume of oxygen dissolved by the solution. 

The volume of oxygen dissolved in the solution was 

calculated as follows: 

1000 ( 950 .;. 

v s 

v ) 
s 

--
--

·2 .. 6 co. at 771 nun. and 23°C. 

300 

The volume of oxygen reacted with 0.958 gms. (0.00197 m.) 

of hexaphenylethane was calculated as the difference between 

the apparent uptake observed in carrying out the reaction and 

that observed in the solubility experiment. 

Vr = 34·~- 2.6~ .::. 3l•? -- = 2.9~ c c. s.T.P. 
This value corresponds to o.7 mole oxygen per mole hexaphenyl­

ethane assuming the ethane t o be go% pure as was indicated by 

quanti t ative oxygenation by the method of Lichtin and Thomas. 

It should be noted that t he value obtained for the 

solubility correction {2..6 cc.) is i n fair. agr eement with 

the value of 12-50 co./100 gms. of sulfur dioxide found by 

Dornte and Ferguson ( see table 3-VII). 

In order to obtain a more reliable value of Vr the 

experiment should be carried out using larger samplesof 

hexaphenylethane. Since l a r.ger samples were not available, 



the experiment was not repeated and the observed value must 

be considered as indicating that approximately one mole of 

oxygen has reacted per mole of hexaphenylethane. 
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The sulfur dioxide~ was removed from the bomb and the 

blood red residue was pumped for twelve hours. When exposed 

to the atmosphere the color changed from red to dirty brown. 

A sample of this material was submitted to ana~ysis, however, 

smce the material contained glass fragments from the sample 

bulb the analytical results are unreliable. 

Attempted separation of the Reaction Pr.oduct 

The blood r ed material was insoluble in the foll owing 

solvents: petroleum ether, methyleyclohexane, carbon tetra­

chl oride, benzene• toluene and chloroform. Yellow solutions 

were obtained in methanol, ethanol, acetone and ether, however 

crystallization could not be effected from these solvents. 

Addition of water to an alcoholic or acetone solution pr oduced 

an essentially white curdy precipitate which melted over a 

wide r ange between 120° - 150°0. This material gave a positive 

Bowden test for tria±ylcarbinol, however, it was not possible 

~o i solate a pure compound. 

Crystallization from Acetic Acid. 

About 0.2 gms. of the red material was dissolved in 

2 m1 of glacial acetic acid to give a blood red solution. 

The solution was solidified by cooling to -78oc. and the 

resulting solid was triturated with 3 ml. of dry petroleum 

ether. When warmed slowly to room temperature a yellow 



solid remained. This was filtered onto a sintered glass 

funnel, washed with cold dry petroleum ether and air dried 

to afford a dry yellow powder which melted sharply between 

122-124°C. to give a blood red melt. Sodium fusion on a 

ten mg. sample of this material afforded a positive test 

for sulfur. 

The yellow solid which was dried overnight under 

vacuum before being submitted to analysis, decomposed to 
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form a brown solid which melted between 8oo- ll0°C. Analysis 

of the decomposed material was as follows: 

· Analysis: Found: c· J 67 ·7%. H· 
' 5·4%. S; 

This corresponds to c31E29so7 and obviously is not an 

analysis of a pure compound. 

Further work on the separation or identification of 

the reaction products was not attempted. 

(*) By difference. 
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APP:BNDIX I-A 

GLOSSARY OF SYMBOlS 

All symbols used in the preparation of this dissertation 

were chosen to conform with the convention adopted by Harned 

and Owen C59l• 

A, empirical coefficients. 

a1 ,a2 •• activities of components indicated. 

a, distance of approach of ions in ion pair formation. 

a, coefficients of empirical equations. 

b, characteristic parameter, Bjerrum's theory of ion pair 
formation. 

c, coefficient of empirical equations. 

c, molar concentration in moles per liter of solution. 

D, dielectric constant of solvent. 

d( } complete differential. 

e, base of natural logarithm. 

Ei( ), exponential integral function. 

F0 , standard free energy. 

F{z ) , special function of Fuoss conductance equation. 

tf_,mean rational activity coefficient. 

H0 , standard heat content, enthalpy. 

K, equilibrium constant. 

KA' acid ionization constant 

Kexp. Dissociation constant obtained from conductance data. 

K1 , calculated ionization constant for trityl halides. 

12• calculated ion pair dissociation constant. 

K1•, first dissociation constant of a 2-1 electrolyte. 

~·, second dissociation constant of a 2-1 electrolyte. 



k, Boltzmann constant. 

k1 ,~0 , kinetic constants. 

L, coeffic-ient in empirical equation for the dielectric 
constant of liquid sulfur dioxide. ' 

N, Avogadro's number. 

pH(: log 1/elif) 

pKA(e log 1/KA) 

·Q.(b), function in theory of ion pair formation. 

q*, function in theory of irreversible processes. 

R, gas constant per .mole. 

r, distance. 

r~,r-,ri'rj' ionic radii of indicated species. 

s, entropy. 

~( ), limiting theoretical slopes for quantities indicated. 

S(z), special function of Shedlovsky conductance equation. 

T( 0~bsolute temperature. 

T( 0 G) centigrade temperature. 

v, dilution in liters per mole. 

z, Shedlovsky variable. 

z1 ,z2 , valences of ions indicated. 

rz~' 1~1, magnitudes of valence of ions indicated. 

ol *,coefficient of conductance equation. 

fJ ~ coefficient of conductance equation. 

r, conventional activity coefficients. 

~ ( ), !inite change in quantity ( ). 

d ( ), partial differential. 

€ ,electronic charge. 
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fl• viscosity of solvent. 

Q, degree of dissociation. 

.J\., equivalent conductance of electrolyte. 

Ao• equivalent conductance of electrolyte at infinite dilution. 

A{-'A-' equivalent conductances of ions indicated. 

number of cations-, anions produced by dissociation 
of one molecule of electrolyte. 

v-c• v-r r v--> 
11f= 3·1416) 

f',Reaction parameter in Hammett equation. 

~,summation. 

C),substituent parameter in Hammett equation. 

Cl*,substituent parameter in which direct resonance interactions 

are possible. 



APPENDIX I-B 

Tables of Experimental Conductivity Data 
Described in Part I. 

Table Compound 

I-A Potassium Chloride 

I - B Potassium Chloride 

I-C Potassium Bromide 

I-D Potassium Bromide 

I-E Potassium Iodide 

I-F Potassium Iodide 

Temperature 

0.12°0. 

I-G Tetramethylammonium Bromide 0.12°0. 

I -H Tetramethylammonium Bromide -8.93°0. 

I-J" 

I-K 

I-L 

S ulfate 

Franklin's data for KBr and KI at 
10°, 0°, -loo, -20° and -33·5°0• 
Potassium Iodide -8.93oc. 
(Data not used in calculations.) · 
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TABLE I-A 

Conductivity of Potassium Chloride in Sulfur Dioxide 
Solution. 

o. 12°o. 

v k x 106(a) 
A 

liters .mhos-em. - 1 mhos- em. 
mole mole 

(Run HL~30)(b , c) 

2888 33·91 ~7 ·93 
66o2 19 · 30 1 7 · 4 
15090 10 . 54 1~9 · 0 
34540 ~ : ~2g 1 7 · 2. 
7$170 1 . 2t,g 

212 . 0 
1 1500 230 . 1 
416500 o . 6o2 · 250·5 

(Run BL-31) (b,d) 

?S72 3~·35 99 · 12: 
21 1 · 91 129.0 

156~0 10 . 26 16o . 5 
558 0 5. 285 189 · 5 
22~0 2 . 590 215 •8 188 00 1 . 250 23 ~ 

4338oo 0. 571 247 · 9 

( a) Sample introduced as an aliquot .of a standard 
aqueous solution . 

