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Relative Strengths of Forty Aromatic Carboxylic Acids In 
Benzene at 25 0 C.l 

Marion Maclean Davis and Hannah B. Hetzer 

The rela tive strengths of ben zoic acid, 31 of its monosubstit ut ed derivatives, 7 disub
stit uted derivatives, and one trisubstituted derivative have been measured in t erms of the 
equilibrium constants (I(") for association with t he reference base 1,3-diphenylguanidine 
in benzene at 25° C. The measurements were performed spectrophotometrically, using 
the indicator acid bromophthalein magen ta E (tetrabromophenolphthalein ethyl ester) 
as the reference acid, t he equilibrium constant [(' for association of the indicator with 
diphenylguauidine being known from pre vious work . Equilibrium constants for p-orsellinic 
(2,6-dihydroxy-p-toluic) acid and 2,4,6-trinit robenzoic acid could not be measured, as t hese 
acids appear t o associat e completely with diphenylguanidine under the condi t ions of t h e 
experiments. 

Plotting log [(" values against t he corresponding p[( values for aqueous solutions of 
t he acids gives an essentially linear relationship in the case of acids with m ela- and par a
subst ituents only, but the line for pam-substituted acids has a slightly different slope from 
t he line for m-subst i tuted acids. Similar comparisons were made with published data on 
relative strengths in a lcohols or dioxane-wat er mixtures. orlho-Substit uted acids show 
marked solvent effects. Explanations of the solvent effeets h ave been suggested , and various 
t heoretical implications and possible applications of the r esults are discussed. The t h e
or·etical discuss ion includes evaluation of constants of the H ammett equation. 

1. Introduction 

Earlier reports from the Bureau [1] 2 have dealt 
with qualitative and quantitative aspects of acid-base 
reactions in benzene at 25 ° C, placing particular 
emphasis on the behavior of different types of organic 
bases with the three indicator acids, bromophthalein 
magenta E (tetrabromophenolphthalein ethyl ester), 
picric acid, and trinitro-m-cresol. In this study in
formation previously gained has been applied in 
measuring systematically the relative strengths of a 
group of related carboxylic acids- benzoic acid and 
various substitu ted benzoic acids- in benzene. The 
method consists of determining spectrophotometri
cally the equilibrium constant for the association of 
the carboxylic acid with the reference base, diphen
ylguanidine, in the presence of the indicator acid, 
bromophthalein magenta E, which competes for the 
base. Each acid is assumed to react with the base 
in conformance with the equation 

B (base)+A (acid)pBA (salt).3 (1) 

The equilibrium involving bromophthalein magenta 
E (yellow in benzene solution), diphenylguanidine 
(colorless) , and the sal t formed by their association 

1 Tbis researeb was suppor ted ill part by tbo Uni ted States Air F orce, t hrougb 
t be Air Force Oillce of Scientifi c R esearch of thc Air R esearch and Developmen t 
Command, under contract No . CSO-1>70-5&-21. 

, Figures in brackets indica te the Ii terature references at t he end of this paper. 
' The salt BA is considered to consist of bydrogen·bonded ion·pairs. See 

II (g) ] and references cited tberein. 

(magenta) was previously studied [1 (a), (e)]. The 
data from this former study, together with absorb
ance data at 540 m}1 obtained in the present study 
have been used to calculate the equilibrium constants 
f{fI for the association of the various carboxylic 
acids with diphenylguanidine. 

The acids studied included 31 acids having a single 
substituent atom or group in the ortho-, meta-, or 
para-position. In addition, 7 disubstituted benzoic 
acids and 3 trisubstituted acids were studied. Two 
of these acids- 2,6-dihydroxy-4-methylbenzoic (p
orsellinic) and 2,4,6-trinitrobenzoic- combined so 
nearly completely with diphenylguanidine that their 
association constants could not be measured, and 
one of the acids (o-methoxybenzoic) was so unreac
tive that its f{fI could be only approximately 
measured. 

Benzoic acids have been inves tigated more exten
sively than any other group of acids with respect to 
their comparative strengths in aqueous and non
aqueous solvents (notably alcohols and dioxane-water 
mixtures). In the discussion to follow, the results 
of such previous studies are compared with the rela
tive strengths in benzene found in this investigation. 

2 . Materials 
2 .1. Miscellaneous 

The ben zene used as solvent was of reagent grade, 
stated to meet ACS specifications. It was stored for 
at least a week over anhydrous calcium sulfate, 'then 
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distilled. A final boiling to remove moisture was 
performed shortly before use. Bromophthalein 
magenta E (tetrabromophenolphthalein ethyl ester) 
was a· part of th e product previously described 
[1 (a)]. A high grad e 1,3-di phenyl-guanidine, 
0 6H5NH.O( = NH)·NH06H 5, th at had b een crystal
lized from toluene was heated to about 67° in a 
vacuum oven to remove residual solvent . The 
melting point of the dried product was 149 .4° to 
149 .9° 0, and the purity as indicated b ,v titrations 
in acetic acid and in aqueous eth anol was 99.8 
percent.4 

, L ater experiments have shown that diphenylguanidine can be heated in an 
ordin a ry ovcn for as long as 24 hI' at 80° C and for as long as 5 hr at 117' C without 
any noticeable effect on the melting point or the absorption spectrum in absolnte 
eth anol. 

2.2 . Acids 

Table 1 gives th e list of acids used, with their 
m elting points. The melting points agreed closely 
with accepted values in the literature.5 

a . Acids of Commercial Origin 

o-A cetoxybenzoic acid (acetylsalicylic acid, "Aspi
rin") in tablet form was recrystallized twice from 
benzene. Insoluble matter was r emoved in the first 
recrystallization. After a final washing 'with cyclo
hexane the crystals were heated to about 60° in a 

, For example, . sce [2J and other referen ces cited as sources of the pK values 
that are also list ed in table 1. I n regard to the measu rements of the melting point 
see footnote b of table 1. The log K " values listed in tahle 1 a ,'e discussed in 
section 4. 

TABIJE 1. List of aromalic carboxylic acids and pertinent physica~ conslanls 

Name of acid a Tvfelt ing pOint b Purity 0 

° C 
Benzo ic __ ____________ ____ ]21.8 to 122.5 .. 

% 
100.0 

Log J(II in pK in wa tel' 
benzene at 25° C e 

at 25° 0 d 

5. 26 4.20 '; 4.21 g 

Monosubstit uted be nzoic acids 

o-Acctoxybenzoic (Ace· 133.5 to 135 _____________ _ 5. 72 3.48 h,i 

tylsa.licylic, "Aspirin"). 
o·Aminobenzoic (ALlLhru' 146 t o 147 _______________ _ 4.94 4.95 j 

nili c). 
m-Am inobenzoic _________ 177 to 178 _______________ _ 4.93 4.75 j 
p·Aminobenzoic _________ 186 to 18(j.5 d ________ _ 
·o·Bromobenzoic _________ 149 to 149.5 __________ _ 

4.4.; 4.89 j 

6. 17 2.85 ' 

*m-Bromobenzoic. ______ _ 154.5to 155.5 _________ _ 6.06 3.81', g 
"p-Bromobenzoic _______ _ 
·o·Chlorobenzoic ___ _____ _ 

253.5 to 254.5 ___ _ 
141 Lo 142 ______________ __ 

5.86 3.97 '; 4.00 • 
6. 08 2.94 , 

· m-Chlorobenzoic ___ ___ _ 155 to 1,>6 ______________ __ 6.06 3.83', g 

*l'·Chlorobenzoic _______ _ 239 to 240 _______________ _ 5.82 3.98 '; 3.99' 

*m-C yan obellzoic __ _____ _ 
· p-Cyanobenzoic ________ _ 
m-Dirnethylamino 

214.5 to 216 _____________ _ 
219.5 to 220 ___________ __ _ 
151 to 152 ______________ __ 

6.56 3.60 g, k 

6.53 3.55 g; 3.54 k 

4.89 5.1 I 

benzoic. 
·o-Fluorobenzoic ________ _ 124 to 125 _______________ _ 5. 77 3.27 r 
-m·Fluorobenzoic _______ _ 123 to 124 ______________ __ 5.94 3.865 , 

·p-Fluorobenzoic_____ ____ 182 to 184 sb __ _________ __ 5. 61 4.14 , 

Q-Hydroxybenzoic (Sali- 158.5 to 159.5 ___ ________ __ 7.45 3.00 m 

cylic). 
m ·Hydroxybenzoic____ __ _ 201.5 to 202.5 ___________ __ 
p -Hydroxybenzoic ______ _ 214.5 to 215 ____________ _ __ 
·o·Iodobenzoic ___________ WI to 162. 5 _____________ _ 

5.35 4.08 g 

4.94 4. 58 g 

6.22 2.86 '; 2.84 u 

*m·lodobenzoic __________ 187 to 188 __ __ ___________ _ 6.05 3.85 '; 3.86 g; 

3.79 n 
· p-Iodobenzoic ___________ 270 to 271. ______________ _ 
o-Methoxybenzoic 101 to 102______ 100.0 

5.85 3.98 n 

3.7 4.09 ' 
(o·Anisic) . 

m-Methoxybenzoic 105 to 106 ______________ __ 5.38 4.09 , 
(m-Anisic). 

p-M ethoxybcnzoic 183 to 184.5 ____________ __ 
(p ·Anisic) . 

4.92 4.47 ' 

• Asterisk s indicate t he meta-, pam-, ortho-, and dj·ortho-substitu ted acids the 
log K " a nd pK data for w hich were used in calculating t he equation s for the 
fo ur lines shown in figures 1 and 2. 

b D etermined b y t be capillary· tube metbod, u sing an ASTlVI thermometer 
kept at 3-in. immersion. W e a rc in agreement with a preyious report (J . F . J. 
Dippy a nd R. H . Lewis, J . C hern. Soc. 1936, (44) t hat slight softening a few 
degrees b elow t he m cltiug point scems to be a p roperty of aromatic acids. In 
some cases partial sublimation was eviden t well below t he melting point. A 
few cases in w hich sublimation (sb .) or decomposition (d .) seemed especially 
m ark ed are noted in t he table. 

, '1' he percen t purity s tated is based on poten t iometric we ight titrations. I n 
other cases t he purity probably rauged from 99.5 to 100.0 percent, bu t 100-percent 
p uri ty was assumed in m a.king computations. 

d K " is t he eqnilibrium constant corresponding to t he following eqnation: 
A (acid)+B (base)<='S (salt), where A is t he aromatic acid in q uestion, B is 
1,3·diphenylguanidine, and S is the salt formcd by t he addition of A to B . It 
is assnm ed t ha t an y other form of association (such as self-associatioll of A Or B) 
is n egligible under t he condi t ions of the expe riments. 

e "V hen available, recent m easurements giving Hthermod yna mic" pIC yalues 
a re cited. 

' Measurcments b y D ippy a nd associates, cited by J. F. J. Dippy, Chem. 
Revs. 25, 151 (1939) ; see Table I -(3)-(a), p. 206. 

Name of acid. 
/ / / 

Log IC' in /PJ( in water 
M clt ing poiLlt b Purity' bemene at 25° C • 

at 25° C d 

M onosu bstitu ted bellzoic acids- Continued 

·o·M ethyl benzoic 
(o-'rolui c). 

*m-Methylbenzoic 
(m-Tol uic). 

·p·Meth ylbenzoic 
(p-Tolui c) . 

*o-Nitrobenzoic __ ~ ______ _ 
*m-Ni trobcnzoic ________ _ 

' C % 
104 to 104.5 ____________ __ 

112 to 113 __ ____________ __ 

181 to 181.5 _____________ _ 

147 to 148 ______________ __ 
141 to 142. 5 ____________ .. 

·p·Nit robenzoic _____ _____ 238 to 239 ____________ ~ __ _ 

4.94 

5. 13 

5.03 

7.44 
6.82 

6.80 

Polysu bstituted benzoic acids 

2,4-DichlorGbenzoic _____ _ 
*2,6-Dichlol'obenzoic ____ _ 
3,4·Dich loroben zoic _____ _ 
2,6·Dihydroxy-4-methy l-

ben zoic (2,6·D i h y
droxy·p · toluic, p-Or
sellinic). 

*2,6-Dimc t hoxybcnzoic __ 

*2,6-D im eth y l b enzoic 
(2,6·X ylic). 

3, 5-D im e th y lb e n zoic 
(3,5-Xylic, Mesity-
len ic). 

3,5-Dinitrobenzoic ____ __ _ 
*2,4,6 - Trimeth ylben zoic 

(.B- Isodu rylic, M esi 
toic). 

2,4,6-Tl'in itrobenzoic •. ___ _ 

° c. % 
163 to 164 ___ ___ 99.9 
]43 to 144 ______ 99.9 
206 to 20'-- ____ 99.8 
About 152 .5 99. 9 

to 153.5 d . 

187 to J88 .. ____ 99. J 

114.5 to 115.5 ___ 

170 to 17L ____ ----------

204 to 205 .. ____ ----------
152.5 to 153.5 __ ----------

216 to 223 d ____ 99.3 

6.55 
7.34 
6. 48 

'1'00 great 
to 

measnre 

4.92 

,).24 

5.03 

8.23 
5. 00 

'1'00 great 
to 

measure 

g G. Briegleb and A . B ieber, Z. Elektrochem. 55,250 (1951). 

3.91 , 

4.2i f; 4.24 g 

4.37 f; 4.34 • 

2.17 ' 
3.49 '; 3.45 ' 

3.425 '; 3.44 • 

02. 76 
' 1. 82 
' 3.64 
h 1.39; P I. 7 

Q 3.44 

r 3.25; ~ 3.23 

' 4.30; h 4.33 

t 2.82 
' 3.44; h 3.43 

t 0.H5 

h Critical compilatio ll of ionization constan ts by.T . Kendall , Int. Crit. Tables, 
VI, p. 259 f. (M cGraw-Hili Book Co., New York , N. Y. , 1929) . 

; At 17° th e K -value 2.72X ID-' (opK 3.565) was obtained by L . J. E dwards, 
Trans. F araday Soc. 46, 723 (1950). 

j S. Kil pi and P. H arja nne, Suomcn Kcmistilehti [B]21, 14 (1948). 
k S. W idcqvist, Arkiv Kemi 2, 387 (1950). 
, A. C. Cumming, Proc. Roy. Soc. (L andon), [AJ 78, 103 (1906) . 
m F . Bradley and W . C. M. Lewis, J . Phl's. C hem . 29, 782 (1925). See also 

S. Korma n and V. K. LaM er, J. Am . C hem. Soc. 58, 1396 (1936). 
n .T. M. Vandenbelt, C. Hcnrich, and S. G. VandenBcrg, Ana l. Chcm. 25, 726 

(1954). 
'M. M . D avis and H. B . H etzer, J . Ph ys. Chem. 61, ]23 (1957). 
• M. M . D avis and H . B . H etzer, unpublished \'3Iue, from p oten tiometric 

t itrat ions. 
Q M . M . Davis and H . B . H etzer, J. P hys. C hern. 61, 125 (1957). 
' J. F. J . Dippy , S. R . C. Hughes, a nd.T. W . L axton, J . Ch ern . Soc. 1954,1470. 
• R . W . Hufferd and W . A . Noyes, J. Am. Chcm. Soc. 43, 925 (1921). 
t J . F. J . D ippy, S. R. C. Hughes, and J. W . L axton, J . C hern. Soc. 1956, 

2995. The v alue (2.38) for 2,4,6-trini trobenzoic acid cited b y G. F. Smith and 
D . H . Wilkins (Ana l. C him. Acta 8, 209 (1953)) seems to have been derived by 
erroneous treatment of potentiometric tit ration data. 
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vaCUllm oven for several hours. Hen zoic acid was 
NBS Standard Sample for calorimetry and acid i
metr.v, and p-methoxybenzoic (anisic) acid was NBS 
S tandard Sample for microanalytical determination 
of metho:\.J'l. 2,4-,6-Trinitrobenzoic acid ,vas used 
without treatment; the purity found by titration was 
99.3 percent. All other acids of commercial origin 
were recrystallized at least once, using decolorizing 
carbon to remove any colored impurities. The 
solvents used for recrystallization were water, 
aqueous ethanol, benzene, cyclohexanc, or benzene
eyclohexane. Samples were dried in a vacuum oven 
at temperatures high enough to ensure removal of 
solvent without incurring tbe danger of anhydride
formation or substantial loss of the acid through 
sublimation . 

b. O ther Acids 

m-Oyanobenzoic acid. m-Aminobenzoic acid was 
converted Lo m-cyanobenzoic by the andmeyer 
reaction [3], following essentially the proced ure of 
Valby and Lucas [4] for preparing p-cyanobenzoic 
acid. After three recrystallizations from water 
(using decolor izing carbon the first two times) and 
intermediate extracLions with benzene (which re
moved a little brown, insoluble material), followed 
by heating in a vacuum oven to about 1040 0, the 
product (needles) melted at 214.5 0 to 216 0 0. The 
final r ecrystallization did not alter the m elting point. 
A trace of tbe related antidiazotate, which is formed 
a a byproduct in the Sandmeyer reaction, was 
probably present in the final product. Others , work
ing with much larger amounts of material and after 
repeated r ecrys tallizations, have obtained products 
with melting points ranging from 217 0 to about 221 0 

[3,5,6]. 
p-Cyanobenzoic acid. The synthesis of p-cyano

benzoic acid closely paralleled that of the m-isomer. 
The crude product was recrystallized three times 
from water (using decolorizing carbon) and then 
from benzene . After washing with cyclohexane and 
air-drying, the product was h eated to about 65 0 C 
in a vaCllum oven. The melting point was 219.5 0 to 
220 0 C. Oth ers have reported Lh e m elting point as 
being 218.5 0 to 219.0 0 [4,6] or 219 0 [7]. Our product 
crystallized repeatedly in Lhe form of needles, al
t hough previous workers who have mentioned the 
crystalline form referred to it as microscopic leaflets 
[7] or plates [4]. 

o-Fluorobenzoic acid and m-jluorobenzoic acid were 
prepal·ed by oxidation of t he corresponding fluoro
toluenes, using the procedure and molecular propor
tions described for the prepara tion of o-chlorobenzoic 
acid [8]. 2,6-Dichloroben zoic acid and 2,6-dimethoxy
benzoic acid were preparecl as previously described 
[9, 10]. 

