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Abstract: Data on the relative acidities of substituted benzoic acids in a variety of solvents were analyzed using 
the mathematical technique of factor analysis. It was found that four factors were required to account for the 
variance of the data in ethylene glycol solvent while three factors were sufficient for all other solvents studied. 
Using the rotation part of the factor analysis scheme, successful attempts were made to identify the abstract factors 
with physically significant parameters such as relative gas phase acidities, electrostatic interactions, and van der 
Waals' effects. Values of the relative gas phase acidities were estimated. 

Recently, the study of gas phase acidities has received 
- much attention2'3 due to the development of 

methods for determining these quantities and also due 
to their importance in aiding our understanding of re
action rates in solution. One of the main experimental 
methods for obtaining gaseous acidity data consists of 
using ion cyclotron resonance spectroscopy. However, 
due to problems of sample decomposition and low 
volatility, this technique has been limited to small 
molecular weight compounds. An alternate approach 
of obtaining gas phase data, which is not limited by the 
above constraints, is by using the technique of factor 
analysis4 to mathematically isolate the appropriate gas 
phase acidity data from solution measurements. 
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Factor analysis can be used whenever the measured 
quantity of the system, Q, is expressable as a linear sum 
of terms in product function form. 

Q(La) = £u(i,j)V(j,a) (1) 
i = i 

In a solute-solvent interaction problem, Q(i,a) would 
correspond to the measured property of the system for 
solute / in solvent a; U(i,j) would correspond to thej'th 
solute property of solute /; V(j,a) would correspond to 
the jth solvent property of solvent a; and the sum 
would be taken over the n important solute-solvent 
interactions. At present, factor analysis has proved 
valuable in helping to understand several multidimen
sional problems: (1) linear free energy relationships 
such as the Hammett equation ;4a>b (2) physical proper
ties of the isomeric paraffin hydrocarbons;4" (3) solvent 
effects in nmr;4o_f (4) activity coefficients determined by 
gas-liquid chromatography;48 (5) solute structure-gas 
chromatographic retention index relationships;411-1 (6) 
drug structure-biological activity relationships;4"1 (7) 
analysis of gas chromatographic mixtures of perfumes 
and tree tars;4n (8) prognosis of cirrhosis of the liver;40 

and (9) solvent effects in polarography.4p In the present 
paper, factor analysis will be applied to the experimental 
data of Elliott and Kilpatrick5 who reported the acid 
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strengths of substituted benzoic acids in a series of 
solvents. An attempt will be made to isolate and thus 
determine the gas phase acidities from these reported 
solution measurements. 

Development of Model 

Previously, Malinowski applied the technique of 
factor analysis to the study of the effect of substituent 
on the acidity of benzoic acids, phenols, and anilines.4a 

He reported that an equation of the following form could 
be fitted to the experimental data. 

log K = log K0 + pa + k'r (2) 

Here, K is the equilibrium constant for the substituted 
benzoic acid, phenol, or aniline; K0 is the equilibrium 
constant for the corresponding unsubstituted parent 
compound; p is a constant dependent on the reaction; 
a is a constant dependent on the substituent group; r 
is a constant proportional to the covalent radii of sub-
stituents in the ortho position; and k' is a constant 
relating to the ortho substituent effect. 

In an independent study of the same area, Wold and 
Sj6strom4b also concluded that component factor 
analysis could be used to great advantage in the study 
of substituent effects on the Hammett equation. Equa
tions of similar form to eq 1 have also been proposed by 
several workers in studies of acid-base equilibrium data. 
Swain and Scott6 have proposed that a four parameter 
equation might be used to correlate all types of polar 
displacement reactions. Edwards7 proposed a double 
scale equation to correlate free energy changes. Drago 
and Wayland8 and Jolly, Illige, and Mendelsohn9 pro
posed that the same type of equation will hold for 
enthalpy of adduct formations. 

It is therefore also reasonable that the effect of solvent 
on the equilibrium constant for proton transfer in 
benzoic acids can be expressed by an equation in the 
form of eq 1. 

I n ^ f ) = ±U(i,j)V(j,a) (3) 

Here, K(i,a) is the measured equilibrium constant for 
the substituted benzoic acid with substituent i in solvent 
a; A'o is the measured equilibrium constant for benzoic 
acid in solvent a; U(i,j) would correspond to the dif
ference of they'th solute property between the substituted 
and unsubstituted benzoic acid, for solute i; and V(i,a) 
would correspond to the 7th solvent property of the ath 
solvent; the sum./ would be taken over the n important 
solute-solvent interactions present. 

In a manner exactly analogous to that used to study 
solvent effects in proton magnetic resonance,4o-f one of 
the terms of the right-hand side of eq 3 will be associated 
with the relative acidities in the gas phase, while the 
other terms will be used to account for the presence of 
the solvent. Therefore, eq 3 can be rewritten as 

ln Kp = ln KO^s) .j + u{uWM + + 
Ao Ao 

U(i,n)V(n,a) (4) 

(6) C. G. Swain and C. B. Scott, J. Amer. Chem. Soc, 75,141 (1953). 
(7) J. O. Edwards, ibid., 76,1541 (1954). 
(8) (a) R. S. Drago and B. B. Wayland, ibid., 87, 3571 (1965); (b) 

R. S. Drago, G. C. Vogel, and T. E. Neldham, ibid., 93, 6014 (1971). 
(9) W. L. Jolly, J. D. Illige, and M. H. Mendelsohn, Inorg. Chem., 

11,869(1972). 

where each term is the correct product function form. 
By applying factor analysis to the data of Elliott and 
Ki]patrick, it should be possible to: (1) test if a mathe
matical solution exists in the form of eq 4; (2) find out 
how many terms are required in the summation to ac
count for the data; and (3) test various models for the 
different interaction terms. If it is possible to identify 
all important interaction terms, then it should be possible 
to extract relative gas phase acidities from the final solu
tion to the problem. 