(b ) 

(c } 

(d) 

Corrected for solvent conductance . 

k - 2 . o8o x lo-7 mhos-cm. - 1 • 
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k 1 . 525 x lo· 7 .mhos- cm.-1 • so2 

2 



Conductivity of Potassium Chloride in Sulfur Dioxide 
Solution . 

v 

liters 
mole 

1934 
4452 
10260 
23670 
54510 
1256oo 
289400 

2742 
6309 
14490 
3~30 
7 90 
17~000 
40 6oo 

... 1 mhos- em. 

{Run HL-25)(a,b) 

46·34 
26.27 
14.22 

7·r7 3· ~2 1. 5 
o.855 

(Run HL-2.6) (a ,c ) 

36·~4 20. 1 

lO ·ra 5· 2 
2. 5~ 
1.25 
Oa590 

fa) Sample weighed on micro balance. 

(b) kso2 = 1.230 x 10~7 mhos-cm.-1 • 

68 -7 ~1 {c) kso
2 

= 1 . 0 x 10 mhos-em. • 

A 2 
mhos -em. 

mole 

89 . 62 
117 . 0 
145·9 
173 ·2. 
193 ·1 
209 .1 
247 · 3 

101 . 3 
l~o . o 
1 9·g 
1 4· 
204.4 
221.5 
239·7 
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v 

liters 
mole'~ 

2993 
677~ 
153 0 
3~730 
7 710 
1778oo 
403100 

g873 
904 

20500 
47210 
1o88oo 
2~1~00 
5 2 00 

(Table I-B. (Cont.)). 

k X 106 

-1 mhos-em. 

{Run HL-28)(a,b) 

34·2g 
19.1 
10.23 

5.158 
~·4~4 1.1 0 
0. 574 

(Run HL-29){a,o) 

28 . ~9 
1~. 4 

. 0~7 
3·9 7 
1 ·939 
0.916 
0.43 

A 
2 mhos-em. 

mole 

102 ·3 
129 ·9 
157,1 
17~.1 
19 •g 
209. 
231·4 

111.5 
1~9·~ 1 s. 
188.2 
211.0 
230.0 
254·1 

(a) Sample introduced as an aliquot of a standard 
aqueous solution. 

(b} kso
2 
= 1.916 x 10- 7 mhos-om.-1 • 

( 8 8 -7 -1 e) kso2 = 1. 9 x 10 · mhos- em. • 



TABLE I-C 

Conductivity of Potassium Bromide in Sulfur 
Dioxide Solution• 

v 
liters 
mole 

228 .~ 
525~ 
120 
2777'.1 
6393 
14720 
3$900 
7 ~0 17 00 

156. 4 
~59·7 
25~9 

18~ 
43 5 
10040 
230~0 
531 0 

o. l2°c. 

k X 106 

mh - 1 os- cm . 

(Run HL- 66)fatb) 

236 . 6 
1~9 · 0 

o.1~ 
45 . 1 
24.~3 . 
12 . 7 
6 .1~2 
2 .8 4 
1 .279 

{Run HL- 68) (at c) 

30~ · 3 
17 · 7 
102 . 2 

58 . 88 
32 ·57 
1~ ·37 ' . 752 
4.217 

J\.. 2 
mhos- em. 

mole 

54 . 16 
7~·g6 
9 • 4 
12~ ·4 
lg . 2 
1 6.5 
209 . 2 
225 . 2 
230 . 0 

t7 · 5~ 
3·5 

84 .~1 
111. 
142 . 2 
174· 4 
202.1 
224· 3 

(a} The sulfur dioxide was degassed at -78°c . for 
two hours . 

(b) kso~ = 2. 208 x 10- 7 .mhos-cm.~l . 

{c ) kso~ -- :2 1.979 x lo- 7 ,mhos- cm.- 1 • 
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T.ABLE I - D 

Conductivity of Potassium. Bromide in Sulfur 
Dioxide Solution . 

v 

liters 
.mole 

225 . 6 
516.8 
1187 
2729· 
6309 
14500 
3"34-10 
7686o 
176500 

154. 6 
355.4 
815. 6 
1874 
4310 
9925 
22810 
52610 

k X 106 

m.hos.:.c.m.. - 1 

(Run EL- 67) (a, b} 

252.1 
lg6.7 

4s:%~ 
24.48 
12.42 

5·940 
2.730 
1.199 

A 2 
.mhos-em. 

mole 

56.87 
75 .81 
99. 01 

126. 5 
154·4 
18g.1 
19 . 4. 
209.8 
211.6 

(a) The sulfur dioxide was degassed at -78°c . for 
two hours . 

(b) kso2 = 2.094 x lo-7 mhos - cm. -
1

• 

{c)n kso = 1.749 x 10-7 m.hos-cm· .... 1. 
2 
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T.ABLE I-E 

Conductivity of Potassium Iodide in Sulfur 
Dioxide Solution . 

v 

liters 
mole 

1~9 · 2 

~2~ : ~ 
1863 
42~1 
96 6 
21920 
499g0 
113 00 

g58 .4 
19·7 

187~ 
429 
9851 
22~0 
51 0 
1186oo 
272300 

(a} kso = 2 
{b) kso = 2 

o.l2°C. 

k X 106 

... 1 mhos-em. 

(Run HL-32}{a) 

435·3 
246· 5 
1

14:g~ 
39·3 
20 .1~ 
9·7 0 
4·567 
2.113 

(Run HL-33) (b) 

24s·9 
11 ·5 g. 22 
3 · 96 
19.56 
9· 37g 
4· 3g 
l.a 4 
o. 93 

3.262 x 10~7 mhos-cm.-1. 
5 -7 -1 1. 22 x 10 mhos - em. • 

J\. 
mhos-c.m.e2 

.mole 

~~ · 30 . 02 
111.6 
1~8 . 6 
1 6. 6 
194·2 
2lg·9 22 .1 
240 . 5 

88 .13 
111.9 
1~1 · 2 1 · 4-
193 ·0 
211.4 
224.2 
235 · 3 
243·2 
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(Table I-E., Cont . ) 

v k X 106 

-"--1 liters mhos-em. mhos - em. 
mole mole 

(Run HL-62) (a, b) 

420 .2 214 .8 90.26 
961 . 4 120 . g 115. 7 
2200 65. ~ 145 . 0 
5036 34·5 174 · 0 
11520 1~.2'~ 199 · 0 
263~0 .2 9 217 · 9 
6o5 o 3 ·8lg 231 . 0 
139200 1 .71 239 ·1 

(a) The sulfur dioxide was degassed at - 78°c . for 
two hours . 

(b) kso = 8 . 96 x 1o-8 rohos-cm.-1 . 
2 
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TABLE I-F 

Conductivity of Potassium Iodide in Sulfur 
Dioxide Solution . 

- 8·93oC . 

v k X 106 
-"-- 1 mhos- em . 2 

liters mhos- em. 
mole mole 

(Run HL- 75) (a , b) 

190 . 6 372 .1 70 . 92 
436·3 210 . 9 . 92 . 02 
998';7 116. 4 116.2 
2286 ·62 . 40 1~2.6 
5235 32 . 0~ 1 ~ · 9 12010 15 . 6 18 . 1 
27550 7 · 312 201 . 4 
63170 3 · 315 209 · 4 

(Run HL-76) (c , d) 

181.7 381. 6 69 · 3t 
415 . 5 216.8 go . o 
950 . 2 121 . 2 115 . 2 
21~3 65 ·~~ i~ :~ 49 ~ ~6 : 58 113 0 188 . 3 
26ooo 7 -744 201 . 3 
59460 3 .- 520 209 · 3 

(a) The sulfur dioxide was degassed for 1.75 hours . 