2,6-Dihydroxy-4-methylbenzoic (p-orsellinic) acid. 
The carboxyl group was introduced into orcinol 
(l,3-dihrdroxy-4-m et lt ylbenzene) by heating it with 
aqueous potassium bicarbonate [11]. Tile product 
crystallized in n eedles from beJ1r,cne ; titration gave 
a purity of 93 .1 percent , indicating that about 71 

percent was present as the monohy drate . T he 
material was then heated to about 1000 ° in a 
vacuum oven, after which its purity by tiLration was 
99.9 percent when the sample was disso lved at room 
temperature on the day of the titration. 6 

3,5-Dimethylbenzoic acid was a byproduct from the 
preparation of nitromesitylene. It was purified by 
r ecrystallizations from aqueous ethanol, using de
colorizing carbon. To prepare 2,6-dimethylbenzoic 
acid , 2,6-dimethylaniline was co nverted to Lhe 
corresponding iodoxylene by the Sandmeyer reaction . 
The Grignard reagent was then prepared, ancl 
carbonation was effected with "dry ice" , using 
conventional procedmes. The product was recrystal
lized from water. 2,4-,6-Trimethylbenzoic acid was 
prepared in an analogous way, starting with bromo
mesitylene. 

3 . Experimental Procedures and Results 

3. 1. Procedure a nd Apparatus 

In most experiments 5 X lO- 4-111 stock soluLion s 
of bromophthalein magenta E (A' ) and of diphcnyl
guanidine (Ii) were prepared, and portions were 
transferred to 50-ml volumetric flasks in such quan
tities that upon dilution to the mark the s toichio
metric concentration Ca, of bromophthalein magenLa 
was exactly 5 X 10- 5 M and the s toichiomeLric con
centration Cb of cliphenylguanicLine was nO', n being 
0.5 or a whole number ranging from 1 to 4. SLock 
solutions of the carboxylic acid (A") were approxi
mately 5 X 10- 4 1\1, and in the final mixtures the 
stoichiometric co n cen tra.Lio It Ca" was nil Ca" with n" 
usually ranging from about 0.5 to about 6.7 The 
f{" values r eported were usually based on the r es ulLs 
for ten different mixtures. 

It seems very unlikely that for the solutions uncl eI' 
study the presence of Lraces of moisture would 
noticeably affect the r esults, but all practicable 
measures were taken to minimize the moisture 
conLent . (1) The glassware used was thoroughly 
dried and thereafter stored in a des iccator or in a 
" dry box" maintained at about 10 to 30 pet·ce nL 
r elative humidity. (2) The bcnzen e used for 
diluting solutions was boiled shortly before use and 
protected against moisture while cooling Lo room 
temperature. (3) Flasks co ntaining the desired 
amounts of diphenylguanidin e and bromo phthalein 
magenta diluted to about one-half the final volume 
with b enzene were heated until about 10 percent of 
the benzene had boiled oR', and the co nLents were 

6 The sample could not be brought to constant weight by repeated lleatin gs in 
the vacuum oven, probabl y beca use of slight decarboxylatiou and sublimation 
dming heating. A lower titer was obtained when the solution had stood over
night or had been heated to hasten dissolving of the sample. 'I' he mclLin g point 
Cal1JlOt be used as a criterion of purity , because softening a.nd evolution of gas 
(doubtless carbon dioxide) occurs grad ually. The more gradllal the h eating, the 
lower the temperature at which pronoWlced evolution of gas begins and the more 
extended the temperature range over which decomposition occurs. The melting 
beh avior before and after oven-drying appeared to be abollt the same. In one 
experiment, a specimen of the oven-dried prodllct showed slight shrinking from 
about 149°, incipient liquefaction and bubble-formation at about 152.5°. and 
marked liquefaction and evoilltion of gas at 154° to 155° O. Oompare [I1J . 

7 Solid samples were weighed on a high-precision assay-type balance when the 
amount taken was less than 0.1 g. 
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protected from moisture while cooling.s (4) The 
stock solutions of carboxylic acids were freshly 
prepared each day, using vacuum-dried samples and 
minimizing t heir exposure to moist air. Solution of 
the samples and subsequent operations of transfer, 
dilution to the mark, and filling of optical absorption 
cells were performed in the dry box. (5) In some 
cases desiccant was present in the cell box eluring 
absorbance meaSUl'ements . 

The changes in absorbance that accompany th e 
conversion of bromophthalein magenta E to its 
diphenylguanidine salt have been described pre
viously [1 (a), (e)]. The salt has an absorption band 
with a maximum near 540 m,u, and none of the other 
reacting species dealt with in these studies shows 
measurable absorption at this wavelength . The 
absorbance at 540 m,u decreases upon th e addition of 
a carboxylic acid, owing to the competing tendency 
of this acid to combine with diphenylguanidine. 
Measurements at 540 m,u only were used in tbe 
investigations under discussion.9 A Beckman Model 
DU quartz spectrophotometer was used for trans
mittance measurements, the temperature being main
tained at 25.0o ± 0.1° in most of t he experiments by 
the use of a t hermostated air bath [1 (f)]. The 
glass-stoppered absorp tion cells had quartz windows 
and were of four lengths (2.5 mm, 5.0 mm, 10 mm, 
and 20 mm) [1 (a)], the cell length being so selected 
that usually the transmittance values were within 
the range 20 to 70 percent. For calculations of K" 
the transmittance values were converted in th e usual 
way to absorbance (th e negative logarithm of the 
transmittance) values. 

3.2. Experimental Data and Calculation of 
Association Constants 

The equilibrium constants K' and K" corre
sponding to eq (1) are : 

K ' 

K" 

[S'] 
[A'] [B]' 

[S"] 
[A"] [B] ' 

(2) 

(3) 

where the quantities in brackets signify molar con
centrations of t he different species in the equilibrium 

8 It has been found that the absorbance mcasurements made after dilution to 
volume are unaffected by such heating, and that mixtures of these two com
pounds can be preserved for a long time without alteration if uot too concentrated. 
(Crystallization of the salt occurs on standing if its concentration is as great as 
5X IG-' M.) In later parts of the work the practice was adopted of preparing 
enough of these two stock solutions for several series of mcasurements and trans
ferring samples to other flasks without delay (that is, before the concentrations 
of the stock solutions could be significantly increased by evaporation of the 
solvent), diluting the mixturcs to about one-half of the final volume, and com
pleting the experiments at convenience. 

• This statement needs slight qualification. Each freshly prepared stock 
solution of bromophtbalein magenta E was checked by dilutiou of a sample to 
5XIG-' M and measurement of the transmittance at 405 mil; for a 2.5-mm light 
path this was found to be 47.1 to 47.2 percent. An additional check was made at 
540 mil on a second solution in which C a' and Cb were both 5XlO-' M ; with this 
solution in a 2.5-mm optical absorption cell a transmittance reading of 41.3 or 
41.4 percent was considered acceptable. 

mixtures . B, A', and A" were defined in section 3.l. 
S' and S" refer to the diphenylguanidine salts of 
bromo phthalein magenta E and the carboxylic acid, 
respectively. Of necessity the activity coefficients 
are all assumed to be 1, but in such dilute solutions 
this is a very reasonable assumption. 

Applying these two equa tions the following 
expression was derived algebraically and used in 
calculating the K" values: 

x-y 
K " (4) 

y[Ca,,-(X-Y)] 

where X= (Ca' IL ) (nL -Z) and y = Cl IK' ) [Z /(L -Z)]. 
Z is the absorbance of a given solu tion at 540 m,u 
per uni t optical absorption cell length (here taken 
as 5 mm); 10 L (here taken as l.017) is the limiting 
absorbance for the reaction of A' with B when 
Cal is 5 X 10- 5 M and the cell length is 5 mm ; K' at 
25 0 C is taken as 2.5 5X 105 ; 11 and the remaining 
symbols are as already defined in this paper. 

Experimen tal data and the calculated K " values 
for 40 acids whose association with diphenylguanidine 
under the stated condi tions was measurable are 
presented in table 2.12 The values of 1{:" must be 
regarded as provisional until factors that may affect 
their accuracy have been more thoroughly studied . 
These factors include competitive associations/3 

traces of impurities, partial adsorption of reactants 
on the surface of vessels,I4 and the marked sensitivity 
of the equilibria to minute changes in the temper
atureY In most experiments no values were 
excluded in computing the average K" , but in a few 
cases (indicated in table 2) widely divergen t values 
were arbitrarily excluded . Obviously, some propor
tions of reactants are more favorable than others 
for obtaining accurate resul ts, and the best results 
should be obtainable with acids that nearly match 
bromophthalein magenta E in strength. 

It is worth noting that for most of the acids the 
log K" value obtained upon m easuring the mixture 
containing each of the three components eB, A', and 
A" ) at the stoichiometric concentration 5 X 1O- 5M 
differed by no more than 0.02 unit from the logarithm 
of the average value of K" . This suggests a quick 
method for obtaining a good approximation of the 
association constant K". 

10 In this paper ihe usual symbol (A) for absorhance is replaced by the symbol 
Z in order to avoid confusion with the use of A in referring to acids. 

11 For this work the measurement of](' (see [1 (a) (e)]) was repeated. In doing 
so an attempt was made to define the L-value (formerly taken as 1.02) more 
precisely as well as to introduce further improvements in technique. The value 
of Ie is very sensitive to the temperature. 

12 An example of the method of calculating (as well as of correcting) ](" is given 
in section 4.1, table 4. 

13 See sectiou 4.1. 
11 For examples of such adsorption see [I (a)]. p . 243 and 246, and [l(e)], p. 499. 
10 The temperature elIect is being studied. The enthalpy chauge accom-

panying the reaction of bromophthalein magenta E with seven of the aromatic 
carboxylic acids appears to range from about 14 to about 19 kcal. 
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TABLE 2. Experimental data and association constants Jor the reaction oj aromatic carboxylic acids with 1,3- diphenylguanidine 
in benzene at 25° C 

Ca"· I nb I Z' I I("d Ca ua I n b I Z' I 
] ("d I Ca lla I nb I Zo I I(,'d 

Benzoic acid o-Bromobellzoic acid 1J-Chlorobellzoie acid 

2. 543XI0-' 0.5 0.3388 1. 7l X lO' 2. 528XIO-' 0.5 0.1910 1. 53XlO' 2. 542 X 10-' 0.5 0.2441 6.95XIO' 
2.543 1.0 .6232 1.73 5.056 .5 .0972 I. 55 5.088 .5 . 1562 6.81 
5. 246 1.0 .4921 1. 98 2.506 1.0 .5068 1. 40 2.542 1.0 .5421 6.43 

10.493 1.0 .3605 1. 87 5.022 1.0 .2782 1.54 5.021 1.0 .3635 6.78 
5.041 2.0 . 8474 I. 69 10. 112 1.0 . 1138 1. 55 10. 176 1.0 . 1984 6.62 

10. 083 20 . 6726 I. 86 5.012 2.0 . 7905 1. 30 5.088 2.0 .7905 10. I ' 
15.259 2.0 .5432 1. 83 10.044 2.0 .3862 1. 50 10.170 2.0 .4949 6.51 
10.083 3.0 .8754 1.88 15.065 2.0 .2000 1. 51 15.063 2.0 .3279 6. 40 
15.124 3.0 . 7494 1. 90 20.224 2.0 .1294 1. 49 20.352 2.0 .2362 6.32 
20.165 3.0 .6448 1. 82 30.130 4.0 .2314 1. 43 20.084 3.0 .4191 6.21 

Average . _______ --- ------ 1. 83XI0' A vcl'age ________ -- - ---- -- 1. 48XlO' Average _______ --- --- --- 6.56XlO' 

m-Cyanobenzoie aeid 
o-Acetoxybcnzoic acid m-Dromobenzoic acid 

2.527XIO-' 0.5 0.1367 3. 82XIO' 
5.014 .5 .0490 4.06 

2.519 X l0-' 0.5 0.2612 5.54XIO' 1. 250XIO-' 1.0 0.6502 I. 12X IO' 2.527 1.0 .4789 2.85 
2.575 1.0 .5548 4.95 2.500 1.0 .5241 0.97 5.085 1.0 .1958 3.70 
5.038 1.0 .3830 5.63 2.500 1.0 .5200 1. 06 10.170 1.0 .0534 3.98 

10.075 1.0 .2218 5.54 2.500 1.0 .5147 1. 19 10.109 2.0 .2815 3.43 
10.299 2.0 .5162 5.39 3.750 1.0 .3979 1. 16 15.255 2.0 .0997 384 
15.440 2.0 .3492 5.35 5.000 1.0 .3002 1. 25 20.0.17 2.0 .0593 3.84 
20. lSI 2.0 .2612 5.47 6.250 1.0 .2396 1. 20 15. 163 3.0 .3401 3.28 
10.293 3.0 . 8336 4.36 7.500 1.0 . 1945 1.20 20.340 3.0 . 1416 3.68 
15.448 3.0 .5986 5.18 10.000 1.0 .1358 1. 23 
20.597 3.0 .4422 5.14 12.500 1.0 .1056 1. 21 A "crage ________ --- --- .-- 3.65XlO' 

15.000 1.0 . 0876 1. 17 Average ____ ____ --- ----- - 5.26XIO' 20.000 1.0 .0634 1. 17 
5.000 2.0 . 7958 1. 03 1J-Cyanobenzoic acid 

10.000 2.0 .4179 1.20 
12. 500 2.0 .3063 1.18 

o-Aminobenzoic acid 5.03IXlO-' 0.5 0.0498 3. 96X lO' 
A verage ________ --- ------ 1. 16X lO' 2.537 1.0 .4789 2.74 

5.044 1.0 .2078 3.30 
5.048 1.0 . 2062 3.36 

2. 519 X 10-' 0.5 0.3796 8.09XIO' 10.061 1.0 .0556 3.87 
2.582 .5 .3782 8.09 p-Bromobenzoic acid 15.179 1.0 . 0305 3.86 
5.039 .5 .3206 9.58 20.239 1.0 .0214 3.77 
2.519 1.0 .6632 9.02 5.075 2.0 .7747 2.86 
2.582 1.0 . 6688 7.84 10.088 2.0 .2934 3.13 
5.163 1.0 .5798 8.87 1. 500XI0-' 0. 5 0.3054 7.36XIO' 10. 095 2.0 .2916 3.16 

10.077 1.0 . 4724 8.88 2.490 .5 .2381 7.88 15.092 2.0 .1059 3.66 
5. 163 2.0 .8684 8.70 5.042 . 5 .14P2 7.56 20.122 2.0 .0604 3.74 

10. 187 2.0 . 7514 9.39 2.490 1.0 .5406 7.20 25.299 2.0 . (H2O 3.73 
15.280 2.0 . 6632 8.81 4.978 1.0 .3605 7.11 15. 133 3.0 .3538 3.00 
10. 187 3.0 .8996 9.64 9.957 1.0 . 1911 7.31 15.224 3.0 .3507 2.94 
15.280 3.0 .8314 8.51 5.002 2.0 . 7959 10. I' 25.299 3.0 .0872 3.67 

10.004 2.0 .4908 7.09 20.299 4.0 . 4012 2.75 
Average ________ 15. 126 2.0 . 3072 7.20 --- .----- 8.78XIO· 

20.008 4.0 .6289 6.85 Avcrage _____ -- - ------ 3.38XI0· 

A vcrage ________ --- ------ 7.28XIO' 

m-AminobcDzoic acid 
771-Dimethylaminobenzoic acid 

o-Chloro benzoic acid 2. 509 X 10-' 0.5 0.3836 7. 43 X I0' 

2.612XIO-' 0.5 0.3728 8.93XIO' 
2.509 1.0 .6688 8.21 
5. 139 1.0 .5910 7.89 

5.035 .5 .3206 9.59 10.270 1.0 . 4882 7.70 
2. 612 1.0 .6596 9.04 2. 506XIO-' 0.5 0. 2034 1. 30 X IO' 5. 135 2.0 .8706 8.31 
5.224 1.0 .5832 8. 41 5.048 .5 .1102 1. 28 10.277 2.0 . 7680 7.88 

10.070 1.0 .4672 9.24 2.506 1.0 .5143 1.18 15. 4.05 2.0 .6820 7.67 
5.224 2.0 .8730 7.40 5.078 1.0 .3002 1.19 10.277 3.0 .9070 7.61 

10. 187 2.0 .7620 8.49 10.097 1.0 .1334 1. 25 15.405 3.0 .8401 7.53 
15.280 2.0 .6737 8.21 5.078 2.0 . 7905 1. 04 20.073 3.0 .7766 7.71 
20. 140 2. 0 .6055 ~. 16 10.023 2.0 . 4214 1. 16 -----------------
15.674 3.0 .8314 8.00 15.034 2.0 .2299 1.22 A vcrage __ ___ ------ 7.79XIO' 20.374 3.0 .7773 7.44 ---

20.194 2.0 . 1505 1. 23 
A vcrage ________ 8.45XlO' 

20 046 3.0 .3080 1. 16 
--- ------ o-Fluorobenzoic acid 

Avcragc ________ --- ----- - 1. 2OXIO' 

2.569XlO-' 0.5 0.2541 5. 92 X 10' 
1J-Amioobeozoic acid 5.035 .5 .1603 6.57 

m·Chlol'obenzoic acid 5.211 .5 . 1637 6.00 
2.569 1.0 .5467 5.72 
5.211 1.0 .3686 5.92 

2.589XIO-' 0.5 0.4222 2. 15X1O' 5.232 1.0 .3625 6.19 
5.090 .5 .3772 3.83 2.505XI0-' 0.5 0.2028 1. 31 X 10' 10.422 1.0 .2069 5.93 
2.528 1.0 .7130 3.20 5. Oil .5 . 1157 1. 19 10. 466 1.0 .2062 5.92 
5.057 1.0 .6708 3.01 2.505 1.0 .5186 1. 08 5.232 2.0 .7905 7.11' 