Application of Factor Analysis to the Proton Transfer 
Data of Elliott and Kilpatrick 

Elliott and Kilpatrick's data (shown in Table V), 
which were measured by a concentration cell potentio-
metric method, were subjected to factor analysis.4"1 

Four factors were required to reproduce the data within 
±0.01 In unit, which is their reported experimental 
accuracy.5a_e This indicates that there are four terms 
in eq 4. Before attempting to interpret these results, it 
was considered wise to perform a "uniqueness test"4o 'hi 

to ascertain whether any of the solutes or solvents in 
the data set contain a unique factor not present in the 
other data. If a high uniqueness is found for any row 
of the data matrix, which is not accountable on chemical 
grounds, then it might indicate a possible experimental 
error in the data of that row. The result of the unique
ness test for the solutes is shown in Table I, while that 
for the solvents is shown in Table II. Each row of the 
tables corresponds to the results of a separate uniqueness 

Table I. Unique Test of Solutes, All Solvents11 

Unique-
No. Substituent ness' Additional values 

" Four factors in the rotation matrix. 'Each row is the result 
of a separate uniqueness test vector. 

1 

2 

3 

4 
5 

0-NO2 

o-I 

o-Br 

o-Cl 
o-CH3 

0.53 

0.26 

0.29 

0.22 
0.12 

9 

10 

11 

12 

13 
14 
15 

16 
17 
18 
19 

0-OCH3 

o-OH 

m-Nft 

m-\ 

m-Br 

m-Cl 

m-F 

m-CH3 

m-OH 
/J-NO2 

P-F 
P-CH3 

P-OCH3 

P-OH 

0.45 

0.56 

0.22 

0.16 

0.16 

0.08 

0.27 

0.03 
0.14 
0.33 

0.02 
0.05 
0.02 
0.07 

(2)0 .14 , (3)0 .13 , (4)0 .22 , (12) 
-0 .19 , (15 )0 .23 , (17 ) - 0 . 1 3 

(1 )0 .14 , (3 )0 .26 , (4 )0 .22 , (5 ) 
0.13 

(1 )0 .13 , (2 )0 .26 , (4 )0 .24 , (12) 
0.13,(15) - 0 . 1 2 

(1 and 2) 0.22, (3)0.24, (5)0.11 
(2 )0 .13 , (3 )0 .10 , (4 )0 .13 , (6 ) 

0.11,(7) - 0 . 1 9 
(5)0.11,(7) - 0 . 2 5 , ( 8 ) 0 . 1 5 , ( 9 ) 

0 .21, (10)0.12,(11)0.11,(14) 
- 0 . 2 3 

(5) - 0 . 1 9 , ( 6 ) 0 . 2 5 , ( 8 ) 0 . 1 2 , ( 1 0 ) 
0 .12, (12)0.24, (14)0.13, (15) 
0.15 

(6)0 .15 , (7)0 .12 , (9)0 .12 , (11) 
0.10,(14) - 0 . 1 2 , ( 1 5 ) 0 . 2 2 , 
(19) - 0 . 1 2 

(6)0 .21 , (8)0 .12 , (10)0 .14 , (11) 
0 .11,(12)0.10 

(1) - 0 . 1 1 , ( 6 ) 0 . 1 2 , ( 7 ) 0 . 1 2 , ( 9 ) 
0 .14 , (11)0 .11, (12)0 .17 

(6)0 .11 , (8)0 .10 , (9)0 .11 , (10) 
0.11 

(1) - 0 . 1 9 , ( 3 ) 0 . 1 3 , ( 7 ) 0 . 2 4 , ( 9 ) 
0.11,(10)0.17,(15) - 0 . 1 0 

(6) - 0 . 2 3 , ( 7 ) 0 . 1 2 , ( 8 ) - 0 . 1 1 
(1)0.22,(3) - 0 . 1 1 , ( 7 ) 0 . 1 5 , ( 8 ) 

0.22,(12) -0 .10 , (19 ) - 0 . 1 4 

(1) - 0 . 1 3 

(8) -0 .12 , (15 ) - 0 . 1 4 

Journal of the American Chemical Society / 95:18 / September 5, 1973 



5847 

Table II. Uniqueness Test of Solvents" 

A Methanol 0.33 (B) 0.19, (E) 0.23, (F) 0.27, 
(H) -0 .20 

B Ethanol 0.33 (A) 0.19, (C)-0 .10, (D) 0.26 
C Ethylene glycol 0.93 (B)-0.10,(D)0.19 
D Butanol 0.33 (B) 0.26, (C) 0.19, (E) 0.24, 

(F) -0 .18 , (H) 0.14 
E Propanol 0.32 (A) 0.23, (B) 0.32, (D) 0.24 
F Dioxane-water 0.58 (A) 0.27, (D) -0.18, (G) 0,35 

(e = 55)" 
G Dioxane-water 0.39 (F) 0.35, (H) 0.31 

(e = 40) 
H Dioxane-water 0.79 (A)-0 .20, (D) 0.14, (G) 0.31 

(e = 13) 

" Four factors in the rotation matrix. b Dielectric constant of 
mixture. 