( 4 -7 -1 b) k302 = 1.33 x 10 mhos-em. • 

(c} The0 sulfur dioxide was degassed for 1.25 hours . 

(d) k802 = 1.892 x 10-7 mhos - cm.-1 • 
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TABLE I-G 

Conductivity of Tetramethylaw~onium Br omide 
in Sulfur Dioxide Solution . 

v 

liters 
mole 

361 .4 
832 ·3 
1915 
4403 
10130 
23310 
538oo 
124000 

312 . 6 
71) . 4 
1623 
3691 
8397 
19120 
43480 
99000 

o .12°c . 

};: X 106 

mhos- cm.-1 

{Run HL- 70) (a , b) 

371 . 1 
189.0 

94 · 18 
45 · 30 
21 . 10 
9· 536 
4 .222 
1.886 

(Run HL- 72 ) ( c ' d) 

416 . 5 
216.4 
1o8 .7 

53 ·32 
25 .16 
11 . ~ 

5. 361 
2. 362 

A 2 
mhos- em. 

mole 

(a) The sulfur dioxide was degassed at - 78°c . for 
0 . 75 hours . 

(b) ks-o = 1.385 x 10-7 mhos-cm.-1• 
2 

(c) The sulfur dioxide was degassed for 1 . 3 hours . 

(d) kso = 1 . 000 x lo- 7 mhos- cm.-1 • 
2 
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TABLE I-H 

Conductivity of Tetramethylammonium Bromide 
in Sulfur Dioxide Solution . 

v 
liters 
.mole 

~58 - o 
24 . 5 

18.~7 
43 1 
100g0 
230 0 
532~0 
122 00 

309 .8 
70780 
160· 
g657 

-g2o 
1 940 
4~070 
9 070 

k X 106 

- 1 mhos- em. 

(Run HL- 71) (a , b) 

3~3 · 1 
1 0 . 7 
89 . 10 
42 · ~9 
le · o 

.844 
3 · 115 
1 . 39 

{Run HL-73) ( 0 ' d) 

394·6 
207 . 3 
102 . 9 
449 · 99 

23 . 42 
10 . 72 

4 · 936 
2 .172 

A 2 
mhos- em. • 

.mole 

126 . 4 
1~9 · 0 
1 9 · 0 
18~ · ~ 19 • 
20~ . 1 
20 . 6 
213 · 5 

122. ~ 
1~6. 
1 5 ·~ 182 . 
194 · 9 
20~ . 0 
21 . 6 
213 . 0 

(a) 

(b) 

(c) 

(d) 

The sulfur dioxide was de~assed for 0.75 hours . 

-7 - 1 kso2 = 1 . 237 x 10 mhos - em . • 

The~sulfur dioxide was degassed for 1 . 3 hours . 

-7 - 1 k302 = l . ooo x 10 .mhos- em. • 
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TABLB I-J 

Conductivity of Tetramethylammonium Sulfate 
in Sulfur Dioxide Solution. 

v 

liters 
.mole 

170 . 0 
387 .2 

. 882 ·7 
2013 
4590 
104.70 
23870 
54450 
124100 

315 .2 
722 .1 
1656 
379'7 
87oG 
19950 
45750 
104900 
240500 

o .12°c . 

k X 106 

.mhos- em. - 1 

(Run HL-77) ( a ) 

292 .4 
164. 2 

90 . 69 
49 . 21 
25 .72 
1).02. 

6. 547 
3.511 
2.102 

(a} k802 = 2.812 x lo- 7 ~hos -cm.-1 • 

(b) kso
2 

= 1.924 x lo- 7 .m.hos-cm. - 1 • 

A 2 
.mhos- em. 

mole 
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TABLE I-K 

Conductivity in Liquid Sulfur Dioxide. 

:Data of FramTin (38} used for Shed1ovsky and Bjerrum 
Calculations . 

v ' ]\_ 
liters 

-33 · 5°0 . 
.mhos- em. 2/mole 

mole - 2o . o0c. - lo.o0 c. o . o 0c. 10 . o 0c. 

~ Pot assium Iodide 

1000 108 . 6 115 . 2 118 . 8 119 · 4 117 . 7 
1500 117 . 7 125 .8 131·5 132 ·7 132 · 3 
2000 124. 2 133 · 0 140 · 5 142 ·· ~ 142·1 
3000 133 · 0 143 · 7 1~3·7 1~6 . 1~ . 
~000 139 · 0 1~1 . 0 1 2 . 5 1 6. ~ 1 · 7 

000 147 - 5 1 1 . 5 1~4 ·2 1~9 · · 18~.0 
8ooo 153 · 0 168 .5 1 1 .8 1 9·0 19 .o 
12000 159 · 5 178.o 192 . 0 202 . 0 212 . 5 

Potassium Bromide 

1000 94 · 7 97 · 7 96.o 92 · 5 86 . 7 
1500 105 · 4 109 . 2 108 . 5 1o6. o 100 ·4 -
:cooo 113 · 3 117 · 4 118 . o 116.2 110 . 3 
3000 124.5 125 · 4 132 · 3 131 · 5 127 . 0 
4goo 132 . 0 13 . o 14?~ . 3 142 · 5 139 ·~ 
4 00 137 · 0 144.0 148 · 3 149 · 5 147 · 
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T.L\BLE I -L (a) 

Conductivity of Potassium Iodide 
Sulfur Dioxide at -8 .93°0 . 

in Liquid 

v k X 106 

.1\ 2 liters --1 .mhos- em. .mhos- em. 
mole .mole 

{Run HL- 34) (b) 

282.7 2~4 .8 83 .40 
643 ·4 1 3·7 10g· 3 
1471 87 . 07 12 .1 
3~38 45 · 0~ 1~0 · 3 
7 0~ 21 .9 1 7. 0 
17~ 0 9 · 930 172 ·4 
39 30 4 ·424 1~5 · E( 90400 2 .000 1 o. 

(Run HL-35}('c) 

3~4 ·8 · 26o .~ 8~·35 
7 0~0 142 . 10 · 5 .. 172 75 . 19 129 ·1 
~924 37 .14 145· 

911 1~ . 72 157· 9 
202~0 2 :~~~ 17~ . 1 
462 0 13 · 5 
1o56oo 1 . 069 112 ·9 

(Run HL- 36)(d) 

31~ . 0 274· 0 86 . 31 
71 . o 1~0.7 107 · 9 
1632 4~ : 6s 132 .1 
"J727 155·3 

494 20 . 31 1$2 · 5 
19350 9· 380 1 1. 5 
44290 4·131 183 . 0 
101400 1 .8o 183 .2 

{a) These data were not used in the ca1cul,tions . 1 
(b) (c) {d) kso = 6.41 , 6.85, 6. 54 x lo- .mhos- em.-
respectively. 2 



APPENDIX I-0 

ELECTROLYTES OF HIGErnl~ V~~CE TYFE 

Intr·oduction 

Since the conductivity data obtained from solutions of 

hexaphenylethane in liquid sulfur dioxide (Part III} did not 

lend themselves to interpretations characteristic of normal 
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uni-univalent electrolytes, it became of interest to compare 

these data with data obtained from electrolytes of higher 

valence type in this solvent . The behavior of hexaphenylethane 

could be interpreted in terms of the . behavior expect ed for 2- 1 

salts in solvents of low dielectric constant. Indeed the results 

were found to be qualitatively similar to those for aarium 

nitrate in liquid ammonia solution. 

nata for 2-1 salts in liquid sulfur dioxide solution are 

not available in the literature with the exception of data 

for several salts over a limited dilution· range (75} . Therefore 

the conductivity of tetramethylammonium sulfate was measured 

at 0.12°9. over the dilution ran~e 102 to 2Xl05 liters per mole . 