10.179 1.0 .6178 2.53 5.011 1.0 .3063 1. 17 10.422 2.0 .4989 5.84 
5.057 2.0 .9070 2.59 10.022 1.0 .1428 1. 14 10. 466 2.0 .4976 5.81 

10.356 2.0 .8566 2.65 10.168 2.0 .4134 1. 16 15. l OS 2.0 . 3410 5.90 
15. 269 2.0 .8134 2.61 15.253 2.0 . 2343 1. 14 15.634 2.0 . 3298 5.85 
5.178 3.0 .9578 5. OS' 20.043 2.0 .1626 1. 12 15.413 3.0 .5850 5.71 

10.114 3.0 .9344 3.05 15.253 3.0 .4895 1.11 20.551 3.0 .4248 5.67 
15.269 3. 0 . 9144 2.43 20.337 3.0 .3054 1.13 30.826 3.0 .2636 5.73 

--------Average ________ --- ------
I 

2. 80 X 10' Average ________ --- --- -- - 1. 16XIO' Average. _____ -- - ------ 5.91X I0' 
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TABLE 2. Experimental data and association constants for the 1'eaction of a1'omatic carboxylic acids wilh 1,3-diphenylguanidine 
in benzene at 25° C- Continuecl 

I 
1 

I I I I C a"a nb I z· [ (l' d Ca ua nb Z ' K "d Ca"a nb Z' [ (I 'd 

m-Fluorobcnzoic acid o-Iodobenzoic acid p-i'lfethoxybenzoic acid 

I. 250X10-' 1.0 0.6632 5. 56·X105 2.520X1Q-s 0. 5 0. 1853 1. 69Xl0' 1. 276XiO-' 0.5 0. 4034 9. 87X lO ' 
I. 250 1.0 .6517 10.2' 5. 144 .5 . 0889 1. 73 2.552 .5 . 3726 9. 22 
2.500 1.0 . 5352 7.88 2.520 1.0 . 4989 1.64 2.520 1.0 .6632 9. 01 
2.500 1.0 .5302 8.62 .5. 168 1.0 .2636 1.62 5.040 1.0 .5934 7.96 
3.750 1.0 . 4236 8. 47 15.431 1.0 .0628 1.68 10. 126 1.0 .4868 7.92 
5. 000 1.0 . 3372 8.74 10.336 2.0 .3585 1.63 20.252 1.0 .3830 7.00 
5.000 1.0 .3335 9.04 15.122 2.0 . 1858 1.68 5. 040 20 .8684 9.37 
6.250 1.0 . 2708 9.10 20. 574 2.0 . 1164 1.65 10.081 2.0 . 7744 7.68 
7.500 1.0 .2269 8.98 15. 504 3.0 . 4248 1. 56 1,5.122 20 . 6898 7.49 

10.000 1.0 . 1688 8.88 20. 163 3.0 .2518 I. 62 10.074 30 .9070 8. 17 
10.000 1.0 . 1658 9. 13 ---------- 15. no 3.0 . 8428 7.68 
12.500 1.0 . 1337 8. 78 Averagc _____ 1. 65 X 10' 
15.000 1.0 . 1002 9. J7 Average ________ ------- ---------- 8.31X lO ' 
20.000 1.0 .0815 8.66 
10.000 2.0 .4572 9.04 m-Iodobenzoic acid 25.000 5.0 . 6326 8.76 
50. 000 10.0 . 7570 8. 13 o-Ylethylbcnzoic acid 

---------- 2.514X 1O- S 0. 5 0.2101 1. 16X lO' A,crage 8. 76X10 5 5.021 .5 . 1160 1. 18 
5.031 1.0 .3063 1.15 2. 546 X IO-5 0.5 0.3747 8.86X IO ' 10. 042 1.0 . 1428 1.14 p-Fluorobenzoic acid 15.086 1.0 . 0909 1.11 2.513 1.0 .6615 9.33 

10.061 2. 0 . 4260 1.11 5. 026 1. 0 .0884 8. 43 
15.086 2.0 .2388 1.13 10052 1.0 . 4789 8. 48 

I. 276X10-s 0.5 0. 3478 4. l7 XIOS 20.084 2.0 .1640 1.10 5.088 20 . 8706 8.54 
2.552 . 5 . 2827 3.99 15.092 3.0 .5045 1.06 10. 254 2.0 .7576 8. 74 
5. 104 . 5 . 1979 4.12 20.123 3.0 .3170 1. 09 15.273 2.0 .6655 8.68 
1. 281 1.0 .6696 3.83 10.182 3.0 . 9044 8.46 
2.562 1.0 . 5654 4.23 Average _____ 1. 12XlO' 15.273 3.0 .8314 8.52 
5. 125 1.0 .4078 4. ~5 20.508 3.0 .7618 8.26 

10.250 1.0 .2620 3.94 
5. 104 2. 0 .8090 4.86 

p-Iodobenzoic acid 
Average ________ ------- ---------- 8. 63XlO ' 

10.250 2.0 .5702 3. 76 
15.310 2.0 .4105 3.83 

------------
2.512X10-s 0.5 0.2411 7. 42X IOs Average _____ 4. ll X 105 
5. 044 . 5 . 151 8 7.29 

m-::\1eth ylbenzoic acid 

2.512 1.0 .5432 6.61 
o-Hydroxybenzoic acid 5.044 1.0 .3546 7.27 

10.063 1.0 . 1915 7. 15 2.503 X lO-s 0.5 0.3570 1.27 XIO ' 
10. 087 2. 0 .4841 7.22 2.500 1.0 . 6402 1. 36 

2. 535 X IO-5 0.5 0.0553 2.97X 107 15. 131 2.0 .3116 7.00 5.000 1.0 . 5421 1. 35 
5.028 .5 . 0086 2.86 20. 126 2.0 .2261 6.90 10.000 1.0 .4191 1. 32 
5.046 1. 0 . 0793 2.94 15.075 3.0 . 5680 7.02 5.045 2.0 .8542 1. 40 

10. 056 1.0 . 0088 2.83 20. 126 3. 0 . 3993 6.87 10.090 2.0 .7092 1. 39 
10.093 2.0 . 1095 2.93 ---------- 15.015 2. 0 .5986 1. 36 
15. 085 2. 0 . 0171 2.85 Av~,.age _____ 7.08XlOs 10.090 3.0 .8898 1. 30 
20. 113 2.0 . 0090 2.78 15. 135 3.0 . 7894 1. 33 
15. 139 3. 0 . 1391 2.59 20. 181 3.0 .6956 1. 34 
20. 185 3.0 .0253 2. 79 o-Methox ybenzoic acid 

- ------------- Average ________ ------- ---------- 1. 34 X lO s 
Average _____ 2.84 X I07 

2.514XlO-5 0.5 0.4316 12. 7' XlO 3 

m-H ydroxybenzoic acid 
5. 027 .5 . 4285 7. 67 

p-Yreth ylbenzoic acid 10.054 .5 .4224 5.24 
15.082 .5 .4076 600 

2.504X 1Q-s 0.5 0.3224 2. 27X t05 5.022 1.0 . 7352 760 
10.044 1.0 .7212 5.46 5. 072 .5 .2503 2.27 15.067 1.0 . 7122 4. 39 2. 526 X IO-5 0.5 0.3702 O. 98 X l 0 5 

2.504 1.0 .6126 2. 12 2.508 1.5 .8972 2.20 2.500 1.0 . 6576 1. 01 
5. 007 1.0 .4855 2.29 5. 016 1. 5 . 8850 4.40 5.000 1.0 .5670 1. 06 

10. 058 1.0 . 3478 2. 17 7.524 1.5 .8826 3.28 10 000 1.0 . 4486 1. 07 
5. 072 2. 0 .8358 2.28 10.032 1.5 .8754 3.44 5.053 2.0 .861 2 1.14 

10.058 2.0 .6517 2.20 5.006 2.0 .9320 6.69 10.106 2.0 .7372 1.09 
15.217 2.0 .5143 2. 16 10.012 2.0 .9268 4.08 15.159 2. 0 .6376 1. 05 
10. 145 3. 0 . 8636 2.42 15.018 2.0 .9194 ~ . 55 10.106 3 0 .8972 1. 06 
15. 087 3.0 .7305 2.23 15.022 3.0 .9656 3.23 15.l59 30 . 8112 1.08 

-------------------- 20.030 4.0 . 9790 3.37 20.212 30 .7310 1.06 
A verage _____ 2. 24 X 105 25.037 5.0 .9842 4.29 

30.044 6.0 .9870 5.30 Average ________ ------- - - -.------ 1.06X lO s 
---------

p-Hydroxyhcnzoic acid A ycragc ______ __ ------- -------.-- 4. 72X10 3 

0-Nitro benzoic acid 
2.541X IO-5 0.5 0.3876 6. 68·Xl0' 

m-l\trcthoxybenzoic acid 2.035 1.0 . 6840 8.58 
2.551 1.0 . 6614 9.11 
5.087 1.0 .5882 8.30 2.544 X lO-5 0.5 0.0550 2.92 X I0 7 
5.103 1.0 .5814 8.87 2.515XlO-5 1.0 0.6091 2.21 X lO s 5.011 . 5 .0084 2.96 
7. 122 1.0 .5400 8.20 5.016 1.0 .4802 2.39 2.533 1.0 .4597 0.64 ' 
7.652 1.0 .5320 7.97 5.088 1. 0 .4732 2.48 2.522 1.0 .4559 0.94' 
5.103 2.0 .8660 9.65 7.525 1.0 . 3958 2.38 5.089 1.0 .0784 2.76 
7.6.>2 2.0 .8134 8.80 10.033 1. 0 .3372 2.35 10.022 1.0 .0089 2. 82 

10.203 2.0 . 7598 8.65 10 033 2.0 .6383 2.45 10.177 20 . 1088 2.64 
15.308 2.0 .6726 8.25 10 020 0. 0 .8730 2.07 15.266 20 .0174 2.71 
5. 103 3.0 . 9526 13.3' , 1. 018 1.0 .0714 3.55' 20.043 2.0 .0093 2.72 

12. 753 3.0 .8636 9.20 r 2. 544 1.0 .2165 2.81 15.197 30 . 1379 2.47 
17. 789 3.0 .7916 8.77 g 10. 176 1.0 . 9924 2.34 20. 172 3.0 .0268 2. 63 

A verage _____ 8.70 X lO' A\'et'age ________ --_._-- ---------. 2.39X IO S Average ________ ------- .--------- 2. 74X lO 7 
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TABLE 2. Experimental data and association constants for the reaction of aromatic carboxylic acids with 1,S-diphenylguanidine 
in benzene at 25° C- Cont inued 

CGua I nb I Z ' I 1( "d Ga"a I nb I Z ' I I C'd Gil"" I nb I zo I IC'd 
, 

m-Nitrobenzoic acid 3,4-Dicblorobcnzoic acid 3,&-Dimct h ylbc nzo ic acid 

1. 250 X 10-' 0. 25 0.0(i98 8. J4 X IO' 2. 513X 10-' 0.5 0. 1479 3. 17X IO' 2. 527X IO- ' 0.5 0.3688 1. 01 X IO' 
1. 250 .5 . 2468 .10. 4* 5. 025 . 5 .0602 3. 11 2.527 1.0 .6502 l. 12 
2.501 .5 . 1095 6.90 5.025 1.0 . 2159 3.04 5. 069 1. 0 .5664 l. 04 
I. 251 1. 0 . 6345 8.88* 10. 151 1. 0 .0662 3.09 7.582 1.0 . 4960 l. 09 
2.503 1.0 . 4647 6. 16 12.674 1.0 . 0506 2.90 5.055 20 .8590 I. 21 
3.754 1.0 .2933 6.03 12.674 2.0 . 1792 2. 96 10. 137 2 0 . 7350 1.10 
5. 015 1.0 . 1558 688 15.226 2.0 . 1213 3.00 15. 206 2.0 . 6394 l. 03 
5. 015 1.0 . 1581 fl . 65 20.302 2.0 . 0738 2. 93 20.115 2.0 .5714 0.99 
7.522 1.0 . Q613 6.52 20.278 3.0 . 1700 2. 89 15. 164 3.0 . SI34 I. 05 

10.030 1.0 .0356 6.49 25. 126 3.0 . 1095 2.84 20. 11 5 30 .7392 I. 01 
5.024 2.0 . 7724 6.75 ---------- ------- --

10.140 20 . 2124 6.64 A ver-age ________ --- ---- - -- ------- 2. 99 X IO' A verage ________ --- -.-- -------- - 1.06X IO' 
15.210 2.0 .oemo 6.38 
15.080 3.0 . 2718 6. 06 
20. 107 3.0 . 0962 6.29 2,6-DimcLhoxyben 7.0 ic acid 3,5-D in itrobcnzoic acid 
20.047 4.0 .3072 6.25 
25. 058 4.0 . 1232 6.26 
r 2. 507 1.0 . 0725 7. 43 2. 546X 10-' 0.5 0.3836 7.3 IX IO' 2. 594 X 10-' 0.5 0.0188 1. 67X lOS 

g 10. 108 1.0 .3239 6.32 2. M6 1. 0 .6688 8 02 5. 189 1.0 .0236 1. 67 
--------- 5.093 1.0 .5814 8.90 6.347 1.0 . 0054 1.71 

Average _______ _ --- ---- ------- 6.60X lO ' 10. 010 l. 0 . 4822 8.32 7.507 1. 0 : ~m 1. 86 
5.093 20 .8684 9.07 7.616 2.0 0.29* 

'10. 185 2.0 .7640 8. 34 10.377 2. 0 .0288 1. 66 
p-1\Titrobcnzo ic acid 15.015 2.0 . 6764 8.30 15.013 2.0 .0030 1.72 

10.010 3.0 _ 9070 8.36 15.566 3.0 . 0318 1. 60 
2. 560 X 10-' 0.25 0. 0295 6. 36XIO ' 15.015 30 .8336 8.68 17.771 3.0 .0084 I. 64 
2.559 .5 .1084 6.42 20.020 3.0 . 7680 8. 28 22.520 3.0 . 003 1 1. 67 
5. 121 .5 .03:J2 6.28 --------- ----------
2.559 1.0 . 4535 7.45* 

Average _____ ------ -- ----- 8.36X IO' A v Ol'age. _______ ---- - - --- - _.-- 1. 69X 10' 
5. 118 1.0 . 1527 6.43 

10.242 1. 0 . 0358 6. 19 
2,6-Dimcthy lbonzoie acid 2,4,6-Trimcth yl bcllzOic acid 10. 237 2.0 . 2107 6.29 

15. 363 2.0 .0666 6. 14 
15.356 30 .2522 6. II 2.509X I0-' 0. 5 --- 0. 0316 I. 96 X IO' 2. 528X 10-' 0.5 0.3688 1.01X 10' 

A vcrago _. ______ 6.28X lO ' 2. 509 1. 0 .62 14 I. 83 2.528 1. 0 .6632 0. 90 
- -- - --- -- ---- --- 5.049 1. 0 .5130 1. 7.5 5. 060 1. 0 .5664 1. 05 

10.0;;7 1. 0 .3696 1. 87 10. 11 3 1. 0 .4524 l. 02 

2,4-Dichlorobenzoic acid 5.0'19 2.0 .8474 1. 68 5.060 2.0 .8612 I. 14 
10. 097 2.0 .6802 1. 75 10. 119 2.0 .7474 099 
t5. 056 2.0 .5530 1.77 15. 170 2. 0 . (;4 12 l. 03 

2. 507X 10-' 0.5 0. 1'104 3.66X lO ' 20 075 2.0 . 4584 1.82 10. J 13 30 .9044 0.87 
4.975 .5 . 05;; 1 3.72 10.097 3.0 .8850 I. 47 15. 179 30 .8134 I. 05 
5.009 1.0 .2028 3.62 t5. 146 3.0 .7660 l.64 20.239 3.0 . 7372 l.0l 
9.950 1. 0 .060 1 3.60 --------- --------------

15.041 l. 0 .00;;2 3.56 A veragc . _______ - -- -- ------- I. 75X IO' A verage. ,. _____ 
- -- -- -- . - - -- ----- 1.0I X IO' 

10.018 2.0 . 2837 3.59 
12.534 2. 0 . ln l6 3.62 
14.925 2. 0 . 109 t 3.63 

A ll concentra tions arc ex pressed iniTIotes 20.036 2. 0 . 0639 3.54 a Stoichiometric concentraLioll of the a rom atic carboxy lic acid . 
19.900 3.0 . 1580 3. 41 per liter of so lution. 
25.045 :l 0 . 0939 3 45 b Cb (stoich iometric concentrat ion ofdiphen ylguanidinc)=n.Ca' (where Ca' is the stoichiom etric concent.ra-

tion of bromophtbalein m agenta E ). C·' is 5X IO -'A[ in all ex perimen ts except w herc otherwise indicated . 
Avcl'age _____ ___ I== --------- 3.58X1O' c Z (absorbance)=- Iog T (transm ittance). I n th is paper th e usual sym bol (A) for absor ba nce is replaced 

by the sym bol Zto avoid confusion with tbe usc of A in refcrring to acids. 'l' he values given for Z are far the 
waveleugth 540 m"" per 5-m m cell lengLh. FOllr d ecimal places were retain ed to avoid computa t ional OrI'OI'S. 

2,6-Dichlorobenzoic ,wid d 1(" is Lhe equili br ium cons ta n t fOI' the reaction : R (diphenylguan idine)+A" (arom atic carboxylic 
acid )<=, S" (dipbenylguanidiniullJ salt of the arom atic carboxy lic acid ) in benzene a L 25° C . Sce section 3.2 

2. 593 X IO-' 0.5 0. 0596 2. ISX10 1 
for the m athem atical expression used a nd t he assumptions m ade in computing l ( ". V alucs marked wlLh 
an asterisk were omitted in averaging. Note t hat the values of IC' given in t his column were com puted on 

5. 1S6 .5 .0099 2.32 the assltmption that the aromatic carboxylic acid (/l") was cnUI ely in the monom eric fornl . See section 4.1 
2.593 1.0 .4:397 LW* for discussion and for "corrected" [ ( " values for some of t he acids. 
5.016 1. 0 . 0952 2. 12 e Cal = 10-5 Nf. 
7.779 l.0 . 0190 2.27 r C.'=2.5X I0-' j\1. 