test in which a test vector was created containing a unity 
for the solute or solvent in question and zeros for all 
other values on the vector. Also shown for each test 
vector are the other solvents or solutes which yielded 
relatively "high" predicted values even though they 
were assigned a zero value on the test vector. These 
additional high values indicate that the solute or solvent 
in question share a common factor with the case tested. 
In the present paper, our main interest with these tables 
is in ascertaining if any of the solutes or solvents is 
behaving in a unique fashion which could introduce an 
additional dimension or factor into the factor space. 
In other words, one of the four factors found necessary 
to reproduce the data might be localized to a given solute 
or solvent in the scheme. This would indicate that it is 
not a general type of interaction. In Table I, containing 
tests for uniqueness of the solutes, there is no one solute 
which has a high uniqueness value that does not also 
have several other solutes sharing this same uniqueness. 
Therefore, there does not seem to be any one solute 
which is behaving in a unique manner. In Table II for 
the solvents, ethylene glycol has quite a high predicted 
uniqueness value, which is not shared by any other 
solvents, indicating that there is some unique factor 
associable only with this solvent. Therefore, for the 
acidity data in all solvents except ethylene glycol, only 
three terms are required in eq 4, while four terms are 
required for the data in ethylene glycol. Since we have 
already postulated that one of the terms in eq 4 is 
related to the gas phase acidity ratio, it is only necessary 
to account for two dominant solute-solvent interaction 
terms for all solvents except ethylene glycol. For ethyl
ene glycol, three interaction terms must be introduced. 
Furthermore, to fit our model, each interaction term 
must be expressable in product form.4d The gas phase 
acidity term is already in the correct product function 
form with the solute part corresponding to the In of the 
relative gas phase acidities and the solvent part being 
unity. 

The two important solute-solvent interaction terms 
which will be considered are the electrostatic and van 
der Waals' terms. The theoretical expression for the 
former has been worked out by Kirkwood and West-
heimer.10 The expression that they arrived at is shown 
below. 

\ K0 JE |_2-303^7V2J11L««_!» 

(10) J. G. Kirkwood and F. H. Westheimer, /. Chem. Phys., 6, 506, 
513(1938). 

In this expression (ln(K(i,a)/Ko))E is defined by us as the 
electrostatic part of the measured solution acidity ratio, 
while Kirkwood and Westheimer defined e as the charge 
of an electron; fit is the bond moment of the sub
stituted group in the benzoic acid; R is the gas 
constant, T the solution temperature, r the distance 
between the dipole of the substituent and the acid group, 
9 the angle between the dipole axis and the hydrogen of 
the acid, and «a the solvent dielectric constant. This 
expression is already in the correct product form to test 
by factor analysis, with the terms in the second bracket 
referring to solvent properties. 

For the van der Waals' or dispersion term, we have 
used the model of Grunwald and Price.11 These 
authors used the dispersion model of Linder,12 in which 
the solute and solvent are treated as though they con
tain oscillating dipoles. Grunwald and Price proposed 
that the van der Waals' interaction is caused by localized 
interactions between solute and solvent oscillating 
dipoles. In their model, one is faced with having de
tailed microscopic information concerning the structure 
of the solvent cage surrounding the various solute 
structures. This information is not always readily 
available. An alternate approach is to treat the solvent 
as a dielectric continuum.12 Then the solute, rather 
than interacting with individual solvent molecules, can 
be treated as interacting with a dielectric continuum 
having the bulk properties of the solvent. Using this 
latter model, Weiner and Malinowski4f studied the van 
der Waals' interactions on solvent effect observed in 
nmr. They redeveloped this model and showed that it 
could account for the observed gas to solution chemical 
shifts of nonpolar solutes. This shift is usually thought 
to arise solely from van der Waals' interactions. It is 
proposed that this same continuum model be used to 
account for the observed dispersion interactions in the 
present problem. An equation to account for the 
dispersion interaction can be derived as an extension of 
Linder's theory.12b 

Linder12 stated that the partial molal dispersion free 
energy, F, of a solute, 2, in a solvent, 1, is given by 

F2 = 1/4<m2
2)g[v1/(.1 + V2)] (6) 

where (m2
2) is the average square of the solute oscillating 

dipole moment, v refers to a mean absorption frequency 
of the molecule, and g is given by 

2 V - 2 1 
2W1

2 + 1 a2
2 8 = (7) 

where n is the index of refraction and a2 is the Onsager 
radius of the solute. 

Now according to Linder 

(m2) = ll2hva (8) 

where h is Planck's constant and a is the polarizability. 
Also, (m2) can be related to the radius of the electric 
cloud of the molecule by the following equation 

{m2} = e22>,2> (9) 

where e is the charge on the electron. Substituting eq 7 
and 8 into 6, we can write 

F2 = 
— 3/z2«i2 — 2 a2 v\v2 

8 2 V + Ia2
3^i + v2 

(10) 

(11) E. Grunwald and E. Price, J. Amer. Chem. Soc, 86,4517 (1964). 
(12) (a) B. Linder, J. Chem. Phys., 33, 668 (1960); (b) B. B. Howard, 

B. Linder, and M. T. Emerson, ibid,, 36, 485 (1962). 
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Table III. Values for Various Parameters Used in Eq 14" 

Methanol 
Ethanol 
Propanol 
Butanol 
Ethylene glycol 
Dioxane-HaO 

U = 55)/ 
Dioxane-HaO 

(c = 40)/ 
Dioxane-HaO 

U = 15)/ 
Dioxane 
Water 

ab 

3.2 
5.19 
7.01 
8.8 
5.76 
1.98 

2.48 

4.13 

8.8 
1.48 

Xdc 

23.8 
36.0 
48.0 
59.7 
43.7 
15.1 

19.1 

30.8 

64» 
12 

t* 

31.5 
24.2 
20.2 
17.5 
37.6 
55 

40 

15 

2.2« 
78.5« 

° All experimental values of a and Xd were taken from the book by 
Dorfman, ref 14. * Polarizability X 1O-24 cm3/molecule. c Dia-
magnetic susceptibility X 10-6 cm8/mol. d Values of dielectric 
constants reported in papers of Elliott and Kilpatrick, see ref 5. 
• R. C. Weast, Ed., "Handbook of Chemistry and Physics," 51 ed. 
Chemial Rubber Co., Cleveland, Ohio 44128. /Values of a 
and xa were calculated as mole fraction averages over the pure con
stituent values. ' Estimated from group contributions. 

energy for dispersion interactions of the two solutes 
with the solvent a. This equation is developed for the 
interaction of an oscillating dipole with a solvent. If 
there is more than one solute oscillating dipole which 
is important , or we are dealing with a oscillating dipole 
of an ionic species, then the solute part of eq 13 may 
change. However, we will assume that the solvent 
dependence should remain the same. 