Scope of this Investigation 

This investigation was not intended to give a quantitative 

measure of the equilibrium constants or of the limiting 

equivalent conductance of this .. salt . Only a qualitative 

description of the behavior characteristic of 2- 1 salts in 



solvents of low dielectric constant was desired. Therefore~ 

the data obtained were treated in an approximate manner to 

produce a conductance curve which was unlike those obtained 

by the same treatment of uni-univalent electrolytes. This 

curve is then considered to be characteristic for 2-1 salts 

and it was furthermore found that the sha,e of the curve was 

explicable on the basis of a stepwise dissociation process. 

322 

In order to further test the generality of the observed 

behavior, Franklin's (40) data for barium nitrate in liquid 

ammonia solution were treated by the same method. From these 

data a curve was obtained which was in every way similar to 

those obtained for tetramethylammonium sulfate in liquid sulfur 

dioxide solution. I t has- been eft.ewn . · (Par t III) that similar 

.behavior is observed in the c onducting solutions of hexaphenyl­

ethane in liqu~d sulfur dioxide. This observation is suggestiYe, 

if not indicative, that the conducting species formed in this 

complex system can be assigned to the class of 2-1 electrolytes. 

Results and Discussion 

Solution of the Onsager limiting law for electrolytic 

conductance, and of the extrapolation procedures of Fuoss 

and Kraus (41) or of Shedlovsky {117) based on the onsager 

theory, requires a knowledge of the transference numbers or 

of the limiting ionic mobilities of the ions formed on dissoci­

ation of the electrolyte. In the special case of symmetrical 



uni-univalent electrolytes the expressions are simplified, 

since this property of the ions can be exactly cancelled in 

the expression, (equation 1-6) 

which, in this special case becomes equal to 0.5. Unfortunately, 

this simplification is not possible in general and, in the 

case of unsymmetrical 2-1 electrolytes a knowledge of the 

limiting ionic conductivities is required. 

Since ionic mobility data are not available for liquid sulfur 

4ioxide solutions, the available extrapolation procedures can-

n ot be applied to data for 2-1 salts in this medium. Estimations 

of ionic .mobilities could be attempted by intuititive guesswork 

and by applica.tion of such approximations as are possible from 

Walden 's Rule (127) or Stokes Law (62) . Efforts in this 

direction would merely be an indication of the patience of the 

investigator and therefore a wholely empirical approach offers 

the ~dvantages of simplicity as well as results of equal quali -

tative value. 

Stepwise Dissociation of 2-1 Salts 

A 2- 1 electrolyte in solutions of low dielectric constant 

will dissociate according to the following equations 



K' 
M{-~A 

1 
~ .J. MA-

< 

K' Mr-MA- 2. llo .J. A ... .,. 
< 

The overall dissociation will be the algebraic sum ot 

equations 1-52 and 1•53, namely, 

{1- 52 

fl - 53 

(l- 54 

It is more profitable for the present purposes to consider 

the two steps as essentially independent processes. This in 

effect will be a good approximation when K~ ~~ in which case 

the first step of the dissociation will be essentially complete 

at a concentration at which the second step has not yet begun 

to contribute significantly to the observed conductance of 

the salt. It is possible to deduce several qualitative features 

of the conduc~ance vs. dilution curve for such a system. 

Considering the first step only we would expect a curve 

similar to that found for normal 1-1 electrolytes. The conduct­

ance will rapidly approach its limiting value since K' should 
1 

be large, possibly of the order of lo-3. In the case of tetra-

methylammonium sulfate the limiting conductance of the ions 

formed in the first dissociation should be rather low due to 

the large size of the ions. A value of A 0 of about 200 would 

not seem unreasonable for the ions (cH3)4NS04- and {CH
3

)4Nf.. 



The curve for the first step of the dissociation 

process would be expected to follow the behavior of a normal 

1-1 electrolyte. In figure 1-XVIII the data for tetramethyl­

ammonium sulfate up to a dilution of 20,000 liters per mole 

are compared to the data for tetramethylammonium bromide. The 

broken line represents the behavior expected if the second 

dissociation would not occur in the 2-1 salt. It can be seen 

from this plot that up to about 20,000 liters per mole the 

conductance behavior of tetramethylammonium sulfate is similar 

to that for a simple 1-1 electrolyte. It is apparent, therefore, 

that the data for this salt up to 20,000 liters per mole can 

be treated by the Shedlovsky extrapolation method to produce 

an approximate value for the first dissociation constant. 

Figure 1- XIX shows the results of the application of Shedlovsky's 

met hod to these data. J\. 0 assumed for this calculation was 200 

which is in fair agreement with the value of 180 obtained from 

the extrapolation. Recalculation to obtain better agreement 

was not considered necessary in view of the approximations 

involved . Franklin's {40} data for barium nitrate in liquid 

ammonia solution were treated in the same manner in order to 

afford a further test of the approximate treatment. In thi s 

case ]\ 0 was assumed to be exactly twice the known {39) value 

of 171 for the nitrate ion in this medium. Only data up to 

15, 000 liters per mole were used in the calculation upon which 

figure 1-XX is based. The treatment appears to hold fairly 

well for both cases tested. 
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The second step of the dissociation process is somewhat 

more complica ted. As a first approximation to the solution 

of the problem we may consider the second step by itself as 

merely another 1-1 ~ i ssociation as follows: If we neglect 
,:. 

the charge on the MA ion , the dissociation can be depic t ed 

as a 1-1 dissociat ion as follows: 

Actually this will differ from normal 1-1 electrolyte behavior 

in two respects. First, the double charge on one of the ions 

will require a modification in the activity coefficient 

calculated by the Debye-Huckle limiting law. A valence correction 

can easily be incorporated into the limiting law, however, such 

refinement is not necessary in the present system since the 

qualitative results will not suffer from its omission. 

The second effect, due to the presence of a doubly 

charged ion, will be reflected in the mobility terms. Th e 

mobility of the divalent ion will be considerably larger than 

any observed for univalent ions. Therefore the c onductivit y 

of the solution will be expect ed to increase rapidly e~en though 

the dissociation constant in this case is very small • 

... 
If we consider the ion MA' t o be a 1-1 electrolyte whose 

dissociation constant is so small that it can be considered to 

be essentially undissociated at concentrations greater than 5X lO-S 

moles per liter, and neglect the conductance due to the 



~resence of this ion and its gegen ion, we would expect the 

conductivity curve to be similar to that for an extremely 

weak 1-1 electrolyte. Figure 1-XXI shows curves representative 

of (1) a strong 1-1 electrolyte, (2} a very weak 1-1 electrolyte 

and (3) the algebraic sum of curves 1 and 2. 

It can be seen that curve 3 is qualitatively similar to 

the curves observed for 2-1 electrolytes in liquid ammonia 

and in liquid sulfur dioxide. 

On the basis of the assumptions made concerning the 

second dissociation step it should be possible to apply the 

Shedlovsky . treatment for 1-1 electrolytes to the high dilution 

data for 2-1 electrolytes in order to estimate the equilibrium 

constants and limiting conductance values. Figure 1-XXII shows 

the Shedlovsky plot obtained from the data of tetramethylammonium 

sulfate at dilutions greater than 20,000 liters per mole with 

~ 0 assumed to be equal to 450 mhos-cm. 2/mole. The plot shows 

fairly good agreement in the high dilution region in so far as 

adherence to linearity is concerned. 