10. 031 2.0 . 1310 2.19 g Ca'= 1O - ~ 1vl. 
15.047 2.0 . 0224 2.17 
20. 743 2.0 .0102 2. 31 
15.047 3.0 . 1668 1. 94 
20.063 3.0 .0340 2.08 

Average _____ ___ --- ---- -- -- ------ 2.18 X lO l 

4. Discussion of Results eth ~rl ester), whose associat ion m b enzene soluL ion 
with d iphenylguanidine a nd wiLh di-o-tolylguanidine 
has been studied in detail in th is laborato ry [1 (a) 
(e), (f)]. The feasib ili L.\' of assess ing at least se111i
quantitatively the relative st rengths of a la rge variet. 
of organic acids in benzene, including acids as weak 
as acetic and benzoic acids, by meas Llring the ab-

4 .1. General Discussion of the Method 
It is readily apparen t LhaL Lhe r elati ve strengths of 

d iffe rent ac ids in a solvent as iner t as benzene cannot 
be meas ured wi thout the adeli t ion of a reference base. 
The choice of dipheny lguanieline as the refercnce 
base was made afte], LesLs of Ilumerous basic indicator 
dyes (in the form of t he free base) showed that none 
possessed adequate so lubili ty, stability, andreactiv
ity.16 In using d ip henylguanid ine, an indicator 
acid must be present . The acid selecLedwas bromo
phthalein magen ta E (tetrabromophenolphthalein 

16 '1'0 be su itable for our purposes the base had to be fairly strong. This meant 
that it had to be sought among the strongest aliphat ic amines or among the avail
able guanidines, amidincs, or their ViIlylogs. The indicator bases tested included 
members of t he azo, azin e, oxazine, and thiazine families o( dyes, as well as an
hydro-bases of tbe triphenylmethane group. A large proportion of the dyes were 
fowld to be too easily a ffected by light or too susce ptible to attack by atmospheric 
mOisture, oxygen , or acidic vapors. Others were of adequate stability, but 
r('ac ted measurahly only with acid s of pJ( abou t 3 or less, and even in such cases 
a very large excess of t he acid was usn ally requircd . 
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sorbance of very dilute solutions containing bromo
phthalein magenta E , the organic acid in question, 
and either diphenyl- or ditolylguanidine, all present 
at approximately the same stoichiometric concentra
tion, was shown in exploratory studies made about 
twelve years agoY Diphenylguanidine was selected 
in preference to di-o-tolylguanidine chiefly because 
its reactivity as a base in benzene (which is less than 
that of di-o-tolylguanidine [1 (a), (e) , (f)]) was thought 
to be more suitable for the experiments contemplated. 

The scheme adopted for this investigation has the 
disadvantage that any errors in the two constants 
Land K' (see section 3.2) will be reflected in the 
values obtained for K" , and still further study may 
result in slight modifications of these two values. 
However, this would cause little difference in the 
relative orders of strength. 

The possibility of competitive associations mus t 
be kept in mind in planning and interpreting studies 
of acid-base equilibria in benzene as a solvent. Cryo
scopic m easurements have provided evidence that 
the base diphenylguanidine is intermolecularly as
sociated to some extent, by hydrogen bonding, when 
dissolved in naphthalene [12J or benzene [13], but at 
room temperature and the low concentrations used 
in this work any error from this source may be pre
sumed to be negligible. Intermolecular association 
of bromophthalein magenta E has not been observed, 
and is not to be expected [1 (a), p . 232J . 

On the other hand , the tendency for the molecules 
of carboxylic acids to associate in pairs, whether in 
the gaseous, liquid, or solid states or dissolved in a 
solvent like benzene, is a well-known manifestation 
of hydrogen bonding. At very high concentrations, 
s till larger aggregates of molecules may exist. In 
dilute solutions, however, as shown by experimental 
studies (mostly of b enzene solutions) reported within 
the last 15 years,18 there appears to be an equilibrium 
between double and single molecules. 

Information on the dimer ~ monomer equilibrium 
of b enzoic acid and its derivatives is still very frag
m entary, as is evident from an inspection of table 3. 
This table is a compilation of the available equilib
rium constants K 21 (corresponding to the equation 
A 2 ~ 2A), converted where necessary to the same 
units of concentration (moles per liter ) as those used 
in the work presented in this paper. Additional 
K 21 values for 5.5°, 25°, and 30° C were computed in 
cases where K 21 data for several temperatures were 
available, and are included in table 3. At 25° C 
most of the K 21 values are in the range from about 
1.4 X I0- 3 to about 3.7 X IO- 3• o-Methoxybenzoic 
acid is a striking exception, showing only a slight 
tendency to become dimeric.19 The K 21 value re-

17 Such experiments were referred to in [1 (a), p. 2611. 
18 A recent comprehensive artICle on t be association of carboxylic acids in· 

c1ndes a sUIDmary and discussion of such studies [14]. 
" It should be pOinted out that tbe da ta (or this acid were derived (rom dis· 

tribution measurements, so tbat tbe K 21 value refers to water·saturated benzene 
solut ions. In some cases it is very probable that tbe dimer·monomer equilib· 
rium is affected by the presence o( water. However, in the case of o-metboxy
benzoic acid the conclusion of a low dimer content is substan tiated by infrared 
data, which indicate that a relatively strong intramolecular hydrogen bond 
stabilizes the monomeric form of tbis acid [15, 16] . Intramolecular bydrogen 
bonding (tbat is, cbelation) bas also been suggested as explaining the compara
tively higb K ,I value for o-fluorobenzoic acid (table 3, footnote j). T he data of 
table 3 suggest that the otber o-halogenated acids may also be chela ted to a sub
stantial degree in benzene. A different explanation-steric bindrance- was sug· 
gested to account for the relatively large value of J(21 (or o-t~lu ic acid in compari
son with the K 21 values for benzoic and m-toluic acids (footnote g, table 3) . 

--- -~-- --- --~----

ported for p -methoxybenzoic acid is about the same 
as K21 for benzoic acid, but the values that have 
been reported for p-fluorobenzoic and p-toluic acids 
indicate an appreciably greater tendency to di
merize. 20 

The experimental work involved in this survey was 
designed to yield comparative J{" values that would 
be reliable, at least as rough approArjmations, without 
taking the dimer-monomer equilibria of the car~ 
bO),.jllic acids into account. It was thought that this 
objective could be achieved by keeping all of the 
concentrations low and using not greatly differing 
stoichiometric proportions of the three reacting 
components (see table 2) . In one case- that of 
benzoic acid- an additional detailed study of the 
equilibria at 25° C was made in which stoichiometric 
concentrations of this acid ranging from one-half to 
as much as twenty times that of bromo phthalein 
magenta E were used. The data of this experiment 
were used in calculating uncorrected values of K" 
and also in correcting K" values by taking apparent 
dimer contents of solutions into consideration. The 
steps following in making the calculations are shown 
in detail in table 4. In the last column of this table 
are given the corrected K" values obtained when 
K 21 was assigned the value 1.9 X 10- 3• This is the 
K 21 value considered to best fit the data after all of 
the values of J{21 (X 103) ranging from 1.1 to 3.0 by 0.1 
increments had been tried and in each case the aver
age deviation from the mean value of K" had been 
computed. The value of K 21 adopted is close to the 
values obtained by others from ebullioscopic, dis
tribution and isopiestic measurements (see table 
3) .21 Th~ mean value of K" given in table 4 exceeds 
by about 14 percent the mean value given in table 2, 
but the difference would have been only 5 percent if 
three rather low values of K" had been excluded in 
computing the average value given in table 2 and 
the remaining values had been corrected as in table 4. 

In an analogous manner the K" values of table 2 
were corrected in the cases of o-chloro-, m-iodo-, and 
p-methoxybenzoic acids and the three toluic acids, 
using the J{21 values given in table 3. This treatment 
brought about slightly increased precision of the 
results for o-toluic acid and m-iodo- and p-methoxy
benzoic acids, but slightly reduced precision for the 
other three cases. 22 Increases of from 2.5 to 6.0 
percent in the values of K" also resulted. 

In the discussion so far it has been assumed that 
the diphenylguanidine salts of bromophthalein ma
genta E and the various carboxylic acids all have 
the composition BA. Studies reported earlier 
[l(a) ,(e) ] justify this assumption with re~pect to th e 
diphenylguanidine salt of bromophthalem magenta 
E . However, the possibility of additional struc-

20 Several investigators bave pointed out that there ~ee!l's to be a roug~ corre· 
lation between the teudency for carboxylIc aCids to eXIst m tbe monomerIC state 
ill ben zene and their tendency to lOuize in aqueous solution. Tbe correlation is 
very inIper(ect, and there appear to be two separate relations (or carboxylic 
acids-<me covering acids in :whicb tbere may be resonanc," b~twe~n R- and 
- COOH (for inst.nce benzOlC, cmnanllc, aud pbenylproplOllC aCids), aud a 
second relation covering acids in wbicb sucb resonance is not possible (for 
example, (atty acids) [14]. 

21 According to A . A. Maryott, tbe electric polarizat ion method,. (or reasons not 
understood, seems to give anomalous K ,I results for benzOIC aCId (see table 3, 
footnote i). . . 

22 Tbe measure o( precision referred to bere was tbe average deViatIOn from tbe 
mean value of K ". 
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TABLE 3. Dissociation constants ( KZ1 ) of dimeric benzoic acids in benzene" 

(103)K 21 

-Tern-
pcra- Substitucnt 
tUre b 

)..;one o·Br o·Cl o·f 7n-F p.F 0·0 ][ m-I 0·OCH3 11·0C l l3 0·C 1I 3 ",-C l r3 jJ·C I[3 
- - - - --- ------ - -- - - - -- - - --- -- - - - -

°C r ' 0.572 1 d (. 692) 
5.5 ... _ ' . 18 ' 1.07 d ( l. 377) 1 1.64 

J g (.596) r (1. 76) } .... _._ .. 25 .. _. 1(2. 0) 
d (3. 73) -- . ----- - ---. -- -g (1. 61) 

h1.9 r (2.18) l 30_. __ g (2. 04) r·_·_·_·· d (4. 72) j 5.2 j O. 56 j 0.78 
i 5.3 

32 _. __ 

32.5 .. . .2.30 

35 __ .. 12.7 

40_ . __ 13.2 [ 95 

43.5 .. . • 3. 69 

48 

50 

54 d 5.59 d 12.8 

56.5 g 6.33 

60 

61 

65.5 d 8. 54 d 20. 5 

70 

80_. __ r d 13.6 
l '9.7 } ._.- . - { d 33.5 

'28 } _.--- '56 

• K 2I corresponds to the equation A,ti2A, and eq uals (2a'C, )/(I -a) . All 
I{2t values cited in this tab le arc on the molar basis, conversion having been made 
w here necessary by u.,ing t he re lations, K (molar ) = [{ (molal) xdi (benzene) = 

K (mole !ractio1l)Xl00!/78.11. Parentheses surrounding a K2I value signify t hat 
it was derived by interpalatiln or extrapolati ::m. 'rho experimental procedures 
used in mC:1sllrillg 1<21 arc indicated in [Jotnotcs c tJ k. 

b In S1me cases tem peratures given in the original articles have been rounded 
oft t ) the nearest ciegree or ha lf·d egree. 

, B . C . Barton and C. A. Kraus, J. Am. Chern. Soc. 73, 4561 (1951). (Cryo
sco pic.) 

d G. Allen and E . F . Caldin, Trans. Faraday Soe.49, 895 (1953) . (Ebu ll ioseopie.) 

tures- in par ticular , thc structure BA2- for the car
boxylic acid sal ts of diphenylguanicline must be 
considered . In fact, spectropho tometri c evidence of 
such a stru cture was obta in ed in five experimen ts 
using indi cator bases men tioned above (sec footnote 
16) mi'(ed wi th differ ent carboxylic acids.23 But 
these were a ll cases in which Lhe stoichiom etric con
cen trations of acid had to be mu ch greater than that 
of the indicator base (from a few hunch'ed to several 
thousand times as great) for measurable changes in 
spectral absorp tion to occur ; and in experiments 
with a very strong carboxylic acid in which only 
about five times as much acid as base was required, 
a salt of the structure BA appeared to be formed. 

23 Evidence of a s imilar nat m e h as been obtained by others [rom conductance 
titrations of amines with ca rboxylic acid s [17] and from cryoscopic measm ements 
of amine-carboxylic acid mixt ures [181 in benzene, as well as from infrared meas· 
urements of triethyla :nioe-acetie acid mixt ures in carbon tet rachloride [19] . In 
the last-mentioned case the authors concluded, for example, t hat O.I-M acetic 
acid half-neutralized with triethylamine conta ins mainl y a st able salt of the 
s truetm e BA, which, upon furt her ad ditions of trieth ylamine up to a concen
t ratiOll abou t t wice that of the acetic acid, is gradually converted to the salt 13A. 

d (0.974) -- --------- d (0. 648) g (0.873) g (0.445) d (0.145) 

d (2.43) 1(350) d (I. 80) g (2.37) g (1. 37) d (0. 415) 

{ g (2.99) g (1. 78) } d (0.531) d (3. 00) I (370) d (2.28) 
k 2. 44 k 2. 00 

g 1. 97 

g 3. 38 

14;)6 14.67 

g 5.43 . 3.45 

d 6. 40 

'499 17.55 

d 7.64 d I. 53 

. 9.27 g 6.31 

1577 111.7 

d 8. 44 

d l1. 0 d 2. 44 

'740 119.0 

d 18.4 d 16.5 d4.20 

" K. L. Wolf and G . Metzger, Anll. Chern . Liebigs 563, 157 (1949). (Cryoscopic 
or obullioseopic.) 

I M. D avies and D. M . L . GrifUths, J . Chern . Soc. 1955, 132. (Mostly dis
tribution.) 

g F . T . Wall and F . 'V. n anes, J . Am. Chern . Soc. 67, 898 (1945). (Isopiestic.) 
h M. M. D av is and M . Panbo. See section 4.1 of t his paper. (Spectral absorp· 

tiOll in the vis ible region .) 
; II. A. Pohl , M. E . IIobbs, and P . M . Gross, J. Chern. P hys. 9, 408 (1941). 

(E lectric polarization .) 
j A. A .1Vlaryott, M . E. H obbs, and P . M. Gross, J. Chern . P hys . 9, 415 (1941). 

(E lectric p0 Iari zatio n .) 
k A. A. Maryott, M. E. H obbs, a nd P. lVr. Gross, J. Am. C hern . Soc. 71, 1671 

(1949). (E lectric polarization .) 

From the data of tables 2 and 4 and the above 
discussion, it seems justifiable to infer that dimeriza
tion of the carboxyli acid is the only competitive 
reaction of importance in th e dilu te solutions deal t 
with in this paper and that neglecting this SOUl'ce of 
error (as will be done in the subsequent discussion) 
does not invalidate the general conclusions reached. 
Still fUl' ther justificaLion is provided by a statistical 
analysis of th e data for SLX of the acids, made by 
W . J. Youden of the Bureau . For these acids (which 
were the a-amino, a-fJuoro, a-methoxy, m-bromo, 
m-nitro , and p -cyano derivatives of benzoic acid), 
there was no demonstrable connection between 
individual values derived for K " and the concen
trations employed. 