For ethylene glycol, the identity of the fourth factor 
is not known. It can be accounted for in our analysis, 
however, by using the ethylene glycol uniqueness test 
vector itself as a measure of this factor. As a further 
test of the validity of this substitution, ethylene glycol 
can also be dropped as a solvent from the scheme. If 
there is truly a unique factor associable with the ethylene 
glycol, then the reduced data set should only need three 
factors to span the space, rather than four. Further
more, the same final results and conclusions {i.e., pre
dicted relative gas phase acidities) should be reached in 
terms of the three remaining factors. In the following 

Table IV. Test of Solvent Factors 

Methanol 
Ethanol 
Ethylene 

glycol 
Butanol 
Propanol 
Dioxane-water 

U = 55) 
Dioxane-water 

U = 40) 
Dioxane-water 

U = 15) 

Exptl 

1 
1 
1 

1 
1 
1 

1 

1 

Pred 

1.02 
1.00 
0.96 

0.97 
1.03 
1.00 

1.00 

1.00 

Exptl 

3.17 
4.14 
2.66 

5.73 
4.98 
1.82 

2.50 

6.68 

' Pred 

2.89 
4.98 
2.95 

5.31 
4.66 
1.29 

3.36 

6.23 

van der Waals' 
Exptl 

7.44 
6.93 
7.59 

6.78 
6.85 
7.84 

7.72 

7.46 

' effect6 

Pred 

7.41 
6.78 
7.59 

6.72 
7.08 
7.84 

7.68 

7.49 

Uniqueness for ethylene 

Exptl 

0 
0 
1 

0 
0 
0 

0 

0 

glycol 
Pred 

0.00 
-0 .10 

0.93 

0.19 
0.00 
0.00 

0.00 

0.00 

° Dielectric constants reported by Elliot and Kilpatrick in their papers, ref 5, X 1O-2. h X10-9, values needed for the solvent part of eq 13 
were obtained from the book by Dorfman, ref 14. See also ref 4f for further discussion of this calculation. 

Now if we let V2 = 4JzIrNa2
3, where V2 is the molar 

volume of the solute, eq 10 can be rewritten as 

F2 = 
•hi: Na2 

IV2 |_2V + l>t + v, K } 

With the help of eq 8 and 9, this can be rearranged to 
yield 

-XVe^Na2TInx
1 - 2 S<r2(l)) 

= x[ 
V2 

J|_2rtl2 + 1 OL\ Vx + V2_ 
(12) 

Now if we make the assumption that maximum absorp
tion occurs when vx « v%, which was also made by 
Linder, eq 12 finally simplifies to 

F2 = 
6 V2 

(InS 2 Z<r*(l)>> 

+ 1 « i 
(13) 

This formula gives the free energy of dispersion inter
action of an oscillating dipole with a continuum. The 
solvent term, 2(r\X)), can be evaluated from the dia-
magnetic susceptibility." What we are interested in 
here is the difference in free energy between two dif
ferent solutes in a given solvent; therefore, eq 12 can 
be written for each solute. The difference between these 
two equations corresponds to the difference in free 

sections, the results of both approaches will be 
presented. 

One can apply factor analysis to a data set to study 
properties associated with either the solutes or the 
solvents in the scheme, depending on whether one 
originally is considering the data matrix or its trans
pose. 4a'd In the present problem, several of the solute 
properties such as the gas phase acidity ratio and the 
solute part for the unique ethylene glycol factor are 
unknown. The four solvent factors can be evaluated; 
therefore, the data matrix will be set up to test solvent 
properties. The equation being tested is 

. K(i,a) , A"(/,gas) . c , . w , . , 
In •' = In — ^ 1 + SEO)SE(QO + 

Ao Ao 

SD(OSD(QO + SEG(0SEQ(ethylene glycol) (14) 

or 

In * P = In ^ ) . ! + sE(/)i + S D ( 0 ^ + 
Ao Ao *a a 

SEG(0SEo(ethylene glycol) 

The numerical values of the various parameters used 
to calculate the terms in eq 14 are shown in Table III . 
In this expression, each term is in the correct product 
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Table V. Test of Solvent Factors 

Methanol 
Ethanol 
Butanol 
Propanol 
Dioxane-water 

(e = 55) 
Dioxane-water 

(e = 40) 
Dioxane-water 

U = 15) 

•—Unity—. 
Exptl 

1 
1 
1 
1 
1 

1 

1 

Pred 

1.02 
0.99 
0.96 
1.03 
0.98 

1.00 

1.01 

" A three dimensional rotation 
note a. c See Table IV, footnote I 

:, without Ethylene Glycol" 

. e" 
Exptl 

3.17 
4.17 
5.73 
4.98 
1.82 

2.50 

6.68 

• 1 6 , 

Pred 

2.97 
5.04 
5.28 
4.73 
1.36 

3.42 

6.20 

. — VW=—. 
Exptl 

7.44 
6.93 
6.78 
6.84 
7.84 

7.72 

7.46 

Pred 

7.41 
6.86 
6.59 
7.14 
7.78 

7.74 

7.47 

was used. b See Table IV, foot-
i. 

form of solute and solvent properties, with SE(Z) corre
sponding to the difference in the solute part of electro
static free energy for the substituted and unsubstituted 
benzoic acid; Sz(a) being the solvent part of this expres
sion (see eq 5); SD(O being the difference in the solute 
dispersion interaction formula and Sv(a) being the 
solvent part (see eq 13); and S E G(0 being the solute part 
of the unique factor associable with ethylene glycol and 
5,

EG(ethylene glycol) being the uniqueness test factor 
for ethylene glycol. Here we will be testing the solvent 

part of each term. In eq 14, we have lumped the index 
of refraction term of the van der Waals' effect into the 
solute coefficient since its variation is almost negligible 
among the solvents. 