Dissociation constants 

The first and second dissociation constants were not 

evaluated for the salts considered in this work. In view of 

the approximations employed, constants obtained from this 

treatment would be of doubtful value. It is possible, however, 

to note that constants which can be obtained from these 

Shedlovsky plots are of reasonable magnitude and in both cases 

the second dissociation constant is much smaller than the first, 
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is as should be expected. 

Theoretical Considerations 

In view of the results obtained from the application 

of Bjerrum's theory to electrolytes in liquid sulfur dioxide 

it may be possible to calculate the first and second dissoci­

ation constants for 2-1 salts by this method if reasonable 

assumption-s can be made concerning the distance of closest 

approach. Reasonable results may be expected at least in 

the case of the first dissociation step. Since, however, 

there is at present no independent method for checking the 

results which could be obtained, it would hardly be profit­

able to use this approach to the problem. The only valid 

approach requires the knowledge of limiting ionic mobilities 

in this medium and until such data become available further 

analysis of unsymmetrical electrolyte b.ehavior in liquid 

sulfur dioxide solution is not feasible. 

Studies of simple 2-1 salts in liquid sulfur dioxide 

solutions are hindered by the low solubilities of many of 

these salts in this solvent. The solubility of salts in liquid 

sulfur dio~ide has been the subject of several investigations 

(73,76,84,116,131). The data available indicate that suitable 

systems can be studied with no more difficulty than was 

experienced in the studies of potassium chloride described in 

this dissertation . Although such data would be of great value 

at some future time it is .more pressing that accurate li.m.i ting 



ionic mobility data be obtained. 

Conclusions 

The dissociation of 2- 1 s e.l ts in solvents of low 

dielectric constant cw1 be reasonably well described in 

terms of a stepwise dissociation . .. lrhe .method of Shedlovsky 

for l - 1 salts, when applied to the data for 2- 1 salts , gives 

a curve which can be reconciled with this interpretation . 

The qualitative nature of the Shedlovsky curve as well as of 

the conductance curve for tetramethylammonium sulfate is 

considered to be characteristic of 2- 1 salts in liquid sulfur 

dioxide . Indeed , similar behavior is found for 2- 1 salts in 

liquid ar.:unonia solution . 

333 

The behavior characteristic of 2- 1 electrolytes in sol­

vents of low dielectric constant can be described as follows: 

App1ic·ation of the 1-1 Shed1ovsky treatment to t he data will 
. . 

produce a curve which possesses one rather sharp change in 

slope at an intermediate dilution . The slope , which is 

essentially constant in the low dilut ion r egion, changes over 

a narrow region to a much steeper slope which then remains 

constant in the high dilution region . Figures 1- XXIII and 

1- XXIV illus trate this behavior . It is concluded that when 

the Shedlovky treatment produces a curve similar to that 

shown in figures 1- XXIII and 1- XXIV the data can be considered 

to be those of a 2- 1 electrolyte . 
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Table 

2-A 

2-B 

2-0 

2-D 

2-E 

2-F 

2-G 

2-H 

APPENDIX II 

Tables or Experimental Conductance Data 
Described in Part II. 

Compoundi 

' 
Temperature 

m-Biphenylyldiphenylchloromethane 

Di-m-biphenylylphenylchloromethane 

Tri-m-biphenylylchloromethane 

Triphenylchloromethane 

m-Biphenylyldiphenylchloromethane 

Di-m-biphenylylphenylchloromet~ane 

Tri-.m-biphenylylchloro.methane 

p-Biphenylyldiphenylchloro.methane 

·" - . 

: . ' 

• .. :. ' . - ·· .·:>-; . . 

o.12:oo. 

0.12°0. 

0.12°0. 

-8·9300. 

-8.93°0• 

-8.93°0• 

-8·93°0. 

-8.93°0• 



TABLE 2:.-A 

Conductivity of m-Biphenylyldiphenylchloromethane 
in Sulfur Dio~ide Solution . 

0 0 . 12 c. 

v k x 106 {a) 

liters mhos-em. -1 
mole 

(Run HL-63){b , c,d) 

689 . 4 40.89 
15?8 25.44 
361? 15.55 
8268 9 . 283 
18910 5.31? 
43250 2 . 910 
99000 1 . 501 

(a) Corrected for solv~nt conduct5::nce. 
ks

02
- ?.830 x 10- mhos-em. - • 

A 2 
mhos-em. 

mole 

28.19 
40.14 
56.24 
?6.25 

100.5 
125.9 
148.6 

(b) Sample from lot prepared by Dr. N.N. Lichtin and 
used by Lichtin and Glazer (91). 

(c) 

{d ) 

M.P. 85- 8?°C . Hydrolyzable chloride: Found 12.6%; 
Theory 12.?%. 

The sulfur dioxide was degassed for one hour . 
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TABlE 2-B 

Conductivity of Di-m-biphenylylphenylchloromethane 
in Sulfur Dioxide Solution. 

v 

liters 
mole 

380.8 
860.2 
1944 
4386 
9895 
22330 
50400 
113600 

309.5 
?11.2 
1631 
3?42 
8588 
19680 
45110 
103300 

(a) kso2 = 
(b) kso2 = 

1.525 X 

1.556 X 

(c) Sample B-I. 

O.l2°C. 

-1 mhos-em. 

(Run HL-4)(a,c} 

43.63 
2?.55 
1?.24 
10.61 

6.403 
3.?26 
2.0?8 
1.083 

(Run HL-5) (b ,c) 

49.0? 
30.5? 
18.96 
11.61 
6.956 
4.025 
2.221 
1.160 

10-? -1 mhos-em. • 

10-? mh -1 os-cm. • 

]\_ 2 
mhos-em. 

mole 

16.61 
23.?0 
33.51 
46.54 
63.36 
83.20 

104.? 
123.0 

15.18 
21.?4 
30.92 
43.44 
59.?4 
?9.21 

100.2 
119.8 



Table 2-B ( Cont. } 

v k X 106 

liters mh - 1 os- em. 
mole 

(Run HL-6) ( a ' b) 

330 .8 4 ?. 39 
?66.1 29.49 
1??3 18. 18 
4104 11 . 06 
949? 6 . 601 
21980 3.801 
50860 2 . 069 
11?800 1 . 0?6 

(a) 

(b) 

-? - 1 k
8 0 

- 1 . 566 x 10 mhos-em. • 
2 

Sa mp l e B- I . 

339 

A 2 
mhos- em. 

mole 

15 . 68 
22.59 
32 . 23 
45 . 39 
62 .69 
83.55 

105.2 
126 . 8 



TABlE 2-C 

Conductivity of Tri-m-biphenylylchloromethane 
in Sulfur Dioxide Solution. 

v 

liters 
mole 

851.6 
1952 
44?8 
10230 
23390 
53420 
122000 

542 .9 
1255 
2902 
6?04 
15530 
35920 
82940 
191600 

(a) kso = 
2 

(b) kso = 
2 

1.808 X 

1.40? X 

(c) Sample T-I. 

0 0.12 c. 
k X 106 

-1 mhos-em. 