In fu ture work, however , it would be well to 
attemp t to deduce K 21 as well as K" , as illustrated 
lt1 table 4, by working with somewhat larger con-
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TABLE 4. Calculation of K if, uncQ1-rected and cQ1Tected, for the association of benzoic acid with diphenylguanidine in benzene 
at 25° C' 

n Ca n Z IS'] b 

[A'] 
[E] 0 (5I L lCnL-Z) l8" ] d [A"] ' [S"] 

[A" ] 
1(" uneor .f a g Ie' cor.K 

- -- --------- ----
0. 5 2 5OOX IO-' 0.3344 0.4899 O. 1921 X 10-' 0.8559 X 1O-· O. 6638 X 10-' 1. 836X 1O-' 0.3615 1. 88X IO' 0.987 1. 90XIO' 

. 5 5.000 .2629 .3486 . 1367 1. 2074 1. 071 3.929 . 2726 1. 99 . 963 2.07 

. 5 9.993 . 1900 .2297 .090! 1. 5657 1.476 8.517 .1733 1. 92 . 925 2.08 

. 5 24.983 . 1088 . U98 .0470 1. 9649 1. 918 23.06 . 0832 1. 77 . 837 2.11 

1.0 2.500 .6162 I. 537 . 6028 1. 9703 1.368 1.132 1. 208 2.00 . 998 2.00 
1.0 5.000 . 5031 0.9790 .3840 2.5263 2.142 2. 858 0.7495 I. 95 . 975 2.00 
1.0 10.000 .3655 . 5610 . 2200 3. 203 2.983 7.017 . 4251 1. 93 . 935 2.06 

2.0 10. 000 .6676 1.9U . 7495 6.715 5.966 4.034 1. 479 1. 97 . 962 2.05 
2.0 15.000 .5421 1. 142 .4479 7.335 6.887 8. 113 0.8489 1.90 . 927 2.05 
2.0 25 064 .3952 0.6356 .2493 8. 057 7.808 17.26 .4524 1. 81 .864 2. 09 
2.0 30073 .3506 .5261 .2063 8274 8. 068 22.00 .3667 1.78 .832 2. 12 
2. 0 40. 0~8 .2884 .3958 .1552 8.583 8.428 31 60 . 2667 1.72 . 790 2. 18 
2.0 50.035 . 2564 .3371 . 1322 8. 741 8.609 41. 43 . 2078 I. 57 . 755 2.08 
2 0 60. 101 .2261 .2859 . 1121 8888 8. 776 51. 32 . 1710 I. 53 . 720 2.12 

3. 0 15.000 . 7447 2 735 1.0725 11.336 10.263 4.737 2. 167 2.02 . 953 2. 12 
3.0 20.000 .6402 I. 699 0.6663 11. 852 11. 186 8.814 I. 269 1.90 .922 2. 06 
30 40.097 .4193 0.7015 .2751 12.939 12.66 27 44 0.4614 I. fl8 .809 2.08 
30 50.035 .3029 .5548 .2176 13.2 14 1300 37.04 .3510 1. 61 . 770 2. 09 
3 0 60.101 .3220 .4633 . 1817 13.416 13 23 46 87 .2823 I. 55 . 735 2. 11 
30 80. 134 .2688 .3593 . 1409 13.676 13.54 66.59 . 2033 1. 44 .680 2. 12 
3.0 100. 168 .23 11 .294 1 .1153 13.863 13. 75 86.42 . 159 1 1. 38 .635 2. 17 

1\ verage ____________________________________________________________ __________________________________________________________ _________________ . _ 2.08X1O' 

• Provisional values obtained by M . M . Davis and M . Paabo. See the dis
cussion in section 4.1, and also see section 3.2 fo r the meaning of the symbols, 
the value of L and of I e , a nd the method of calculating K " 0 000'. All concentra· 
t ions are in moles per Ii tel' . 

b Z divided by L-Z gives [S'] / [A'] . Fonr deci mal places werc retained in the 
Z \' alues to avoid computational errors. 

o [S'] /[A'] m nltiplied by 11f(' gives [8]. 

cen tra tions of th e carboxylic acids than those em
ployed in most of this investiga tion. U 

4.2. Comparative Strengths in Benzene and Water 

Experimen tal work of r ecen t years has shown 
clearly that the comparative reactivities of a series 
of acids in a nonionizing medium like benzene, as 
expressed by the equilibrium constants jor association 
with a sui table reference base, should parallel the 
customary indexes of acidic reactivity in water, 
namely, the ionic dissociation constants [1]. This 
means, of course, that when ionic dissociation con
stants are expressed as pK (-log K dlssocn.) values, 
there should be an inverse parallelism. However , in 
water secondary phenomena (solvation, ionization ) 
accompany the fundamental acid-base reaction eq (l), 
while in comparatively iner t solven ts like benzene 
various manifesta tions of hydrogen-bonding (for 
instance, chelation) become prominent. For such 
r easons, occasional deviations from a linear relation
ship between the two sets of equilibrium constants 
are to be expected . 

o . Effects of Substituents on the Strength of Benzoic Acid 

In considering the deviations observed in this 
investigation, it is necessary to have in mind curren t 
views as to how th e na ture a nd posit ion of substit
uen ts account for the relative strengths of substi
t uted benzoic acids. The following summary may 

24 L ack of information about the dimer-monomer equilibria of the carboxylic 
acids concerned is likcly to h ave been the principal reason for the fail ure of some 
earlier attempts to formnlate quantitatively acid-base equilibri a in benzene and 
in chloroform by spectrophotometric [20] and polarimetric [21] measurementsl 
'rhose experiments employcd stoichiometric concentrations of base and acid far . 
a rger than any used in this work. Other kinds of competitive associat ions may 
also h ave been involvcd. 

d Col= 6 minus column 5. 
, Column 2 minus col umn 7. 
f See eq (3) , section 3.2. 
g T he values of a were calculated from the eq K 21= (2a' C. )/(1-a), assum ing 

t he value of K " to be 1.9XlO-3 (moles per liter) and substituting the various 
val ues in column 8 of t h is table for Ca. K" cor . (column 12) was t hen obtained 
by dividing J(II u. neot . by the corresponding value of Q. 

be helpful to read ers who are unfamiliar wi th recent 
developmen ts in this area: 25 

(1) A substit uen t influences the strength of a 
carboxylic acid RCOOH according to its elec tron
a ttractive nature and i ts proximity to the - COOH 
group . R eplacement of hydrogen atoms in t he R
radical by atoms or groups that are more electron
at tractive causes the electrons of the H- O linkage 
to be brought more under the control of the oxygen, 
thus facili tating the r emoval of the carboxylic pro
ton. Some common substi tuents exhibit the follow
ing order of decreasing electron-at tractive character : 

N0 2> F > Cl> Br > I > OB> C6H 5> H > CH 3 

As the list indicates, most groups are more electron
attractive than hydrogen, and thus their substi tu tion 
for hydrogen usually results in increased acidi ty, 
but the methyl group is less electron-attractive and 
can be expected to reduce the acidi ty. 

(2) The electrical effect of the substituen t is con
sidered to be transmi tted partly through space (or 
through the solven t) and par tly through the mole
cule. The directly transmitted influence is known 
as the "fi eld effect", and the influence transmitted 
through the molecule by relay from a tom to atom is 
commonly referred t o as the " inductive effect". 
Both effects operate in the same direction and fall 
off with increasing distance of th e substituen t from 
the - COOH group, the la t ter effect more rapidly 
than the former . They have often been treated as 
a single influence. 26 

" Refercnces [22J to [28], on which this su mmary is based, furnish more rigorous 
and detailed discussions of the effect of structural factors on acid ic strengths, 
including the historical development of the ideas currently accepted, some recent 
experimental observations, and lllsny additional references. 

26 Some recent efforts to disentangle tbe two effects are discussed in [28]. 
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(3) In addition to the above effects, resonance 
(mesomeric) effects are important in benzoic acid and 
ubstituted benzoic acids. Several factors seem to 

be involved . 
In b enzoic acid itself, resonance is believed t o have 

an acidity-reducing effect . This can be attributed 
to a reduction in the stability of the benzoate ion, as 
suggested in formulas I and II. That is, in resonance 
form II the carboxylate group is conjugated with 

o ) 0-) 0-< H + ~ +< >c~ H + 
0 - 0 -

[ [[ 

the b enzene ring. This increases the negative 
charge on the oxygens, thus making the - COOH 
proton less easily r emoved. 

R esonance of the benzoate ion among forms like I 
and II can be either reinforced or opposed by sub
stituting groups such as - OH, - OCH3' - NH2' 
- N02, and - CN in the ortho and para positions. 
These are all groups that can bccome conjugatcd 
with t he ring- the first three by r eleasing electrons 
and the last two by acquiring elec trons, as exempli
fied in formulas III and IV, r espectively. As the 

0-) HO=< >=< IT+ 
0 -

III 

-0 0) "- -- +/ N=C>=C IT+ 
/ -- "-- 0 0 

IV 

formulas indicate, an - OR group in the pam posi
tion r einforces, but a - N0 2 group opposes, the kind 
of acid-weakening resonance of the - COO- group 
with the ring which was illustrated in formula II. 
In III resonance opposes t he acid-strengthening in
ductive and field effects of the substituent (- OR), 
but in IV it r einforces these effects. The - OCH3 
and - NH2 groups resemble - OR, while - CN 
resembles - N0 2 in resonance behavior. Sub
s tituents do no t become involved in such resonance 
when in the meta position, and their influence is then 
ascrib ed wholly (or almost wholly) to inductive and 
field effects. 

A bulky substituent located close to the - COOH 
group , as in o-substituted benzoic acids, can prevent 
the nearly coplanar alin ement of the phenyl and 
carboxyl groups thought to be essential for the kind 
of resonance indicated in formulas II to IV. This 
"steric inhibition of resonance" has been proposed 
as an explanation for such phenomena as the sub
s tantial increase in the ionization of o-toluic acid 
(p[{= 3.90 over that of benzoic acid (p[{= 4.20 ). 
Actually, as indicated above under 4.2.a (l) , a - CR3 
group would be expec ted to reduce the strength of 
benzoic acid when in the ortho position- just as it 
does when in the meta or para position, but to an 
even greater degree. 

(4) Finally, hydrogen bonding appears to affect 
the s trength of certain benzoi c acids with ortho 
substituents, in some cases having an acid-strength
ening effect and in others, a weakening effect. Thus, 
in accounting for the relatively great strength of 
salicylic acid (p[{= 3.00), it has been suggested that 

the anion is stabilized by the forma tion of a chelate 
ring in which the phenolic hydrogen i bonded to a 
carboxylate oxygen [29]. The till greater streng Lhs 
of 'Y-resorcylic (2,6-dihydroxybenzoic) and p -01·sel
linic acids can be explained along similar lines 
[30].27 On the other hand a tendency for bonding 
between the carboxylic hydrogen and an 01'171,0 su b
stituent (see footno te 19) would r educe the tendency 
to ionize and r eact in other way as an acid. 

In large measure the ideas just summarized were 
founded on the ionic behavior of the acids in water , 
although other observations, such as Lhe effects of 
substi tuents on the ra tes of various organic r eactions, 
were also taken into account. 

b . zneta.-Substituted Benzoic Acids 

In applying these views to the equilibrium studie 
deal t wi th here, one will naturally exp ect to find tha,t 
the meta-substituted benzoic acids, in which electrical 
influences of substituents seem to be tr ansmi t ted to 
th e - COOR group wi th liLLIe if any complica tion by 
resonance, steric hindrance, and hydrogen bonding, 
arc the acids showing the most constancy in the order 
of rela tive strengths in Lhe two solvents , benzene and 
water. ACLually, as shown in fi gure 1, the relaLive 

3 0 

~ 40 

'" ~ 

O NH2 

00 
O NM' 2 

00 60 80 

Log K" In Benzene 

FIGUR E 1. Comparison of the strengths oj 3-substituled ben zoi c 
acids in ben zene and wale1·, as measU1·ed by log K" and p K , 
respectively; t= 25° C. 

Open circles, experimental p I<: values plotted against log J(" values. Solid 
circles, pK values calculated using H ammett u values plotted again st log Ie" 
values. 

order of strength in the two solvents was found to be 
preserved very exactly for nine of the meta-subs tituted 
acids inves tigated.28 Figure 1 was prepared by using 
the log [{" and p[{ values for meta-substitu ted acids 
compiled in table 1. The equation for the line, which 
was computed by the leas t squares method using the 
log [{" and pK values for the seven meta-substituted 
acids designated by as terisks, is 

p[{=-0.461 log [{" + 6.623 . (5) 

" A similar explanation has been offered for the anomalously great ionization of 
o·toluie acid in wa ter, but steric inhibition of resonance is now considered a more 
probable explanation . 

" N ote the open circles only. 
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Benzoic acid and bromophthalein magenta E may 
be added to this group of acids.29 

It seems reasonable to consider the line as a 
standard or "norm" for the behavior of benzoic 
acids in comparisons employing log K" and pK as 
the measures of acidity. Points falling above this 
line then refer to acids that appear to be too strong 
in water or too weak in benzene to conform to stand
ard behavior, while the reverse is true for points 
located below the line. Four of the meta-substitu ted 
acids deviate significan tly from standard behavior
for two of them (m-OH and m-OCH3) the points 
are a little above the standard line, and for the other 
two (m-NH2 and m-N(CH3)2) the points are sub
stantially below the line. These cases are referred to 
again at the end of this section. 

A very similar figure would have been obtained by 
plotting the Hammett sigma values against log K". 
The () values, as is well known, are obtained from the 
relationship known as "Hammett's equation": 

log k- Iog kO= p(). (6) 

Equation (6 ) was shown by Hammett to be appli
cable in a great many cases as an expression of the 
electrical effects of single meta or para substituents 
on rates as well as equilibrium constants of side-chain 
reaGtions of benzene derivatives [31,32]. Additional 
examples are continually being discovered. By 
definition, k is a reaction rate or equilibrium constant 
for a compound with a meta or para substituent, 
kO is the corresponding constant for the parent 
(unsubstituted) compound, p is a reaction constant 
that is constant for all substituents in any given 
reaction series under fixed reaction conditions 
(temperature, medium), and () is a substituent con
sta,nt determined only by the nature of the meta or 
para substituent. As the most convenient way of 
devising a numerical scale of () values, p for the 
ionization of benzoic acids in water at 25° C was 
arbitrarily assigned the value 1 [31]. The () values 
(with a few exceptions) are then obtained by making 
the appropriate substitutions in eq (6). It is 
evident from eq (6) that the substituent which 
most augment the acidity of benzoic acid have the 
most positive () values. For other r eaction series p 
can be obtained by plotting log k (customarily as 
the ordinate) against () [31] . The slope of the best 
straight line through the points is the value of p. 
Applying this procedure to the reaction of diphenyl
guanidine with the "standard" meta-substituted 
benzoic acids in benzene yields 2.17 as the value 
for p.30 

In terms of electron theory, the quantity p 
measures the suscep tibility of a given reaction to a 
change in electron density at the reaction site. 
Positive and negative values of p indicate reactions 
facilitated by low and high electron density, re
spectively. As indicated above, the values of () for 

.. Bromophthalein magenta E is too insoluble in water for an exact measure
men t of its p K value but a rough measuremen t has indicated thL. to be, as 
expected, practically the same as the pK value for bromophenol blue (4.15). 

3D Equation (5) is equivalent to: 

log K "=-2.17 pK+ 14.37; (7) 

p is the negative coeffi cient of pKin eq (7). 

various substituents measure their capacities to 
cause changes in electron density at the reaction 
site [31,32]. 

Hammett did not derive the () values for m- and 
p-NH2 from the aqueous ionization constants of the 
aminobenzoic acids, but rather from published data 
on the alkaline hydrolysis of the ethyl benzoates in 
87.83 percent ethanol at 30° ([31 (d)], table I ). 
Using the () value so obtained (- 0.161) and eq (6) 
to calculate the pK for m-aminobenzoic acid gives 
the value 4.36. The point located by plotting this 
pK value against our log K" value is indicated by a 
solid circle in figure 1. An alternative method of 
calculating- substitu ting our log K" value in 
eq (5)- gives the almost identical value 4.35 . 

The () value for the group m-N (CH3)2, derived from 
published data for the reaction of phenolate ions 
with propylene oxide in 98 percent ethanol at 70.4°, 
is - 0.211 [31 (d)], and t he pK value calculated 
using this is 4.41. This pK value was used as 
described in the preceding paragraph for locating a 
solid circle. Once more, the solid circle falls close 
to our standard line. The pK value calculated by 
substituting our log K" value in eq (5) is 4.37. 

One can easily see why it is unsatisfactory to use 
aqueous ionization constants in assessing the effect 
of an amino or substituted amino group on the dis
sociation of the - COOH proton. For one thing, 
the aminobenzoic acids have two ionization constants, 
and these constants are not very widely separated .31 
Also, the inductive and field effects of the amino 
group and its resonance with the benzene ring are 
undoubtedly affected by coordina tion with water 
molecules. Furthermore, it has been concluded 
on the basis of several types of physical evidence 
that m-aminobenzoic acid exists primarily as the 
zwitterion in water [34].32 

An attempt has been made to deduce the effect of 
the m-NH2 group on the aqueous ionization of 
benzoic acid by employing the relationship [34]: 

pKD = pK1+ pK2 - pKE • (8 ) 

In eq (8) pKl and pK2 are the experimentally ob
+ 

tained values for the ionization of H3N- and 
- COOH, respectively, pKE is an experimental 

+ 
value for the ionization of HaNC6H 4COOCHa or 

+ 
H3NC6H 4COOC2H5 (taken as 3.56 for the m-amino 
substituted ester), and the value of pKD is considered 
to indicate the effect of an uncharged m-amino group 
on the ionic dissociation of the - COOR group . 
It is assumed that - COOH and - COOR have 

+ 
identical effects on the dissociation of HaN- .33 
Using the data of foo tnote 31 (a) to calculate pKD 
gives the value 4.26 . This is fairly close to the value 

31 The following values were obtaiued in recent at tempts to evaluate the 
thermodynamic pK, and pK, valnes fo r three aminobenzoic acids: (a) For 0-, 
m-, and p-aminobenzoic acid s, respectively, pK , values obt"inen by potentIo
metric procedures aro 2.0.1, 3.07, and 2.38; the corresponding pI<, values are 4.95, 
4.75, and 4.89. (See table 1, footno te j .) (b) For u- and p-aminobenzoic acids, the 
respective p[{, values obtained employing spectrophot ometry arc 2.14 and 2.29, 
and the p [{, values, 4.80 and 4.86 [33] . 

32 In contrast, tbe isomeric 0 and p-substituted acids are thonght to exist largely, 
though not exclusively, as uncharged molecules in water [34]. 

33 See [34 (a), ch . 4] for further discussion of this calculation. 

580 



(4.35) calculated. from our eq (5) and log ]{/1 data. 
The latter value IS probably the more accurate index 
of the effect of m-NH2 on the ionizaLion of benzoic 
acid. 

Previously, in the study of reactions in ethanol
w~ter mixtures of varying ethanol content, the sub
stItuent constant () for m-OH has been observed to 
be very sensitive to the composition of the solvent.34 

An average value, - 0.002 [32] was substituted in 
Hammett's equation in computil~g the pK value used 
to locate the solid circle in figure 1. A () value of 
about + 0.05 for m-OH. and ?n-OCH3 (actually, 
+ 0.04 and + 0.06, respectIvely) IS deduced with the 
use of our eq (5) and log K" values. Modification 
of ~he e~ectrical in~uel:ces o! . the two groups re
sultmg from coOrdll1atlOn wlth solvent molecules 
offers a reasonable explanation of the variation of 
u with solvent composition. As with m-NH2 and 
m-N (CH3)2, one may presume the results obtained 
for benzene solutions to furnish a more reliable index 
of electrical effects of these substituent groups on the 
- COOH group than those obtained for aqueous or 
alcoholic solutions. 

In short, it ~eems correc.t to .conclude that among 
t?e meta-SU?stitu ted benzolc aCIds departures from a 
lu:ear relatlOn of strengths in water and benzene 
WIll be rare, and that explanations for such de
partures should usually be sought in phenomena 
characteristic of aqueous systems. 

c. para-Substituted Benzoic Acids 

In analyzing the relative acidic behavior of para
and ortho-substituted benzoic acids in the solvents 
benzene and water it is immediately evident that 
most of the ones studied fail to conform to the 
"norm" defined in 4.2.b and indicated by the heavy 
line in figure 2. 