The tests of the four solvent factors are shown in 
Table IV, while the results with three factors without 
the relative solution acidity data in ethylene glycol in
cluded in the data set are shown in Table V. The fit of 
each suspected test factor will be discussed separately 
below. 

(a) Solvent Electrostatic Term, SE(<X). The solvent 
part of the electrostatic interaction term will be ap
proximated by the inverse of the bulk solvent di
electric constants as reported by Kilpatrick and Elliot.6 

As pointed out by many authors13 this is only an 
approximate relationship; therefore, we cannot expect 
more than to predict the right trend. Both in Tables 
IV and V, the agreement between experimental and pre
dicted values for this test factor is satisfactory. 

(b) Solvent Part of Gas Phase Term. The solvent 
part of the gas phase term is unity, since this term is 

(13) See, for example, S. Ehrenson, "Progress in Physical Organic 
Chemistry," Vol. 2, S. G. Cohen, A. Streitwieser, Jr., and R. W. Taft, 
Ed., Interscience, New York, N. Y., 1964. 

Table VI. Comparison between Original and Recalculated In (K(i,a)lKt>) Using Three and Four Factors 

Solute 

0-NO2 

o-I 

o B r 

o-Cl 

0-CH3 

0-OCH3 

o-OH 

W-NO2 

m-I 

m-Br 

/M-Cl 

m-F 

/W-CH3 

m-OH 

/P-NO2 

p-¥ 

P-CH3 

P-OCH3 

//-OH 

Methanol 

1.83d 

1.77,« 1.77/ 
1.19 
1.04, 1.04 
1.27 
1.14,1.14 
1.21 
1.09. 1.09 
0.09 
0 .02,0 .02 
0.17 
0 .07,0 .08 
1.49 
1.54, 1.54 
1.05 
1.02, 1.02 
0.55 
0 .49,0 .49 
0.60 
0 .54,0 .53 
0.59 
0 .53,0 .53 
0.51 
0 .46,0 .46 

- 0 . 0 9 
- 0 . 1 1 , - 0 . 1 1 
- 0 . 1 1 
- 0 . 0 7 , - 0 . 0 7 

1.02 
1.06, 1.06 
0.19 
0 .19,0 .19 

- 0 . 1 8 
- 0 . 2 0 , - 0 . 2 0 
- 0 . 3 6 
- 0 . 3 4 , - 0 . 3 4 
- 0 . 5 3 
- 0 . 5 0 , - 0 . 5 0 

Ethanol 

1.77 
1.83, 1.84 
1.08 
1.16, 1.16 
1.16 
1.22, 1.22 
1.12 
1.17, 1.17 
0.02 
0 .08,0 .08 
0.24 
0 .28,0 .29 
1.63 
1.52, 1.51 
1.17 
1.13, 1.12 
0.62 
0.61,0.61 
0.65 
0 .63,0 .62 
0.63 
0.62,0.61 
0.53 
0 .50,0 .50 

- 0 . 0 6 
- 0 . 0 7 , - 0 . 0 7 
- 0 . 1 6 
- 0 . 1 7 , - 0 . 1 7 

1.17 
1.11, 1.11 
0.23 
0 .20,0 .20 

- 0 . 1 8 
- 0 . 1 9 , - 0 . 1 9 
- 0 . 3 2 
- 0 . 3 5 , - 0 . 3 5 
- 0 . 5 5 
- 0 . 5 5 , - 0 . 5 5 

Propanol 

1.80 
1.79, 1.80 
1.10 
1.11,1.11 
1.16 
1.17, 1.17 
1.09 
1.12, 1.12 
0.04 
0.04,0.04 
0.26 
0.28,0.28 
1.57 
1.56, 1.56 
1.15 
1.15, 1.15 
0.62 
0 .62,0 .62 
0.63 
0 .64,0 .64 
0.61 
0 .62,0 .62 
0.52 
0.51,0.50 

- 0 . 1 0 
- 0 . 0 8 , - 0 . 0 8 
- 0 . 1 6 
- 0 . 1 8 , - 0 . 1 8 

1.14 
1.14,1.14 
0.21 
0 .22,0 .22 

- 0 . 2 1 
- 0 . 1 9 , - 0 . 1 9 
- 0 . 3 6 
- 0 . 3 5 , - 0 . 3 5 
- 0 . 5 7 
- 0 . 5 7 , - 0 . 5 7 

Solvents 
] 

Butanol 

1.78 
1.76, 1.77 
1.04 
1.06, 1.06 
1.09 
1.12,1.12 
1.08 
1.08, 1.08 
0.00 
0.00,0.00 
0.28 
0.28,0.28 
1.50 
1.60, 1.60 
1.10 
1.17, 1.17 
0.57 
0 .62,0 .62 
0.58 
0.64,0.64 
0.59 
0.63,0.63 
0.42 
0.51,0.51 