(Run H~7 ) (at 0 ) 

21.14 
13.20 
8.203 
4.9?1 
2 .969 
1.6?5 
0.900 

(Run HL-8) (b,c) 

2?.25 
1?.05 
10 . 61 

6.518 
3.928 
2.2?9 
1.265 
0.6489 

10"'7 mh .... 1 os-cm. • 

10-? -1 mhos-em. • 

J\. 2 
mhos-em. 

mole 

18.00 
25.7? 
36.?3 
50.85 
69.44 
89.48 

109.8 

14.?9 
21.40 
30.?9 
43.70 
61.00 
81.86 

104.9 
124.3 



Table 2-C (Cont.) 

v k X 106 

liters mhos-em. - 1 

mole 

(Run HL- 9 ) ( a ' b ) 

690 . 0 23.66 
1600 14.79 
3706 9 . 143 
8583 5 . 555 
19880 3.279 
46040 1 . 870 
106700 0.9970 

(Run HL-44) ( c ,d) 

8l3 . 4 21 . 92 
1865 13.69 
4275 8 . 509 
9798 5.165 
22440 3.060 
51430 1 . 746 
117900 0.946 

(a) 

(b) 

(c) 

(d) 

k - 1.321 x 10-7 mhos-cm.-1. 
so2 

Sample T-I. 

-7 - 1 ks
02 

= 1.150 x 10 mhos-em. • 

Sample T-II. 

341 

J\_ 
mhos-em. 2 

mole 

16.33 
23 . 66 
33.88 
47.68 
65 . 20 
86.09 

106.4 

17 . 83 
25 . 53 
36 . 38 
50.61 
68.67 
89.80 

111.5 



v 

liters 
mole 

15?.2 
363.9 
842.1 
1944 
4504 
10430 
24210 
56220 
130400 

585.8 
1333 
3042 
6942 
15860 
36200 
83?50 

TABLE 2-D 

Conductivity of Triphenylchloromethane 
in Sulfur Dioxide Solution. 

0 -8.93 c. 
k X 106 

-1 mhos-em. 

(Run HL-18) 
152.4 

91.60 
54.54 
32.24 
18.61 
10.30 
5.411 
2.707 
1.333 

(Run HL-50)(a,c,d) 

69.18 
41.59 
24.62 
14.09 

7.697 
3.989 
1.948 

.A2 
mhos-em. 
, mole 

23.96 
33.33 
45.93 
62.6? 
83.82 

107.4 
131.0 
152.0 
1?3.8 

40.53 
55.45 
?4.89 
9?.?9 

122.1 
144.4 
161.2 

(a) Sample prepared by Dr. N. N. Lichtin and used 
by Lichtin and Glazer (91). 

-? -1 k = 1.900 x 10 mhos-em. • 
802 

(b) 

(c) This run was carried out jointly by the author 
and Dr. N. N. Lichtin. 

(d) -8 -1 5.500 x 10 mhos-em. • 
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Table 2-D (Cont.) 

v k X 106 

A2 
liters -1 mhos-em. mhos-em. 
mole mole 

(Run HL-55) (a, b) 

377.3 89.51 33.77 
852.3 54.26 46.24 
1924 32.07 61.70 
4354 19.13 83.29 
9827 10.88 106.9 
22290 5.857 130.5 
50440 2.961 149.4 
114300 1.423 162.4 

{a) 

(b) 

Sample was the same used in runs HL-18 and 50. 

-7 -1 k
80 

= 1.406 x 10 mhos-em. • 
2 
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TABLE 2-E 

Conductivity of m-Biphenylyldiphen~lchloromethane 
in Sulfur Dioxide Solutlon. 

v 
liters 

mole 

366.8 
841.8 
1931 
4436 
10200 
23490 
541?0 
124400 

433.5 
994 .? 
2288 
5 265 
12110 
2?850 
640?0 

0 
-8.93 c. 

k X 10
6 

-1 mhos-em. 

(Run HL-?9)(a,b,c) 

68.96 
43.0? 
26.22 
15.61 
8.959 
4.906 
2.54? 
1.241 

(Run HL-80)(a,b,d) 

62.5? 
38.60 
23.40 
13.?? 
?.81? 
4. 235 
2.150 

./\2 
mhos-em. 

mole 

25.29 
36.26 
50.63 
69.24 
91.38 

115.2 
138.0 
154.4 

2?.12 
38.40 
53.54 
?2.50 
94.66 

11?.9 
13?.8 

(a) These runs were carried out jointly by the author 
and Dr. N. N. Lichtin. 

(b) Sample from lot prepared by Dr. N. N. Lichtin and 
used by Lichtin and Glazer (91). 

(c) k80 .= 1.123 x lo-7 mhos-cm.-1 • 
2 

(d) k 1 295 10-? mh -1 so = • x os-cm. • 
2 

------- ---
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TABlE 2-F 

Conductivity of Di-m-bipheny1y1phenylch1oromethane 
in Sulfur Dioxide Solution. 

v 

liters 
mole 

441.? 
1018 
2344 . 
5398 
12440 
28650 
659?0 
152000 

194.9 
444.0 
1012 
2298 
5223 
11910 
2?200 
62230 
141?00 

0 -8.93 c. 
k X 106 

mhos-cm.-1 

(Run HL-14) (a,c) 

4?.52 
29.29 
1? .86 
10.67 

6.159 
3.420 
1.?88 
0.8?86 

(Run HL-15) ( b ,d) 

?6.44 
4?.6? 
29.61 
18.18 
10.94 

6.415 
3.61? 
1.915 
0.9950 

(a) 

(b) 

(c) 

(d) 

8 3 3 10-8 mh -1 k 0 0 = • 4 x os-cm. • 
.;) 2 

1 0 4 10-? mh -1 k = . 9 x os-cm. • so2 
Sample B-I. 

Sample B-II. 

]\_2 
mhos-em. 

mole 

20.89 
· 29.82 
41.86 
5?.60 
?6.60 
9?.98 

118.0 
133.5 

14.90 
21.16 
29.96 
41.?8 
5? .14 
?6.40 
98.38 

119.2 
141.0 
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Table 2-F (Cont.) 

v k X 106 

liters mhos-em. -1 

mole 

(Run HL-49} (a' b) 

1135 27.94 
2607 16.98 
5993 10.16 
13770 5.886 
31640 3.258 
72740 1.697 
167400 0.8567 

(a) 

(b) 

-7 -1 k
80 

= 1.007 x 10 mhos-em. • 
2 

Sample B-I. 

_A 
2 

mhos-em. 
mole 

31.71 
44.27 
60.89 
81.05 

103.1 
123.4 
143.4 



TABlE 2-G 

Conductivity of Tri-m-biphenylylchloromethane 
in Sulfur Dioxide Solution. 

v 

liters 
mole 

608.? 
1400 
3214 
?386 
19690 
38960 
89490 
205500 

2166 
5006 
11540 
26640 
61?20 

-8.93°0. 

k X 106 

m.hos-cm.-1 

(Run HL-16) (a' b) 

29.98 
18.59 
11.42 
6.914 
4.060 
2.2?8 
1.211 
0.6431 

( b' c) 
(Run HL-40) 

14.?2 
9.010 
5.3?1 
3.089 
1.688 

(a) 

( b} 

(c) 

-? -1 k80 = 1.009 x 10 mhos-em. • 
2 

Sample T-I. 

k~0 = 1.28? x 10-? mhos-cm.-1 • 
.::; 2 

A2 
mhos-em. 

mole 

18.25 
26.02 
36.?0 
51.0? 
68.86 
88.?5 

108.4 
132.2 

31.88 
45.10 
61.98 
82.29 

104.2 
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v 

liters 
moie 

1032 
2355 
5374 
12270 
28000 
63870 
145800 

734 . 4 
1663 
3763 
8523 
19300 
43680 
98850 

(a) 

(b) 

Table 2- G (Cont . ) 

k X 106 

mhos- em. - 1 

(Run HL-42)(a , c) 

22.52 
13 . 92 
8. 498 
5.083 
2.916 
1.593 
0 .8151 

(Run HL..43 ) ( b , c ) 

26.92 
16 .89 
10.47 

6.375 
3 . 765 
2 .13 0 
1 .142 

10- 7 - 1 1 . 155 x mhos- em . • 

0 . 9582 x 10- 7 mhos-cm.-1 • 

(c) Sample T-II. 