For the para~substituted acids the departures from 
~he norm are m general rather small.3s However, 
It seems apparent that while the acids containing 
- CI, - Br, or - I deviate only very slightly from 
the norm, the acids containing substituents com
monly regarded as being decidedly electron-releasing 
~-F, - OH, - <!CH3, -NH2) are relatively stronger 
m benzene than m water whereas the two acids with 
elect~>on-attracting. substituents (-CN, - O2) are 
relatIvely weaker m benzene than in water. Using 
data for the seven para-substituted acid marked with 
asterisks in table 1 gives the equation 

pK= - 0.557 log K" + 7.21 (9) 

as an expression of the relation of the strengths 
of this group of acids in benzene and water. The 
s~raight line corresponding to this equation is in
dlCated by the faint line intersecting the norm in 
figure 2. 

" See p . 232- 3 of [32]. In the ionizatiou of m·hydroxybenzoic acid for exam ple 
t he value of u changed from + 0.124 in water to - 0.134 in 100-perceI{t ethanol ' 
. ,. The three solid circles (for p.NH2, poOH, and p-CN) that are partly visihle 
111 fi~l1rc 2 have th.e sa me.significance as in fi guro 1. T'bnt is, they mark the pOints 
obtaJlled on plottmg agamst l?g 1(" tbe1)1( values calcu lated hy us ing eq (6) with 
t he Hammett u values gIven III table 7 of [32] . All three solid circles are sligbtly 
closer to our nOrm tban are the correspouding open circles. 
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FIGURE 2. Comparison oj the strengths oj some 2- 4- and 
2,6-substituted benzoic acids i n benzene and water as 'medsured 
by log [(" and pK, respectivelYi t = 25° C. ' 

'l' he solid circles apply to cases wbere pKvalues wCre calculated using IIammett 
u values. Iu all other cases tbe values plotted were obtained experimentally. 

No attempt will be made here to account in detail 
for the deviat!ons from linearity, but it is eas ily 
seen that bondmg of water to a para - CN or - N02 

group (see formula IV) might accentuate the acid
s~rengthening . resonance of either group w-ith the 
rmg. HydratlOn of - F , - OH, - OCH3' or - NH2 
could reduce their acid-weakeninO' r esonance with 
the ring (compare formula III) ' h~wever the acid
strengthening field effect would also b~ reduced. 
As a matter of fact, several inve tiaators have 
called attention to the existence of a solv~nt influence 
on the () valu es of para sub tituents like - OH 
- N(CHa)2, - CN, and - N02 [32] . The electricai 
e~ect of P-CI,13, also, appears to vary somewhat 
WIth the medlU~n [35]. For example, values of () 
f?r p-CH~ rangmg from - 0.17 (in water) to - 0.08 
(m hexane) have been calculated from studie of 
reactions of p-toluidine [35]. It is worth noting 
that the pK valu e (4.28) calculated by ubstituting 
- 0.08 in eq (6) is practically the same as the pK 
value (4.30) calculated using eq (5) and the log 
K" value for p-toluic acid. 

It seems evident that the aqueous pK values of 
para-substituted benzoic acids are not infallible 
in~exes of int~insic acidic strengths or sources of 
ulllvers~ll'y va~ld () :ralues. In spite of experimental 
u~certall~tlCs m thls work, the log K" values ob~ 
tamed WIth the benzene sol~ltion are probably, on 
the whole, more accurate mdexes of the relative 
intrinsic acidities than are the aqueous pI{ values. 

d . Mono-ortho and Di-ortho Substituted Benzoic Acids 

It is well known that the influence of ubstituents 
in close proximity to a reacting group, such as the 
~COOH group of benzoic acid , is generally unpre
dlCtabl~. ~eference to some of the recognized 
anomalJes m the strengths of ortho-substituted 
benzoic acids in water, and to some of the attempts 
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to account for the anomalies, was made earlier in 
this paper (sec tion 4.2 .a.). An ~n~lysis of the 
natme and the extent of the deVIatIOns of ortho
substituted acids from the norm, which has been 
found to describe the parallelism between the 
strengths of meta-substituted. acids in "yater and in 
benzene, should be helpful In accountmg for part 
of the anomalies. 

On only a casual inspection of figure 2.it is evid~nt 
that all of the points for ortho-substituted aCIds 
except one (that for o-aminobenzoic acid) ar~ located 
above the line representing the norm. ThIS means 
that the acids are either too strong in water or too 
weak in benzene (or both) for conformance. 

The points in qu est~on .are rath~r. scatt~red . 
Using the data for the SIX aCIds. contammg a s~n.gle 
halogen, methyl, or nitro group In the ortho pOSItIOn 
the equation 

pK= - 0.70 log K" + 7 .26 (10) 

was calculated by the least squares method . The 
corresponding line is indicated faintly in fig.u~·e . 2. 
This line is helpful in guiding the eye to the VICInIty 
of most of the points for mono-ortho-substituted 
acids but we believe it to represent no more than 
a cr~de approximation of a norm for this class of 
acids. 

o-Methoxybenzoic acid is by far the we.akes.t i.n 
benzene of all the acids studied. In fact, thIS aCId IS 
so much weaker than bromophthalein magenta E in 
benzene that the precision of the measmements was 
very poor (see table 2) and the log K./f va:lue reported 
is considered only a rough approxImatIOn. It can 
scarcely be doubted .that the co.mpar~tively feeble 
tendency for this aCId to combme VI'1th ~lphenyl
guanidine in benz~ne re~ults from the stabIlIty of .a 
chelate structme In whICh the - COOH proton IS 
attracted toward the oxygen of - OCH3' Infrared 
data have already been interpreted as indicating the 
existence of this structure in another inert solvent, 
carbon tetrachloride (see footnote 19). In water , 
hydrogen bonding of the solvent to - OCH3 would 
oppose formation of the. chelate ~truct~re and would 
also undoubtedly modlfy the mductive a~ld field 
effects of - OCH3 on - COOH and alter ItS reso
nance with the benzene ring. Hydration could also 
increase the bulk of - OCH3 to such a degree as to 
cause steric inhibition of resonance of - COOH with 
the ring. . .. 

The point for salicylic (o-hydroxybenzOlc) aCId IS 
so close to the norm as to suggest that in benzene the 
anion exists largely in the same chelated structure 
that accounts well for the relatively great acidit.y of 
the compound in water- a structure in which the 
phenolic hydrogen is bonded .to a carbC!xylate oxygen 
(see section 4.2 .a (4)). POSSIbly t.he slIghtly reduced 
acidity in benzene indicates part of the mole~ules to 
be in a chela ted form analogous to that whICh has 
been suo'gested for o-methoxybenzoic acid. The 
aqueous pK value at 25° for aspirin (o-acetylsalicylic 
acid) has not been measured WIth the same degree of 
care as that of many of the other benzoi? acids. The 
value 01 ted, if assumed to be substantIally correct, 

suggests some tendency in inert solvents for chelation 
of the same type as that of o-methoxybenzoic acid. 

The case of anthranilic (o-aminobenzoic) acid seems 
too complex for analysis at this time of its differing 
acidic behavior in benzene and water. Gordy con
cluded from infrared data [36] that in carbon tetra
chloride solutions the amino hydrogen of methyl 
anthranilate- like the hydroxyl hydrogen of methyl 
salicylate- is bonded to the carbonyl oxygen . The 
hypothesis of a chela ted o-aminobenzoate ion, anal
ogous in structme to the generally accepted s~lIcy~
ate ion structure, appears reasonable. A zWltten 
onic structure seems less probable (see footnote 32). 
Perhaps the unpublished studies of hydrogen bonding 
referred to in [37] will make the acidic behavior of 
anthranilic acid more comprehensible. 

The acidic behavior observed for o-toluic acid in. 
benzene is of exceptional interest. Hitherto, on the 
basis of aqueous pK values, ortho substitutions ha,:e 
been believed to increase the strength of benZOIC 
acid-without exception- even though the methyl 
group, being less electron-attractive than hydrogen 
(see section 4.2.a(l )), would be expected to reduce 
the acidity of benzoic acid when in. the o-position as 
well as when in the m- and p-positions. Table 1 and 
figme 2 show that this ~xpect~tjon is fulfilled f.or 
benzene solutions. That IS, a. smgle o-CH3 substlt·
uent does not appear to cause steric inhibition of 
resonance of the - COOH 'with the aromatic ring 
when in benzene solution. This suggests that in 
aqueous solutions the clustering of water molecules 
about - COOH 36 leads to steric inhibition of reso
nance of the aromatic ring with - COOH in the case 
of o-toluic acid_ If this supposition is correct, then 
hydration of - COOH must con.tribute genera:lly to 
steric inhibition of resonance m ortho-substltuted 
benzoic acids when in aqueous solutions, resulting in 
enhancement of their intrinsic acidities. 

It would not be justifiable to conclude merely from 
the preceding discussion that the behavior of o-toluic 
acid in benzene is completely normal. However, a 
study of figure 3 indicates that this conclusion is 
warranted. In this figure , the aqueous pK values at 
25° reported in the literature for l1; num"?er of pli:e!l'ols 
substituted by methyl or halogen m varIOUS posItl.ons 
of the ring (see table 5) have been plotted agamst 
the log K" values fo~' the be7l;zoic aC.icls wi th tl~e cor
responding substitutlOllS.37 There IS good eVIdence 
that the aqueous pK values for methyl-substituted 
phenols and also those of methyl ·substituted pyri~in·
ium cations provide valid evidence as to the electncal 
influence of the methyl group on the acidity of the 
parent substance, regardless of the position of .subs~i
tution_38 Figure 3 reveals a close lmear relatIOnshIp 
of the strengths of the phenols in water and the 
strengths of the correspondingly substituted ~enz.oic 
acids in benzene not only in all cases of SubstItutIOn 
in the m- or p-positions with halogen or methyl , but 
also in cases of substitu tion in the o-position with a 
single methyl group. An analogous linear relation-

36 T he discussion starting on p. 428 of [38] is of interest in this connection. 
31 The log N ° value (4. 74) used for 2,4-dimethylhenzOlc aCId III figure 31S from 

incomplete studies of M. M . Davis aud M . Paabo. 
38 For example, see the discussion in [27]. 
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hip of the aqueous pK values for pyridinium ions 
and the log K" valuE's for benzoic acids can be 
demonstrated.39 

Within the experim en tal uncertainty of the pK 
and log K" values, the influence of two methyl groups 
in th e 2,4- or 3,5-positions of phenol or of benzoi c 
acid is additive, and this is also true for 2,6-dimethyl
phenol (see tables 1 and 5). On the other hand, it is 
clear from a study of fi gure 3 and also of tables 1 
and 6 that substitution of - CH3 in both ortho 
positions of benzoic acid produces anomalously 
great acidities in both benzene and water. In the 
case of 2,6-dimethylbenzoic acid, for example, the 
log K" value for benzene solutions should be about 
4.62- that is, 5.26 minus 2(0.32) - if the polar 
influen ces of the two O-CH3 groups were additive. 
Instead, the introduction of a second O-CH3 re
s tores the log K" value (5.24) almost to th at of 
benzoic acid. In water, as already noted, a single 
O-CH3 substitution enh ances the acidity of b enzoic 
acid (by 0.29 pK uni t) . Th e total incremen t in 
acidity (0.95 pK unit) produced by two O-CH3 
substitutions in benzoic acid shows that the second 
o-CH3 has more than twice the acidity-augmenting 
effect of the first o-CH3. 

J enkins, in considering the ionic dissociation con
stan ts for aqueous solutions of the isomeric halo- and 
nitrobenzoi c ac ids, reached the conclusion [40]40 that 
the inductive effect of the substituent is the predomi
inant factor , and that anomalies in the ionizing be
h avior of the ortho-substitu ted acids are nonexistent. 
However, this opinion has not been universally 
sh ared / I and the conclusions reached in this paper 
about the anomalously great strengthof o-toluic acid 
in water seem likely to apply to other cases of ortho
substitution, at least to cases in which the substituen t 
is compara,ble in bulk to - CH3.42 Nevertheless, it 
seems probable that an additional factor- a pro
nounced tenden cy toward internal hydrogen bonding 
when in benzen e solution- is partly responsible for 
th e displacements from the norm of the points for 
th e foUl' o-halobenzoic acids, shown in figure 2 43 
(see also foo tnote 19). 

Figure 3 provides fur ther indirect evidence on this 
point . In examining this figure no doubt the reader 
has already noticed the displaced positions of the 
points for acids substituted in the 2-position with 
- Br or - C1. The displftcem ents indicate two pos
sibili ties- either therc is some factor causing exces
sively great acidity of the o-halophenols in water , or 
th ere is a factor redu cing the acidity of th e o-halo
benzoic acids in benzene. There is no reason to 
consider that o-halopb enols are anomalously strong 

39 Other evidence bearing on this discussion was obtained by Ton'is and 
Strain [39J, who compa red tbe rates of reaction of different acids with di·p· 
tolyldiazometbane in toluen e at 25° 0 with the corresponding aqueous ionization 
constants. Tbey remarked t hat - 01 , - ill', and - N O, in the o'position of 
benzoic acid greatly increase hoth reactivity and ionization, while - Oll, and 
- OOlh in the o-position increase ioniza tion but decrease reactivity. 

10 See also t he discussion in sections IV- G and V of [24 (a)J. 
11 For example, see [27, p . 605J. 
12 Pauling gives the following tabulation of van del' Waals radii (in A) for sub· 

stituents of interest in this discussion: ll , 1.2; 1', 1.35; 01, 1.80; ilr, 1.95; I, 2.15; 
OR" 2.0 [4IJ. 

43 An important study of the OR·vibration freq uencies of carboxylic acids and 
phenols, in cluding many m- and p·substituted benzoic acids, in dilute carbon 
tetraeh loride solu tions at 25° 0 deliberately excluded tbe compounds expected to 
have internal R-bonds, such as o-substituted phenols and benzoic acids [42], but 
no experimental evidence of bydrogen-bonding in o·halobenzoic acids was located 
in the literature. 
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TABJ, J, 5. Ionic dissociat1;on constants oj phenols in water at 
25° C 

S u bsti tuen t a pI( Avg. pI( 

None* b 10.00 c 9.98 d 9.95 f 9.94 .9.99 9.97 
2·Methyl* b ] 0.29 f ]0.28 ]0. 28 
3·Metby l* b 10.09 c JO.08 ]0. 08 
4-Methyl* b 10.2(; c 10.25 f 10.19 10. 23 

2,4·Dimethyl f 10.58 ]0.58 
2,6·D imethy l , 10.58 10.58 
3,5·Dimethyl* ' 10.17 ' 10.]8 ]0. 18 

2,4,6-Trimethy l f 10.88 10.88 

2-Bromo d 8.42 8.42 
4-Bromo* c 9.34 9. 34 
2-0blo1'o d 8.48 8.48 
3-0hloro' , 9.08 d 9.02 9. 05 
4-0h loro* , 9.42 d 9.38 9. 40 

2,4-Dicb loro d 7.85 i .85 

• Asterisks indicate the acids whose p I( and log J(" data were used in calculat-
i ng t he equation for the line in fi gure :l. 

b A. 1. Biggs, Trans. Faraday S;}e . • 2, 35 (1956) . 
c F . G . Bordwell a nd O. D. Oooper, J . Am. Ohern. Soc. 74, ]058 (1952). 
d O. M . Judson and M . Kilpatrick, J. Am. Chern. Soc. 71, 3110 (1949) . 
• H . Klooste1'zicl and H . .T. Backer, R ee. trav. ehim . 72, 185 (1953). 
f O. R. Sp1'cngling and C. W . Lewis, J . Am. Obern . Soc. 73, 5709 (1953) . 
• G . W . Wbeland , R . M . Brownell, and E . O. Mayo, J . Am. Ohem. Soc. 70, 

2492 (1948). 

TABLE 6. Calculated and observed increments in the strength oj 
benzoic acid produced by 2, 6-disubstitutions • 

2- and 6·su b· 
a log IC' (benzene) -a pI( (water) 

stituents 
Calculated Observed Oalenlated Observed 

OR, - 0. 64 - 0. 02 +0.58 +0.95 
01 +1.64 +2. 08 +2.52 + 2. 38 
OOR, - 3. 2 - 0.34 +0.22 +0.76 

• Data all refer to 25° C, and were computed from tbe pI( and log I(" data 
given in table I for the corresponding rnono·ortho-substituted acids. Positive 
and negative increm ents indicate, respectively, increases and d ecreases in acidic 
strengtb. 

583 



in water. Indeed, while Jenkins has concluded that 
ortho effects are absent [43], slightly reduced acidity 
resulting from persistence of the chelate structure 
[44] in water has been tentatively deduced from the 
comparative aqueous pKa values of substituted phe
nols and pyridines [45]. Knowledge as to ,:"he~her 
the electrical influences of two o-halogen substltutIOns 
on the aqueous pK value of phenol are additive 
would be helpful in deciding this question, but the 
only pK values found ~n the literature fo~ phenols 
substituted by halogen III the 2- and 6-posltIOns are 
untrustworthy. Regardless of which view is correct, 
the displacement of the points in figure 3 suggests a 
marked tendency for intramolecular hydrogen bond
ing of the o-hal?ben~oi.c acids. when in ben.ze;ne. 

o-NitrobenzOIc aCld lS consldered to exhlblt only a 
slight tendency.t?ward chelation, and this.is not re
garded as surpnsmg, because the chelate rmg would 
be seven-membered [46]. 

Fio-ure 2 discloses an exact inverse parallelism of 
the :queous pK and the log K " values for the only 
2 6-disubstituted acids of suitable strength that were 
a~ailable for inclusion in this study- namely, 2,6-
dimethoxy-, 2,6-dimethyl-, 2,6-dichlor<?-, and 2,~ , 6-
trimethylbenzoic acids.44 The closely Imear relatIOn 
of the two sets of values may be accidental, and it is 
clearly desirable to extend.pK and log K': m~asur~
ments to benzoic acids wlth other substltutIOns m 
the 2- and 6-positions. With two substitutions in 
the ortho position, steric inhibition of resonance ap
pears to result both in. water and benzene, whatever 
the nature of the substltuent. But, as table 6 shows, 
the observed acidities in the two solvents are in 
marked disagreement ~vi t~ pr~dictions based O? the 
assumption that substltutIOn m bo.th ortho POSltIO~s 
will produce twice the effect of a smgle O1'tho substl
tution. 