- 0 . 1 0 
- 0 . 0 8 , - 0 . 0 8 
- 0 . 1 6 
- 0 . 1 8 , - 0 . 1 8 

1.14 
1.17,1.18 
0.22 
0.23,0.23 

- 0 . 1 9 
- 0 . 1 9 , - 0 . 1 9 
- 0 . 3 6 
- 0 . 3 6 , - 0 . 3 6 
- 0 . 5 6 
- 0 . 5 8 , - 0 . 5 8 

Ethylene 
glycol" 

1.74 
1.76 
1.10 
1.13 
1.20 
1.21 
1.14 
1.16 
0.05 
0.06 
0.18 
0.20 
1.50 
1.45 
0.93 
0.91 
0.49 
0.48 
0.54 
0.53 
0,52 
0.51 
0.45 
0.43 

- 0 . 0 9 
- 0 . 0 9 
- 0 . 0 3 
- 0 . 0 3 

0.97 
0.94 
0.17 
0.16 

- 0 . 1 7 
- 0 . 1 7 
- 0 . 3 2 
- 0 . 3 3 
- 0 . 4 5 
- 0 . 4 4 

Dioxane-
water" 

1.78 
1.75, 1.76 
1.00 
1.00, 1.01 
1.13 
1.13, 1.14 
1.09 
1.08, 1.09 
0.04 
0 .02,0 .02 

- 0 . 0 6 
- 0 . 0 6 , - 0 . 0 5 

1.49 
1.52, 1.51 
0.89 
0 .93,0 .92 
0.37 
0 .40 ,0 .40 
0.43 
0 .47,0 .46 
0.44 
0 .47,0 .47 
0.41 
0 .44,0 .43 

- 0 . 1 2 
- 0 . 1 2 , - 0 . 1 2 

0.01 
0 .00,0 .00 
0.97 
1.00, 1.00 
0.15 
0 .17,0 .17 

- 0 . 2 3 
- 0 . 2 2 , - 0 . 2 2 
- 0 . 3 3 
- 0 . 3 3 , - 0 . 3 3 
- 0 . 4 2 
- 0 . 4 5 , - 0 . 4 5 

Dioxane-
water5 

1.66 
1.74,1.74 
0.87 
0.99,0.99 
1.00 
1.10, 1.11 
0.97 
1.06, 1.06 

- 0 . 0 8 
0 .00,0 .00 

- 0 . 1 0 
- 0 . 0 3 , - 0 . 0 3 

1.60 
1.55, 1.54 
0.97 
0 .96,0 .95 
0.40 
0 .42,0 .42 
0.47 
0 .48,0 .48 
0.48 
0 .49,0 .49 
0.41 
0 .44 ,0 .44 

- 0 . 1 4 
- 0 . 1 2 , - 0 . 1 2 

0.00 
- 0 . 0 2 , - 0 . 0 2 

1.10 
1.04, 1.03 
0.22 
0.19,0.18 

- 0 . 2 2 
- 0 . 2 1 , - 0 . 2 2 
- 0 . 3 2 
- 0 . 3 4 , - 0 . 3 4 
- 0 . 4 7 
- 0 . 4 7 , - 0 . 4 6 

Dioxane-
water" 

1.58 
1.53, 1.52 
0.75 
0 .66 ,0 .66 
0.89 
0 .80 ,0 .80 
0.84 
0.77,0.77 

- 0 . 2 1 
- 0 . 2 7 , 0 . 2 7 
- 0 . 0 7 
- 0 . 1 2 , - 0 . 1 2 

1.78 
1.80, 1.81 
1.06 
1.05, 1.06 
0.46 
0 .42,0 .43 
0.53 
0.50,0.50 
0.53 
0.51,0.51 
0.49 
0 .45 ,0 .46 

- 0 . 1 4 
- 0 . 1 6 , - 0 . 1 6 
- 0 . 0 2 

0 .00 ,0 .00 
1.18 
1.22, 1.22 
0.25 
0 .27 ,0 .27 

- 0 . 2 1 
- 0 . 2 1 , - 0 . 2 2 
- 0 . 3 6 
- 0 . 3 6 , - 0 . 3 5 
- 0 . 5 3 
- 0 . 5 2 , - 0 . 5 3 

" Dioxane-water mixture, dielectric constant equals 55. * Dioxane-water mixture, dielectric constant equals 40. ' Dioxane-water mix
ture, dielectric constant equals 15. d Experimental data of Kilpatrick and Elliott. " Predicted data using four factors. ! Predicted data 
using three factors. ' Three factors are not applicable for ethylene glycol. 
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supposedly independent of solvent. Therefore, the 
test of a constant unity factor is shown in Tables IV 
and V. Again the agreement between experimental 
and predicted values is quite good, indicating that the 
gas phase term can be separated in this manner. 

(c) Solvent Part of the Dispersion Term, 5D(a). The 
data needed to calculate the solvent part of the dis
persion term was taken from the book by Dorfman14 

who reported the diamagnetic susceptibilities for the 
solvents employed here. These can be used to calculate 
the 2(/2) term in eq 13. For the mixtures, it was as
sumed that the quantities needed for eq 13 could be 
calculated as a simple mole fraction average of the pure 
solvent properties. Again the fit in Tables IV and V is 
good. 

(d) Uniqueness for Ethylene Glycol Solvent, SEa(a). 
Shown in Table IV is the fit of the uniqueness test on 
ethylene glycol. Again the fit is good. 