341:5 

A 
mhos- em. 

2 

moie 

23 . 24 
32 .78 
45.67 
62.37 
81 . 65 

101 . 7 
118 . 8 

19.77 
28.09 
39 . 40 
54 . 33 
72 . 66 
93 .04 

112.9 



TABlE 2-H 

Conductivity of p-Biphenylyldiphenylchloromethane 
in Sulfur Dioxide Solution. 

v 

liters 
mole 

509.3 
1172 
2702 
6242 
14420 
33370 
77290 
179100 

327.8 
754.3 
1729 
3972 
9120 
20940 
48100 
110400 

0 --8.93 c. 
k X 106 

-1 mhos-em. 

(Run HL-20) (a' b) 

147 . 7 
80 .~ 74 
4 2 .68 
21.56 
10.41 
4.812 
2.136 
0.9820 

(Run HL-21) (a, c) 

196.5 
110.7 

60.24 
31.19 
15.44 
7.279 
3.318 
1.488 

A2 
mhos-em. 

mole 

75.22 
94.63 

115.3 
134.6 
150.1 
160.6 
165.1 
175.9 

64.41 
83.50 

104.2 
123.9 
140.8 
152.4 
159 ; 6 · 
164.3 

(a) Sample was from lot prepared by Dr. N. N. Licht i n 
and used by Lichtin and Glazer (91). 

(b) 

(c) 

-8 -1 k~o - 8.621 x 10 mhos-em. • 
b 2 

~ 10-8 mh -1 k802 = 7.v44 x os-cm. • 
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v 

liters 
mole 

631.9 
1448 

. 3303 
?55? 
1?300 
39600 
90?60 

Table 2-H (Cont.) 

-1 mhos-em. 

(Run HL- 2 2 ) ( a ' b ) 

124.4 
68.66 
36. 28 
18. 23 
8.?54 
3.992 
1.??8 

A2 
mhos-em. 

mole 

?8.61 
99.42 

119.8 
13?.8 
151.4 
158.1 
161.4 

(a) Sample was the same as used in runs HL-20 and 21. 

(b) k
80 

= 1.?49 x 10-? mhos-em.-1 • 
2 

))U 



APPENDIX III 

Tables of Experimental Conductance 
Data Described in Part III. 



Apparent Conductivity of Hexaphenylethane in(a) 
Sulfur Dioxid• Solution. 

v 
liters 

mole 

{a) Light excluded. 

k X 106 (C) 

m.hos-cm•l 

(Run II-1) 

249·6 
123·4 
61.97 
i6:~ 
8.407 
17 .98 

(b) After prolonged irradiation with u.v. 

{c) Corrected for solvent conductance . 

A2 
.mhos-om. 

mole 

42.06 
47-78 

~
.02 

·93 7 .10 
go.2.o 

193·1 
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TABLE 3-B 

(a) 
Apparent ConductiYity of Hexaphenylethane in 

Sulfur Dioxide Solution • 

v 
liters 

mole 

gl.45 
~gB.l 
4 o.a · 
1091 
2477 
5593 
12700 
28900 

86.og 
195· 
446.5 
lOll 
2279 
5189 
117_60 
26630 
6o340 

{a) Light excluded. 

....8.93oc. 

k X 106 

.mhos-em.-~ 

( Run II-2) (b) 

141.8 
70.4.2 
}3.80 
16.oo 
7·505 
3·510 
1.842 
1.030 

(Run II·3)(c) 

171.2 
84.11 
48·30 
1a:~i1 
4·252 
2.117 
1.224 
0.719 

I 6 -6 -1 ,b) kSo 
2 

= 0.25 x 10 mhos-em. • 
-6 -1 {c) k

30 
= 0.345 x 10 mhos-em. • 

2 

A2 
mhos-om. 

mole 

12.97 
14.65 
16.25 
17.46 
18.59 
19.63 
23·39 
~9·77 

14.72 
16.47 
17·99 
19.13 
20.31 
22.06 
24.90 
32.6g 
43·3 
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(a) 
Apparent Conductivity of Hexaphenylethane in 

Sulfur Dioxide Solution. 

v 

liters 
mole 

218.2 
498.8 
1142 
2610 
5965 
13640 
31220 
71460 
164000 
376200 

125.5 
269.9 
628•9 
1426 
~239 
1~~~0 
37530 

(a) Light excluded. 

-8.g3oc. 

k X 10
6 

mhos-cm.-1 

(Run VI-b--l)(b) 

(b) k
802 

= o.o614 :x: 1o·6 mhos-cm.-1. 

(c) Cell developed a leak during this run. 

J\. 
2 mhes-cm. 

mole 
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TABLE 3_.D 

(a) 
Apparent Conductivity of Hexaphenylethane in 

Sulfur Dioxide Solution. 

v 
liters 

mole 

157.6 
363·4 
839·3 
19!35 
4468 
10200 
23550 
54380 

216.o 
495·9 
1137 
2612 
59~4 13 70 
31 40 

(a) Light excluded. 

-1 mhos-om. 

(Run VI·b-3)(b) 

181.5 
95.70 
47 .6g 
23·36 
11.13 
5.209 
2.473 
1.244 

(Run VI-o-l) ( c ) 

58.24 
28.oo 
13.06 
6.g2o 
2. 56 
1.390 
0.~6 

2 mhos-om. 
mole 

(b) The cell developed a leak during this run. 

(c) k802 = 0.146 x lo-6 mhos-cm.-1. 
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TABLE 3- E 

(a ) 
Apparent Conductivity of Hexaphenylethane in 

Sulfur Dioxide Solution. 

v 
liters 
mole 

219.2 
507·9 
1177 
2731 
6336 
14690 

102.1 
236·3 
544·7 
1257 
2917 
6750 

(a} Light excluded. 

-8·93oc. 
k X 106 

-1 mhos-em. 

(Run VI-d-1){b)(e) 

9.86o 
4-~14 2. 82 
1. 31 

g:6~! 

(Run VI-d-2) (d) (e) 

5·385 
2.667 
1.779 
1.596 
1.402 
o.B82 

.J\..2 
mhos-em. 

me-1e · 

2.161 
2·496 
3·039 
4·454 
6.171 
9·370 

{b) The sulfur dioxide was degassed for 1 hr. at -78oc. 

(e) k 502 = 0.192 mhos-em. -1. ( x 10-6). 

(d) The sulfur dioxide was degassed for 4 hrs. at -78oc. 
{e) k80 = 0.250 x 1&-6 mhos-em.-1. 

2 
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TABLE 3-F 

(a) 
Apparent Conductiv~ty of Hexaphenylethane in 

Sulfur Dioxide . Solution. 

v k X 10 6 
A 

liters .mhos ... em. -1 mhos-em. 
mole mo!e 

(Run VI-bw4)(b,c) 

4g·35 3·98 0.17 
~ ·75 2.10 0.20 
26.2 Oe951 0.21 

(Run VI-b-6)(dl) 

111.7 3·76 0.4 
1~1.7(•) ~62.5 40 · 5 

~~ 05.~ 51 ·~5 
97· ·5 ~s:~ 1200 72.11 

26oo 36.71 95·4 
(Run VIII-d-1} (A,f) 

120.5 7.18 
28o.~ 4·37 -----
653. ("e) 2.50 1.6g 
65~·6 77·74 49·1 14 0 37·e7 5~· 7 

1~3~ 1
e:46 ~ ·5t 3·7 

Light excluded. (a) 

(b} The sulfur dioxide was degassed for 3 ·hrs. and 
redistilled from hexaphenylethane. 