4 .3. Comparative Strengths in Benzene and Other 
Nonaqueous Solvents 

Numerous investigators h ave studied the effects 
of different nonaqueous solvents (most commonly, 
lower alcohols or alcohol-water mixtures) on the rela
tive strengths of acids, e~ployi?g a variety of e~per~
mental procedures- colonmetnc, conductometnc, k.l
netic, and potentiometric. A series. of syste~atlC 
studies by Kilpatrick and. co-workers lS of partlCul~r 
interest for comparison wlth the results presented ill 
this paper. Some of their results were obtained 
colorimetrically, but in the most complete set of 
measurements the strengths of some 20 monosub
stituted benzoic acids relative to benzoic acid itself 
were compared by an emf method in 8 different sol
vents 5 of which were anhydrous alcohols and the 
remaining 3, dioxane-water mixtures of varying di
electric constant [47 and 6]. The method adopted 
(compare [48]) employed concentration cells of the 
type: 

II T he line connecting the pOints corresponds to the equation 

pK=-O.680 log K "+6.814. (11) 

T he constan ts of this equation were calculated by the least·squares procedure, 
using all of the available data. 

HB ___ 0. 005 M 
Au LiB ___ O. 005 M 

LiCL 0. 045 M 
Quillhydrone 

HX __ 0. 005 M 
Liel LiX .. 0.005 M Au 

1. 00 M LiCL 0. 045 M 
Quinhydrone 

HB signifies benzoic a?id and LiB,. its l.ithium s~l t ; 
HX signifies the substltuted benzOIC ~Cld and LIX, 
its lithium salt. The presence of a high concentra
tion of lithium chloride ensured negligible junction 
potentials. The equilibrium being measured can be 
expressed as 

(12) 

Here following Br6nsted symbolism, A o and A x 
repr~sent benzoic acid and the substituted benzoic 
acid respectively, while B~ and If; represent the 
cOIT~sponding anions ("conjugate bases") . Usi?~ 
the concentration cell descnbed above, the equill
brium constant at 25° C- referred to as K AxBo [47]
can be obtained from the relationship : 

E(emf) = 0.05915 log K AzBo' (13 ) 

In cases in which tests were made, the values of 
K A B seemed to be independent of the ionic strength 
[47]. 0 It is evident that log K AxBo is equivalent in 
meaning to such other notations as log K , [49], log 
(KHB/K HX), .:1 log K , or - .:1pK.45 

In table 7 the .:1 log K values for some 20 0-, m-, 
and p-substituted benzoic acids in water, in the eight 
nonaqueous solvents just referred to, and in benzene 
have been compiled. The values given in table 7 
were used in preparing figures 4 to 6, in which the 
increments - .:1pK (for aqueous solutions) or the 
increments log K A B have been plotted against the z 0 

increments .:1 log K" obtained in this investigation 
for benzene solutions. 

The symbols used in figures 4 to 6 have the same 
significance as in figure. 2.4.6 ~s<?, just ,~s in ,~he 
preceding figures , each solId Ime mdlCates a norm -
that is, a linear relationship of the strengths of meta
substituted benzoic acids in benzene and in the second 
medium, having the form 

- .:1pK(or log K AzB) = m(.:110g K" ) + b. (14) 

The constants m and b of eq (14) for the different 
media computed by the least-squares method with 
the d~ta indicated in table 7, are compiled in table 
8. The compilation includes the results for 0- as 
well as for m-substituted acids. 

a . zneta·Substituted Acids 

Taking a "bird's-eye view" . of fig;ures 4 to 6 . an.d 
also referring to the values lIsted ill ta:ble 8, It. IS 
quickly apparent that for the meta-substituted aClds 
the slope increases sharply upon changing from water 

" For our purposes <l.log K values and absolute values of ion ic d issociatiou con
stants in t he various media are equally good. To obtain t he latter, a reliable 
value of the dissociation constaut of anyone of the series- say, benzoic acid 
itself- is necessary (see the discussion in [471 . 

" To avoid confusion, only pOints meriting special attention have been labeled 
in figures 4 to 6. The remaining pOints can be identified by the aid of table 7. 
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TABLE 7. Effect of the solvent on the cornpa/'ative strengths of benzoic acid and various of its rnonosubstituted de1"ivatives at 25° C 

- I>p [(a I Log [(A.B, 0.< = 0.05)b I I>log [('" 

Solventd 

Substituent 

Water MeOR EtOH n-PrOR n-BuOH Ethylene. 
Dioxane-wa ter, Wt % dioxane 

B enzene 
glycol 

I I 

26.5 43.5 73.5 

(78.5) (31.5) (24.2) (20.1) ( 17.4) (37.6) (55) (40) (15) (2.28) 

Ortho-substitnted benzoic acids 

Br- 1. 35 1. 27 1.16 1.16 1.09 1. 20 1.13 1. 00 0. 88 0.91 
Cle 1.26 1. 21 1.12 1. 09 1.08 1.14 1.08 0.97 .84 .82 
F 0.93 1.00 1.02 0.96 0.93 0.69 -------- -- ---- .- -- ------ .51 
orr 1. 20 1. 49 1. 63 1. 57 1. 50 1. 50 1.49 1. 60 1. 78 2.19 
I ' 1. 34 1. 19 1. 08 1.10 1.04 1.10 1.00 0.87 0.75 0.96 
OCR, 0.11 0. 17 0.24 0.26 0.28 0. 18 - 0.06 -. 10 -. 07 - 1. 6 
Cll,- . 29 .09 . 02 . 04 . 00 .05 .04 -. 08 -.21 - 0.32 
N 0 2e 2.03 1. 83 1. 77 1. 80 1. 78 1. 74 1. 78 1. 66 1. 58 2.18 

.iVf eta-substituted ben zoic acids 

Br' 0.39 0.60 0.65 0.63 0.58 0.54 0. 43 0.47 0.5J 0.80 
Cl' . J7 .59 .63 .61 .58 .52 . 44 . 48 .53 . 80 
F ' .34 .51 .53 .52 . 42 .45 . 41 . 41 .49 .68 
orr . 12 -. 11 -. 16 -. 16 -. 16 -.03 .01 .00 - .02 .09 
l ' .35 .55 .62 .62 .57 . 49 . 37 . 40 .46 .79 
C113' -. 07 -. 09 -.06 -. 10 -. 10 -.09 -. 12 -.14 -. 14 -. 13 
N O,' .71 I. 05 1.17 1. 15 1.10 .93 .89 . 97 1. 06 l. 56 
CN .52 0.83 0.97 -------- ------- - . 73 --._---- - ------ - .------ - 1. 30 

Para-su bstitu ted benzoic acids 

Br 0.23 0.42 0.47 0.43 0.42 0.37 ---.--- - 0.38 0.43 0.60 
Cl .22 .34 .42 .39 .39 .30 .------- .38 . au .56 
F . 06 . 18 .23 .21 .22 . 17 0. 15 .22 .25 .35 
OR -.38 -.5J - . 55 -.57 -.57 -. 45 - .42 -. 47 -.53 -.32 
I .22 .39 .45 . 45 .40 .36 -------- .38 .38 .59 
OCR, -.27 -. 36 -.32 -. 36 -. 36 -.32 -.33 - .32 -.36 -.34 
Cll3 -. 17 -. 18 -. 18 -. 21 -. 19 -. 17 -.23 -.22 -. 21 -.23 
NO, .78 1. 02 1. 17 1.14 1.14 .96 .97 1.10 1. 18 1.54 
CN .65 0.91 1.00 -------- ---.-- -- .82 ------- - -- ----- - -------- 1. 27 

• pK as usual, equals -log K di"o,n. t:.p[(=pJ("-PR~, where [(~ is t he 
ionization constan t of benzoic acid and Ie' is t be ionization constant of t be mono
substituted benzoic acid under consideration. 'f be data given in table 1 were 
u sed in compu ting I>pi(. /I 

b Log K A B is the same as log K " -log K o. 'l' hese values are from the work 
of Kilpatrick ~nd co-workers [47,6], and were obtained by an em f metbod. 'fhe 
ionic strengtb, /" was mostly due to added lithium cbloride. 'fbe original results 
have_been rounded oil to t wo decimal places. 

TABLE 8. Slopes and inte1"ce pts of equation (14)' 

m'ta·Substituent ortho-Substituent 
Solven t Dielectr ic 

Constant 
Slope Intercept Slope Intercept 

------------
Water _______________ 78.5 0.461 0 0.742 0. 561 

M etbanoL __________ 31. 5 .676 0. 028 .690 . 490 
EthanoL ___________ 24. 2 . 730 . 043 . 694 .399 
n-PropanoL _________ 20. 1 . 742 . 015 . 708 . 394 
n-B utanoL __________ 17. 4 . 715 - . 011 .706 .355 

Etbylene glycoL ____ 37. 6 .606 . 019 . 670 .436 

Dioxan e-water ______ 55 .594 - . 042 . 690 .378 
Dioxane-water. _____ 40 .654 -. 059 .690 . 256 
Dioxau e-water. ____ _ 15 .707 -. 042 .710 . 122 

• Equation 14 is - l>pK (or log KA •• ,) = m (t>log 1(")+h. See further dis· 
cussion in t he text. 

to methanol as a solvent. Moreover, further 
increases in slope occur on shifting successively to 
ethanol and n-propanol. Such results are to be 
expected, for as others have pointed out [48,50],47 

" Also see [47,51]. 

° I>log K "=log [("-log Kg; t h is work, computed from data presented in 
table 1. As previously empbasized, h ere Ie' and [(~ are association constants. 

d 'fbe dielectric constants of solvents, as stated in t be original articles are 
given in parentheses below tbe names. ' 

• Indicates t be acids the data for which were used in calculating equations 
pertaining to ortho·suhstitu ted acids (see table 8). 

, Indicates tbe acids the data for w hich were used in calculating least-squares 
equations for tbe solid lines shown in fi gures 4 to 6. See table 8. 

an equation of the form 

t:. liV=ej.tcosfJ! fr2 (15) 

expresses the increase in the work of ionic dissocia
tion of an acid like benzoic acid upon the introduc
tion of a polar substituent h aving only an electro
static effect on the ionizing group. In eq (15) e is 
the charge on th e ion ; r is the distance from the 
substituent to the - OOOH group ; j.tcosfJ is the 
component of the electric moment of the substituent 
along r; and f is the dielectric constant of the medium . 
t:. W is negative or positive in sign according as the 
substituent facilitates or makes more difficult the 
removal of the proton. The equation, as applied to 
meta-substituted benzoic acids, predicts that chang
ing the solvent to one of lower dielectric constant 
should cause an increase in the strength relative to 
benzoic acid when the substituent is one that pro
motes ionization (for example, - 01 or - N02), but 
a decrease in strength relative to benzoic acid when 
a substituent such as - OHa is present in the ring. 
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FIGURE 4. Comparison of the effects of di.tferenl 0 - , m-, and 
p-substitutions on the strength of benzoic acid in benzene, 
water, methanol, and ethanol at 25° C. 

See table 7 for data u sed . The symbols have the same sign ifi cance as in figures 
1 and 2. 

'With the exception of m-hydroxybenzoic acid, 
figures 4 to 6 show close linearity of the strengths 
of meta-substituted acids in benzene and in the 
other solvents considered here. The existence of 
solvent effects on the acidic behavior of m-hydroA'Y
benzoic acid was previously referred to (see footnote 
34). Such effects are also noticeable in table 7 and 
figures 4 to 6. Thus, while m-hydroxybenzoic acid 
is stronger than benzoic acid in water, as well as in 
benzene, it appears to be decidedly weaker in all 
of the monohydric alcohols. On the other hand, the 
results for ethylene glycol or dioxane-water solutions 
indicate a strength differing very little from that of 
benzoic acid. A difference in the manner of hy
drogen-bonding of the solvent to the substituent 
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FIGURE 5. Comparison of the effects of diffel'ent 0-, m-, and 
p-subst.i tutions on the strength of benzoic acid in ben zene, 
n-propanol, n-butanol, and ethylene glycol at 25° C. 
See table 7 for data used. 'l'he symb ols have the same significan ce as in figures 

1 and 2. 

- OR group is possibly a factor in the differing 
solvent effects on the acidity. Such possibilities 
would include bonding of the two types: 

(1) HOOC·C6H4·0H . .. OH2 and 
(2) HOOC·C6H 4·0 ( . .. HOH)H 

The former way, which seems likely to be favored 
because of the acidic character of a phenolic - OR, 
should increase the negative charge on the phenolic 
oxygen. Under such conditions, an enhancement 
of the acid-strengthening influence of m-OH could 
be expected. With hydrogen-bonding of type (2), 
however, a reduction of the acid-strengthening in
fluence of m-OH could be looked for. In dioxane
water mixtures, perhaps extensive hydrogen-bond-
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55, 40, and 15, respectively; t=25° C. 

See table i for data used. The symbols have the same significance as in fi gures 
1 and 2. 

ing of dioxane with water [52] appreciably reduces 
solvation of the m-OH group . 

b . para -Substituted Acids 

Most of th e para-substituted ae ids eonform well 
to the norms indicatcd in figures 4 to 6. However, 
p -hydroxybenzoie acid is seen Lo be decidedly 
weaker in all of the alcohols and dioxane-water 
mixtures than in benzene . p-Methoxybenzoic acid 
shows th e same weakening, but to a smaller degree. 
Hydrogen-bonding of solvent to the - OH or - OCH3 
group (compare 4.2 .b and 4.3.a) offers a reason
able explanation for the reduced strength . A 
similar tendency for hydrogen-bonding to p-F seems 
indicated for water and all of th e alcohols except 
n-butanol (figs_ 4 and 5), although it is not eviden t 
for dioxane-wHter mixtures (fig. 6) . 

The points for p -nitrobenzoic acid suggest tha t its 
strength is anomalously great in water and in 
partly Hqueous solvents, alth ough not so in t he 
alcohols. This conclusion, if correct, is under
standable, as the six-membered ring formed by 
bonding of both hydrogens of water to the O:-"'Ygens 
of th e - N 0 2 group should h ave grea ter tability 
than structures formed by hydrogen-bonding of 
alcohol molecules to the - N0 2 group. As menti oned 
above (section 4.2 .c), the expeeted effect of solva
tion of the ni tro group is enhancemen t of t he ac idity . 

c. ortho-Substiluted Acids 

A glance at tHble 8 r eveals that the slopes of eq 
(14), as caleulated from data for or-tho-substituted 
acids (see table 7), range from 0.69 to 0.71 except 
in one case- that in which water was the solvent 
being compared with benzene. The approximate 
constancy in slope con trasts sh arply with the varia
tion in slopes (from 0.46 to 0.71 ), previously noted 
for meta-sll bstituted Hcids. This variation was 
shown (4.2.b) to be consistent with the thesis that 
the in fluence of m-su bsti tuen ts on the acid ity of 
benzoic ac id is principally electrostatic in nature_ 
The near constancy of slope for o-substiLuted ac ids, 
irrespective of the dielec tric constant of the solven t, 
indicates thHt the influence of o-subs tituen ts on 
- COOH is no t solely an elecLl'ostHtic effect. In
stead, we must conclude- as so many others have 
done in studying effects of ortho-substitutions on 
var ious benzene side-ch ain l'eaetions- that 10cHl 
effects such as steric hindrance and hydrogen-bond
ing are very importan t . 

Figures 4 and 5 show that deviations of o-sub
stitu ted acids from the norm are smaller in the case 
of alcohols than in the case of water. F ur thermore, 
the general picture is much the same for all of the 
alcohols . However, increasing the dioxane content 
of dioxane-water mixtures (see fig. 6) has the effect 
of bringing the points for most of the o-substiLuted 
aeids closer to the norm until in the dioxane-water 
solvent of lowest dielectric constan t (15), the only 
major remaining deviation is in the case of o-methoxy
benzoi c acid . The chelation of o-methoxy benzoic 
aeid obviously does not pel's is t in solvents whi ch , 
like the alcohols or dioxan e-water , can become 
hydrogen-bonded to th e - OCH3 group . 

Previously, in comp aring relative s trengths in 
benzene and water (see 4.2 .d and fig. 2), the small 
displHcement from the norm of the point for salicylic 
acid was assumed to indicate a reduced strength in 
benzene, and it was sugges Led that in benzene p ar t 
of the acid may h ave a cllClaLed stru cture analogous 
to th at of o-methoxybenzoic acid . However, the 
points for salicylic acid are noL displaced from Lhe 
norms in the plots for the four monohydric alcohols 
(fi gs. 4 and 5). T herefore, an al ternative explana
tion- hydrogen-bonding of solven t mo~ecules to ~h e 
o-OH group- should not be excluded III accountmg 
for the departures from th e norms observed for 
solu tions in water , dioxane-water, and ethylene 
glyco1. 48 

" T his alternative explanation is in harmony with the suggestion (see p . 480 
of [H(a)]) that the aCid-strengt hening type of chelation becomes favored as t he 
nnmber of hydroxyl groups in the solvent av a ilable for solvation of - COOH 
decreases (which occnrs in alcohols as the dielectric constant decreases) . 
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It seems desirable to reemphasize what we con
sider an especially important result of this investi
gation: the discovery that o-toluic acid shows normal 
acidity in benzene, instead of the anomalously high 
acidity exhibited when in aqueous solu tions (4.2.d) . 
This must mean that steric inhibition of resonance 
when in water- which seems the most reasonable of 
the explanations that have been offered for the en
hanced acidity of this acid- results because solvent 
molecules become attached to the - OOOH group. 
From figures 4 to 6 one would judge that solvation 
is most marked in water solutions. Evidently it 
falls off as increasing amounts of the water are re
placed by dioxane, as shown by the progressive ap
proach of the points for o-toluic acid to the lines 
representing norms. For the solvent that con tained 
73.5 weight-percent of dioxane (e=15) the point is 
very close to the norm.49 In th e alcohols the acidity 
of o-toluic acid appears to be much less enhanced by 
solvation of the - OOOH group.50 

To reiterate what was said above (4.2.d), the 
findings about o-toluic acid make it seem probable 
that hydration of the - OOOH contributes rather 
generally to enhancemen t of the strengths of ortho
substituted benzoic acids when in water-containing 
solvents, because the added bulk promotes steric 
inhibition of resonance. In alcoholic solutions, also, 
solvation probably produces some steric inhibition 
of resonance, with consequent enhancement of 
acidity, but solvation by alcohols seems less prone 
to occur than solvation by water. 