The real test, needed to ascertain if all four important 
factors have been accounted for by our choice of test 
factors, is to attempt to reproduce the original data set 
in terms of these four solvent parameters. The original 
data set will only be reproduced if the four test factors 
truly account for the four important abstract factors of 
the space. Each factor can separately test as a factor, 
but until one attempts to replace simultaneously all 
abstract factors with their corresponding physically 
significant parameters, it is not possible to judge whether 
all important factors have been accounted for. The 
results of this test using the four calculated solvent 
factors in Table IV and the three calculated solvent test 
factors in Table V are shown in Table VI. Also shown 
in Table VI are the raw relative solution acidity data of 
Kilpatrick and Elliot. The mean error in the four fac
tors case is ±0.03 In unit and in the three factors case 
is also ±0.03 In unit. If one compares the fit on a point 
by point basis in Table VI, then it is also observed that 
the fit is the same for both cases. 

The fit is the best for the para-substituted acids and is 
progressively less satisfactory for the meta and ortho 
substituents. Possibly, some factor such as steric 
effects are not being totally accounted for in the present 
formulation of the four test factors. Among the sol
vents, the best overall fit occurs in the case of propanol 
and butanol, with the poorest occurring in the case of 
methanol. At present, no explanation is apparent for 
these results. 

Isolation and Prediction of Relative Gas Phase Acidities 

Since there is good agreement between experimental 
and predicted solution acidity ratios for both the three 
and four factor cases, then one can state that the present 
chosen physical factors do vary in similar manner to the 
true factors of the solute-solvent interaction space and 
that all important interactions have correctly been 
accounted for. One could not get such close agreement 
between experimental and predicted values unless 
there were some validity in the formulism of the test 
factors {i.e., each test factor could separately test well, 
but the original data do not have to be accurately 
reproduced by an arbitrary combination of these test 
factors). One can therefore make a simultaneous rota
tion into the four (three) solvent factors and determine 

(14) Ya. G. Dorfman, "Diamagrtetism on the Chemical Bond," 
Elsevier, New York, N. Y., 1965. 

Table VII. Comparison of Solute Coefficients Using 
Three and Four Factors 

Solute 

0-NO2 

o-I 

o-Br 

o-Cl 

0-CH3 

0-OCH3 

o-OH 

m-NOj 

m-I 

m-Br 

m-Cl 

m-F 

m-CHa 

m-OH 

P-NO, 

p-¥ 

P-CH1 

P-OCH3 

p-OH 

<\nl 
' OUJ 

Unity 

(3.949)« 
3.9076 

(4.677) 
4.637 

(4.001) 
3.973 

(3.848) 
3.808 

(2.343) 
2.306 

(4.097) 
4.064 

( -0 .179) 
- 0 . 0 9 5 

(2.385) 
2.433 

(2.572) 
2.594 

(2.045) 
2.075 

(1.787) 
1.809 

(1.047) 
1.091 

(0.622) 
0.622 

( -1 .862) 
- 1 . 8 6 3 

(0.890) 
0.939 

( -0 .069) 
- 0 . 0 4 5 

(0.101) 
0.104 

( -0 .412) 
- 0 . 4 0 3 

( -1 .176) 
- 1 . 1 8 9 

lute coefficients of solvent term . 
e-1 

( -0 .069) 
- 0 . 0 6 7 

( -0 .107) 
- 0 . 1 0 5 

( -0 .096) 
- 0 . 0 9 4 

( -0 .092) 
- 0 . 0 8 9 

( -0 .081) 
- 0 . 0 7 9 

( -0 .055) 
- 0 . 0 5 3 
(0.076) 
0.072 

(0.013) 
0.010 

( -0 .016 ) 
- 0 . 0 1 7 

( -0 .008) 
- 0 . 0 1 0 

( -0 .040) 
- 0 . 0 5 0 

( -0 .001) 
- 0 . 0 0 2 

( -0 .014) 
- 0 . 0 1 4 

(0.018) 
0.018 

(0.046) 
0.043 

(0.023) 
0.022 

( -0 .027) 
- 0 . 0 0 3 

( -0 .003) 
- 0 . 0 0 3 

( -0 .009) 
- 0 . 0 0 8 

VW 

( -0 .263) 
- 0 . 2 5 9 

( -0 .443) 
- 0 . 4 3 9 

( -0 .343) 
- 0 . 3 4 1 

( -0 .331) 
- 0 . 3 2 7 

( -0 .227) 
- 0 . 2 7 3 

( -0 .517) 
- 0 . 5 1 4 

(0.198) 
0.190 

( -0 .189) 
- 0 . 1 9 4 

( -0 .274 ) 
- 0 . 2 7 5 

( -0 .199) 
- 0 . 2 0 2 

( -0 .167) 
- 0 . 1 6 9 

( -0 .078) 
- 0 . 0 8 2 

( -0 .092) 
- 0 . 0 9 2 

(0.233) 
0.233 

(0.003) 
- 0 . 0 0 2 

(0.025) 
0.023 

( -0 .040) 
- 0 . 0 4 0 

( -0 .010) 
- 0 . 0 1 0 
(0.095) 
0.096 

Uniq EGC 

- 0 . 0 0 0 

0.010 

0.075 

0.071 

0.046 

0.169 

- 0 . 0 8 2 

- 0 . 0 7 8 

0.023 

0.018 

- 0 . 0 0 3 

- 0 . 0 2 9 

0.024 

0.012 

- 0 . 1 0 2 

- 0 . 0 3 0 

0.036 

0.009 

0.037 
0 Coefficients determined with three factors. b Coefficients de

termined with four factors. c Solute part of uniqueness of ethylene 
glycol solvent. 

the appropriate solute factor terms or loadings of each 
solute on each solvent factor. These results are shown 
in Table VII. 