. -6 -1 
k
30 

= 0.345 x 10 mhos-om. • 
2 

The sulfur dioxide was degassed for 2 hrs. 

Oxygen was added to the solution. 

2 

(c) 

(d) 

{e) 

{f) The sulfur dioxide was degassed for 4·5 hrs. and 
redistilled from hexapheny1ethane. 

(g) kao = 0.175 x 10-6 mhos-cm.-1. 
2 
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ABSTRACT 

Part I Dissociati-on of Ion Pairs. 

The conductivity of potassium chloride, bromide and 

iodide and of tetramethylammonium bromide were measured over 
2 5 a dilution range of 10 to 10 liters per mole in liquid sulfur 

0 0 
dioxide solution at 0.12 c. and at -8.93 c. employing the 

inter nal dilution technique described by Lichtin and Glazer. 

Similar measurements were carried out on tetramethylammonium 
0 

sulfate at 0.12 c. Equilibrium constants were evaluated from 

these data by the method of Shedlovsky. The method of least 

mean squares was applied to establish the best straight line 

representing the Shedlovsky equation for each compound at each 

temperature. 

The experimental data and calculations presented in this 

dissertation clearly demonstrate that the theory of ionic 

association of Bjerrum is an accurate representation of the 

behavior of 1-1 electrolytes in liquid sulfur dioxide solution. 

The distance of closest approach of the ions were calculated 

from the experimental equilibrium const~ts by the Bjerrum 

equation. Values obtained from the data on pure ionic compounds 

in sulfur dioxide solution are in excellent agreement ct 0.11) 

with the sums of crystallographic radii of the corresponding 

ions. Conversely, ion pair dissoc:iation constants calculated 

from crys tal radii agree closely with the experimental values 

obtained. -_ in this research. In the case of tetramethylammonium 

bromide, where a crystallographic radius is not available for 

the cation, a value estimated as the largest Van der Waals 



radius from the center of the molecule by direct measurement 

of a Fisher-Herschfelder-Taylor model gave excellent agreement 

with experiment. 

An equation for 
0 

AH derived solely from the Bjerrum 

theory gave values which were in good agreement within the 

uncertainties inherent in the experimental values of this 

property. 

On the basis of these observations it is possible to 

conclude that the Bjerrum treatment is quantitatively exact 

for 1-1 electrolytes in sulfur dioxide solution. This is the 

first demonstration of quantitative adherence to this theory. 

Part II Equilibria of m-Phenyl Deri~atives of Trityl Chloride. 

All attempts to utilize conductivity data for ring substi­

tuted derivatives of triphenylchloromethane in sulfur dioxide 

solutions for the direct estimation of the electronic influence 

of the ring substituents have, in the past, met with little 

quantitative success due to the complications arising from 

short range ionic ·interactions which give rise to ion pairs 

and higher aggregates in solvents of low dielectric constant. 

In a qualitative manner Lichtin and Bartlett were able to 

demonstrate that i .onic association equilibria introduce only 

minor errors in the relative equilibrium constants for trityl 

chloride and those ring substituted derivatives which are 

weaker . electrolytes than trityl chloride. In this way these 

workers were able to estimate the qualitative electronic 

influences of those substituents which stabilize triphenyl­

chloromethane more than they stabilize the triphenyl carbonium 



ion in sulfur dioxide solution. Since, however, many 

theoretically interesting substituents exert an effect resulting 

in an enhanced ionization of triphenylchloromethane it is 

both interesting and valuable to develop a method of evaluating 

an ion pair correction term to be used with the experimental 

data for these compounds. 

A method is proposed for the quantitative evaluation of 

an ion pair correction term to be applied to experimental 

conductivity data for ring substituted trityl chlorides in 

sulfur dioxide solution. With this method it is now possible 

to obtain a quantitative measure of the electronic influence 

of substituents from conductivity data in this solvent. 

The assumptions involved in this treatment are as follows~ 

(1) The Bjerrum equation is an exact representation of ionic 

association behavior of 1-1 electrolytes in this solvent. This 

assumption is supported by the evidence presented in Part I. 

{2) The triarylmethyl carbonium ion in solution presents a 

spherical appearance to the anion by virtue of a tumbling 

motion about its center of gravity. 

The ion sweeps out an effective volume equal to a sphere 

whose radius is the largest Van der Waals radius from the 

center of gravity of the ion. 

(3) The Bjerrum radius of the triarylcarbonium ion is equal to 

the radius of the swept out volume and can be estimated directly 

from molecular models as being the largest Van der Waals 

distance from the center of gravity. 

Experimental equilibriu~ constants were determined by 



applying the Shedlovsky and least mean squares method to the 

conductivLty data for mono-,di-, and tri-m-phenyl derivatives 
0 

of trityl chloride in liquid sulfur dioxide at 0.12 c. and 

-8.93°0. obtained in this research. 

These values combined with calculated ion pair dissociation 

constants permitted the calculation of the experimentally 

inaccessible ionization constants for these compounds. It was 

demonstrated that the influence of stepwise introduction of 

m-phenyl substituents on the calculated free energy of ionization 

of the corresponding trityl chlorides could be described by 

equal free energy increments for each successive substitution. 

A sigma constant for the m-phenyl group was determined 

from acid strength measurements on benzoic and m-phenyl benzoic 

acids. With this value it was possible to calculate a Hammett 

rho parameter for the ionization of trityl chlorides in sulfur 

dioxide solution. Resonance sigma constants , were calculated 

for p-phenyl, p-methyl and p-t-butyl groups.-

Hammett correlation plots were constructed for the ionizatim 

reaction in sulfur dioxide employing all available experimental 

data from this research and from the literature. It was found 

that poor correlations c ould be obtained with experimental 

dissociation constants while, on the other han~ excellent 

agreement resulted when ionization constants calculated on the 

basis of the ion pair treatment were employed. 

An electron supplying resonance sigma for the para phenyl 

group of -0.148 is proposed. Values of -0.3 have been calculat e d 

for both the p-methyl and p-t-butyl group. 



This research has provided a useful tool for evaluatinn 

of substituent effects. 

Part III The Apparent Ionization of Hexaphenylethane. 

The conductivity which has been observed with solutions 

of hexaphenylethane in liquid sulfur dioxide has been subject 

to several chemical interpretations which differ in detail but 

which all assume an ionization mechanism involving only hexa­

phenylethane and sulfur dioxide. This conductivity is now 

found to be an artifact of at least two processes, namely, 

reactlon with dissolved oxygen and a photochemical transformation. 

Experiments employing crys t alline samples of ethane of 

purity established by quantitative oxygenation and a refinement 

of the conductivity technique of Lichtin and Glazer reveal a 

lack of reproducibility l ike that apparent i~ older work. 

Although irradiation with a Burton ultraviolet lamp produc es 

slow but large increases in conductivity, variable exposure to 

light cannot be the sole source of the discrepancies since 

consistent data do not result from e~peri.ments performed in the 

dark. The fact that increasingly efficient degassing of the 

solvent prior to dissolution leads to progressive diminution 

of the conductivity suggests production of an electrolyte by 

reaction with a gaseous impurity. This reagent has been 

identified as oxygen. The conduc.tivi ty of an oxygenated solution 

of hexaphenylethane is somewhat greater than the highest comparab~ 

values obtained without degassing the solvent. The conductivity 

of this solution does not change upon irradiation whereas that 

of the solutions in degassed sulfur dioxide increases. 
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