Referring to eq 14, one can see that the solute co
efficients of the solvent unity test factor term should 
correspond to the relative gas phase acidities values that 
we were originally seeking. For clarity, these values will 
also be reported in Table VIII as the average of the two 
values determined with and without ethylene glycol as 

Table VIII. Calculated Values of Gas Phase Acidity Relative 
to That for Benzoic Acid" 

Solute 

0-NO2 

o-I 
o-Br 
o-Cl 
o-CH3 

0-OCH3 

o-OH 
m-NOj 
m-I 
m-Br 

. W.gas) 
In „ 

3.93 
4.66 
3.98 
3.83 
2.32 
4.08 

- 0 . 1 4 
2.40 
2.58 
2.06 

Solute 

m-Cl 
m-F 
m-CH, 
m-OH 
P-NO2 

P-F 
P-CH3 

P-OCH3 

p-OH 

. AUgas) 
In 

Ao 
1.80 
1.06 
0.62 

- 1 . 8 6 
0.91 

- 0 . 0 5 
0.10 

- 0 . 4 0 
- 1 . 1 8 

" Solute coefficients of solvent unity test factor; see eq 14, also 
see column 1, Table VI. 
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a solvent in the data space. Unfortunately, there are 
no experimental values available for comparison pur
poses. However, a paper has recently appeared by 
Bohme, et a/.,2a where many experimental relative gas 
phase acidities are reported. The order of magnitude 
of our results for the relative gas phase acidity rates 
reported in Table VIII is quite reasonable in the light 
of their experimental data. Our data indicate that an 
ortho substituent has a greater effect on gas phase 
acidities than on the corresponding solution acidities. 
This effect decreases as the substituent is moved to the 
metal and para positions. However, a more detailed 
critique of our predicted values must wait until the 
appropriate experimental data are available. 

Referring back to Table VII, it is interesting to further 
note that the solute coefficients of the uniqueness for eth
ylene glycol solvent have relatively high values only for 
0-OCH3 and />-N02. This might indicate that either a 
true unique type of solute-solvent interaction is oc
curring for these two solutes in ethylene glycol, or 

New experimental techniques that allow the deter
mination of the neutral reaction products and 

their isomeric composition have been recently applied 
to the study of gas-phase aromatic substitutions in
volving charged electrophiles, whose positional selec
tivity could be therefore measured for the first time. 

The results indicate that the reagents employed, in
cluding He3H+ from the /3 decay of 3H2,1-3 80Br+ from 
the isomeric transition of CH3

80mBr,4 and radiolytically 

(1) F. Cacace and S. Caronna, J. Amer. Chem. Soc, 89,6848 (1967). 
(2) F. Cacace and G. Perez, J. Chem. Soc. B, 2086(1971). 
(3) F. Cacace, R. Cipollini, and G. Ciranni, J. Chem. Soc. B, 2089 

(1971). 
(4) F. Cacace and G. Stocklin, / . Amer. Chem. Soc, 94, 2518 (1972). 

possibly that there is some error in the reported values 
of these cases. 

In conclusion, an attempt was made to show that the 
mathematical technique of factor analysis can be quite 
useful in studying the effects of solvent on reaction rates. 
In the present case, it was shown that for substituted 
benzoic acids in various solvents only two main solvent 
effects must be accounted for, namely electrostatic and 
van der Waals' interactions, and that the latter inter
action can be calculated in terms of the continuum 
model of Linder.12a Further, the linear free energy 
model, as expressed by eq 4, can be used to isolate and 
predict relative gas phase acidities from solution data. 
Listings of the factor analysis computer program are 
available on request. 
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formed 2H2
3H+5 and /-C3H7+,6'7 display indeed a sig

nificant positional selectivity. 
On the other hand, the selectivity measured in the 

gas phase was always substantially lower than in most 
aromatic substitutions occurring in solution. 

From the available data it could hardly be decided 
whether the low positional selectivity represented a 
general mechanistic feature of the gas-phase attack or 
should rather be traced to the specific reactivity of the 

(5) F. Cacace, R. Cipollini, and G. Occhiucci, J. Chem. Soc, Perkin 
Trans. 2, 84 (1972). 

(6) S. Takamuku, K. Iseda, and H. Sakurai, / . Amer. Chem. Soc, 93, 
2420(1971). 

(7) F. Cacace and E. Possagno, J. Amer. Chem. Soc, 95, 3397 (1973). 
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Abstract: tert-Butyl ions from the y radiolysis of neopentane were allowed to react in the gas phase with benzene, 
toluene, and their mixtures, contained at low concentrations in the gas. The reaction was studied at neo
pentane pressures ranging from 8.7 to 720 Torr, in the presence of a thermal radical scavenger (O2). The effects of a 
gaseous base (EtOH) and of an inert gas (Ar) on the reaction were also investigated. The tert -butyl ions react with 
toluene in the gas phase, yielding p- and m-Ce/t-butyltoluenes, whose ratio markedly increases with the pressure of 
neopentane and the concentration of the base. At the higher neopentane and base pressures, the isomeric com
position of the products appears to be kinetically controlled and corresponds to a para: V2 meta ratio in excess of 35. 
This value is fully comparable to the highest ratios measured in the study of the liquid-phase /err-butylation and 
reflects the remarkable positional selectivity of the gaseous, unsolvated /erf-butyl cation. Furthermore, the gaseous 
reagent displays a significant substrate selectivity, as indicated by a ki/k-B ratio in excess of 55 measured in the com
petition experiments. The mechanism of the gas-phase alkylation is discussed and compared with those of different 
gaseous electrophiles, characterized by a considerably lower selectivity. It is concluded that a low positional and 
substrate selectivity does not necessarily represent a typical mechanistic feature of the gas-phase aromatic substitu
tions by charged reagents and that the low selectivity observed in previous studies is likely to arise from the extreme 
electrophilic character of the reagents so far investigated. 
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