Our previous conclusion (4.2.d) that the reactivi
ties of o-halobenzoic acids in benzene are reduced by 
internal hydrogen-bonding is further supported by 
the displacemen ts to be noted in figures 4 to 6. 
Earlier it was suggested [53] th at chelation of 0-

halobenzoic acids 51 occurs to an increasing extent 
with decreasing dielectric constant of the solvent, 
as in passing successively from water to methanol, 
then to ethanol. This would imply still greater 
chelation in b enzene. However, a relationship of 
chelation to the hydrogen-bonding capacity of the 
solvent seems more probable than a relationship to 
the dielectric constant. To sum up the discussion of 
o-halobenzoic acids: 

(1) Internal hydrogen-bonding (chelation) appears 
to be an important factor in the reductions in ap
parent acidity observed on changing from water to 
nonaqueous solvents such as those dealt with here . 
This conclusion seems to apply to o-fiuoro- as well 
as to the other o-halobenzoic acids. 

(2) For at least some of the group (those having an 
o-substituent comparable in bulk to -OH 3) steric 
inhibition of resonance consequent to solvation of 
the - OOOH group may tend to augment the acidity 
in solvents of good solvating power- water in 
particular. 

As to o-nitrobenzoic acid, solvation of the -N0 2 

group by the solvent when in water may be of im-

portance (compare 4.3.b) , as well as the two factors 
suggesLed in accounting for solvent effects on o-halo
benzoic acid. Here there seems to be somewhat less 
basis, however, for attributing an important role to 
chelation. 

The literature on the acidic strengths of benzoic 
acids having the same group substituted in both 
ortho-positions is meager, even for aqueous solutions 
(compare footnotes 0 and q of table 1) . In reviewing 
the work of other investigators we have noted only one 
case of such an acid- that of 2,4,6-trimethylbenzoic 
acid- in which the effect of a change of solvent (from 
water to n-butanol) on the acidity was measured [48]. 
Further studies of the sort should be valuable in 
judging how steric inhibition of resonance, and like
wise hydrogen-bonding, affect the strengths of 
benzoic acids. 

This section may be concluded by citing a few 
important pioneering studies [48, 49, 54] by authors 
who clearly recognized that changes of solvent may 
markedly 'alter relations in the strengths of acids, 
notably such acids as a-substituted benzoic acids. 
Their observations and conclusions, though more 
fragmentary, were in general harmony with those 
which have been presented above. 

4.4. Correlations With Other Spectral Data 
a . Ultraviolet Data 

Of late years there has been a marked growth of 
interest in the study of steric effects on the electronic 
spectra of conjugated systems. Included in these 
studies have been some attempts to correlate ultra
violet absorption spectra of substituted benzoic 
acids with the nature and position of substituent 
g·roups. In one such study, with dioxane as the 
solvent, it was concluded that steric inhibition of 
resonance occurs in 2,6-dichlorobenzoic acid, but not 
appreciably in 2,4-dichlorobenzoic acid [55]. Later, 
in a more comprehensive study, ultraviolet absorp
tion curves were obtained for benzoic acid itself 
and the derivatives 0- , m-, and p-monosubstituted 
and 2,6-disubstituted with - OH3' - 01, - Br, 
- OOH3' or - OH, all in 95-percent ethanol [56]. 
Still more recently, data have been obtained for 
absolute ethanol solutions of the benzoic acids sub
stituted in the 0-, m-, and p-positions with - F , - I , 
and - N02 [57 (a)]. In most cases these acids were 
found to exhibit three absorption bands in the ultra
violet region, which have been designated as the A, B , 
and 0 bands [56]. Of these bands, the B-band 
(located in the vicinity of 230 mf.') seems most 
sensitive to steric effects of substituents. The 
O-band seems to be comparatively insensitive to 
small steric effects, but sensitive to hydrogen-bond
ing [56, 57]. 

The ultraviolet absorption spectra of meta-substi
tuted acids show a general resemblance to the 
spectrum of benzoic acid, but with slightly decreased 
absorption intensity attributed to inductive effects. 
The B-band of pam-substituted acids shows a con-

" The marked reduction in the strength of o-toluic acid in the two dioxane-water sl'derable bathochI'Oml'C shl'ft from l'tS POSI' tl' on l'n solvents 01 lowest dielectric constant was noted earlier [47 (d)] (also see [53]). 
However, no explanation could be offered at that period . benzoic acid, the exten t of the shift paralleling " Enhancement of acidity resulting from solvation of the - CH, group seems 
improbable. approximately the mesomeric (resonance) effect of 
Si~~:e~du~l~~e?~, OI~I~;~eov~~I~ZOiC acid. Chelation of o-fluorobenzoic acid was con- the substituent, and the intensity of the B-band 

588 



I -

also shows marked enhancement; here, the inductive 
effect seems to be of secondary importance [56, 57].52 

In the most recent analyses of th~ effects of s~eric 
hindrance on B-bands the followmg assumptlOns 
have been made [57]: . 

(1) o-Disubstituted derivative~ (when m neutral 
solutions) would have approxImately t~le same 
absorption as that of . their p-isomcrs were It not for 
steric interference with resonance . 

(2) Three type of ~teric. effects can b~ distin
guished- (a) R educed mtensIty: of .absorptlOn, PIy
duced when steric interference IS shght ; (b) a sluH 
in the wavelength of absorption, accompanied by 
reduced intensity, caused by a somewhat greater 
degree of steric interference ; (c) more or less con:
plete disappearance of the B-band,53 when stenc 
effects are large. . . 

In line with these assumptions, the benzoIc aClds 
with a single O1,tho-substituent generally ex~ibit steric 
interference of type (b) , whereas the eff ect of dl
ortho-substitution is of type (c) [55 to 57] . For 
details the reader is referred to the papers cited . 

However , one point merits special attenti~n her? : 
the puzzling spectral behavlOr of o-tOlUIC aCId 
[57 (a)]b4 o-Methylacetophenon e, where the -:OH 
of o-toluic acid i.s replaced by - CH 3, shows lLttJ e 
evidence of steric hindrance to resonance, and It 
therefore seemed surprising that the alcoholic 
absorption spectrum of o-toluic a,cid, wb en compared 
with that of p-toluic acid, exhibits a pronoun~ed 
hypsochromic ~hift . of thc. B-bapd t<;>gethcr v~lth 
marked reductlOn 111 the mtenslty of absorptIOn. 
To account for this discrepancy the usual explanation 
of the steric effect due to an o-substituent hfld to be 
modifi ed [57 (a)]. Now the evidel?ce. obta.i~ed in 
thi.s investio'ation (4.3.0) that sten c mlllbltlOn of 
resonance il~ o-toluic acid is evident only when the 
solvent (water, alcohols) is one which would tend to 
solva te the - COOH group appears applicable to the 
problem of in terp!'etin.gthe ul.trav iolet .absorp~ion 
spectrum of o-tolu LC aC Ld when n~ alcoholIc solu ~Lon . 
It seems likely tha t solvent eff ects on ultr~vlOl?t 
absorption- which arc evident even for benZOIC aCld 
[59]- will prove to be still more noticeable for o-tolmc 
and other o-substitu ted acids, and th at fUl'ther 
progress in the correlation of ultraviolet spectra and 
steric interferen ces can be accelerated by accumula
tion of data for solutions in hy drocarbon solvents . 

b. Infrared Dolo 

Goulden measured OR-vibration frequencies of 
67 carboxylic acids and phenols in dil,ute carbon 
tetrachloride solutions at 25° C, to determme whether 
the frequencies could be correlated with the aqueous 
pK values [42] (see footno te 43 ). FoUl' ?orrelations 
of OH-frequencies with pR values were dlsco.vere~
one for the phenols and three for carboxylIc aClds. 

" T he spectra of 7n- and 1'-nitro- alld iodobenzoic acids are irregular, showing 
dominating effects of the - N O, and - I groups [57 (a) ]. . 

" 'r he absorption hands characteristic of separate chromOI)horic groups ill a 
molecule disapl)eal' when the chromopllOres become conjugated, being replaced by 
a " conj ugation" band [58], here referred to as the B-band . When Lhe B-band 

disappears because of steric inhibition of resonance the separate bands are 
observed . 

" Also see p . 807 of [56] . 
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chloride and the log K" values Jar combmalwn w~lh dt phenyl
guanidine in ben zene. t = 250 C. 

The carboxylic acids were divided into the follow,in.g 
types: (1) Those containing :- C=C-qOO~. 'I~IS 
included unsaturated alIphatlC, naphthOlc, ClOnamlC, 
and substitu ted benzoic acids. (2) The R 3C 
COOH type, where R = alkyl, halogen , phenoxy, or 
methoxy. (3) Th e type - C = C - CH2- C09R. 

Nine of the benzoic acids (all m- or p-substl tuted) 
includ ed in Goulden's study ,vere the same as ones 
included in this study. Figure 7 shows the correla
tion of the OH-vibration frequencies 55 w ith the log 
K" values obtained in this work. The degree of 
linearity is excellent considerin g the experimental 
uncertainties in both sets of measurements. 

Althouo'h measurement of the OR-vibration fre
quencies bof o-su bstitu ted benzoic acids in carbon 
tetrachloride was not und ertaken, because a good 
correlation with the aqueous pI<. values wa~ not to 
be expected, it is to be hoped that such lllfrared 
data will become available. They sholiid be valuable 
in accoun tin o' for solvent effects on the acidic behavior 
of o-su bstituted benzoic acids. 

Thompson and Steel [60] compu ted ~he l<:>garithms 
of the intensities of the fundamental VlbratlOn bands 
of the - CN group in various,m- a~d p-substituted 
benzonitriles and found good lmeanty of the values 
with the Ra;nmett (]' values. They suggested that 
it may be "legitimate" to read off from their rl<:>ts 
the (]' values correspondmg to . the band ll1te!,s~tles 
observed for five ortho-substituted benzomtnles. 
In a similar way the t:. log K" values i1:nd t~e.value 
for p (2.1 7) (sec footnote 30), obtaIned m thIS ll1ves
tigation can be used to dedu ce (]' value~ for ortho 
substituents. Table 9 compares the five values 
deduced by Thompson and Steel wit~ the. corr~
sponding values derived froJ? d~ta glv~n m thIS 
paper. Both methods of estlmatmg (]' gIve almost 
the same results for o-CH3, o-CI, and o-N02• Good 
agreement in the two sets of values for o-NH2 and 

" These were thought to be accurate to ±1 cm- 1 [or most acids, and ± 2 em-I 
[or the more difficultly solubLe ones [42] . 
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TABLE 9. Hammett sigma values deduced for ortho substituents 

ortho (f'value, u vaJuc, 
subst ituent ref. 60 this work 

KH, - 0. 35 - 0. 15 
OR -.2 + 1.01 
CR3 -. 1 -0. 15 
CI +. 4 +. 3. 
NO, + . 95 + 1.00 

o-OH is not to be expected in view of the evidence of 
hydrogen bonding with the - COOH group in 
anthranilic and salicylic acids. However, on the 
assumption that the influence of - NH2 or - OH is 
largely governed by resonance and is abou t the same 
in the ortho and para positions [61], one may esti
mate IT values for o-NHz and o-OH from the log 
K" values for p-amino- and p-hydroxybenzoic acids. 
These values (respectively, - 0.37 and - 0.15) are 
strikingl.\' similar to the values deduced by Thompson 
an d Steel. 

4 .5. Summary and Concluding Remarks 

Hitherto no method has existed for measuring the 
relative strengths in benzene of acids comparable in 
strength to benzoic acid. This paper has described 
a spectrophotometric method, using 1,3-diphenyl
guanidine and bromopht,halein magenta E as special 
reagents, for securing such information. The results , 
which were obtained at 25° C, are expressed as 
equilibrium constants for association with diphenyl
guanidine. The acids for which measurements were 
made were benzoic acid itself, 31 of its monosub
stituted derivatives (including all of the acids 
substituted in the 0 , m-, or p- positions with - NH2 , 

- Br, - Cl, - F, - OH, - I , - OCH3' - CH3' or 
- N02) and eight di- or tri-substituted benzoic acids 
(including acids with - Cl, - OCH3' or - CH3 in 
both ortho-positions) . 

The relative strengths of the benzoic acids in 
benzene have been compared with previously pub
lished data (obtained by electrochemical methods) 
on the relative strengths in water, methanol, ethanol, 
n-propanol, n-butanol, ethylene glycol, and three 
dioxane-water mixtures. In the case of the meta
substituted acids, except for m-hydl'oxybenzoic acid, 
an exact order of relative strengths is preserved in 
all of the sol vents mentioned, supporting previous 
evidence that the electrostatic effect of the sub
stituen t is the dominating influence on the acidity. 
Irregularities in t,he behavior of m-hydroxybenzoic 
acid are attribu ted to hydrogen-bonding with solvent 
molecules. For para-substituted acids, also, a con
stant relation of strengths is generally preserved in 
the solvents in question, but here there is evidence 
that solvation of the substituent sometimes increases 
a nd sometimes decreases its influence on the acidity. 
The relative acidities measured in benzene for these 
t wo groups of acids are thought to reflect the in t.rinsic 

acidities more acclU'ately than the acidities measured 
in the other solvents mentioned. 

Previous investigators have recognized that a 
group of acids that includes ortho-substituted benzoic 
acids is likely to show inversions in the order of 
strengths when the solvent is changed- even whell 
the change is to a solvent of closely similar type (as, 
for example, in changing from water to a lower alco
hol). Comparisons made in this paper of relative 
strengths in the various solvents have led to several 
conclusions, prominent among which are the fol
lowing: 

(1) Hydration of the - COOH group appears to 
enhance the acidic behavior of o1'tho-substituted 
acids in water. Thus, o-toluic acid, which is recog
nized as being anomalously strong in water, shows 
normal acidic behavior in benzene. This conclusion 
has a bearing on attemp ts to relate apparent acidities 
with structure or with spectral absorption in the 
ultraviolet region. 

(2) Internal hydrogen-bonding (chelation) mark
edly depresses the reactivity of o-methoxybenzoic 
acid as an acid when in benzene. The chela ted struc
ture has little or no tendency to persist in solven ts 
with hydrogen-bonding capacity. 

(3) o-Halobenzoic acids appear relatively weaker 
in benzene than in the other solvents, although the 
effect is much less marked than with o-methoxy
benzoic acid. This weakening is probably partly 
caused by a tendency toward chelation in benzene. 
Infrared evidence on this question is needed. An 
enhancemen t of acidi ty in water by hydration of the 
- COOH group also appears prob9,ble. 

(4) A still smaller tendency toward chela tion seems 
evident for o-nitrobenzoic acid. There also appears 
to be enhancement of the acidity in aqueous solven ts. 
Here, hydration of the - N02 group seems a probable 
factor. 

(5) The effect of a second ortho-substitution on the 
acidity, as indicated by the available data- which 
e}''1st only for a few acids, in the solvents water and 
benzene- is far from additive . Further study of 
such acids is needed for improved understanding of 
steric effects on acidity (as well as on spectral ab
sorption). 

It seems desirable to underline the conclusion that 
the acidities measured in water do not provide a com
pletely accurate scale of relative intrinsic strengths. 
The proton, to be sure, is very minute in size, but 
one should bear in mind that it does not exist in 
solutions as an independent entity. Water, because 
of its great hydrogen-bonding capacity, can not only 
solvate the proton (with four water molecules per 
proton, according to the most recent es timate) but 
also can solvate substituen ts in the benzoic acid 
molecule, as well as the --COOH group, with conse
quent modificat,ions of electrostatic, resonance, and 
sterie effects. The most complete understanding of 
the relation of structure and acidity can be gained by 
systematic measurements in solvents of varied types. 

Another point to be noted is that information on 
interactions of colorless acids and bases can be ob-
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ta ined spectrophotometrically by measurements in 
the visible region , as well as by measurements in t he 
infrared or ultraviolet . The possibility of measul"C
men ts in the visible region great].v extends the range 
of solvents that can be used . An indica tor dye of 
suitable characteristics is lleecl ed, of co urse, and a 
suitable reference base must also be available. 
F urther studies in all of the spectral regions are very 
desirable. 

No reader should be left with the impression that 
benzoic acids arc exceptional in showing inversions 
in the order of strength on changes of solvent. There 
is much additional evidence in the li terature of 
solvent effects on relative acidities. For m.ample, 
the effect of changes of solvent may be different for 
groups such as caLion acids (with so me divisions into 
ubgroups), phenols, aliphatic acids, and aromatic 

acids. On e of the most comprehensive r eviews on 
effects of solvents on t he strengths of acids was 
publish ed in a Ru ssian periodical [62]. The existence 
of such varied sol ven t effecls indicates that no exact, 
universally valid scale o f relative s trengths can be 
constructed. However, in various areas of limi ted 
scope acidity scales of practical usefu lness should be 
obtainable. Studies of relative acidities in various 
solvent media should be helpful in defining such 
areas. 

Final]y , til e studies reported here , al thou gh they 
represent only the beginning of an effor t to gain 
n eeded information about acid-base in teractions in 
solvents like benzene, poin t to a few applications of 
immediate pracLical interest . Thus, tbe solvent 
effects on acidity which create problems in the 
construction of practical acidity scales may be turned 
to advan tage in effecting separations and in selecting 
conditions for obtaining more distinct end-points in 
titrations of mixtures. A possible application of the 
method described here is in getting ft, quick estimate 
of the acidity of an acid, especially of an acid almost 
insoluble in water (see 3.2). Such measurements 
consume only a minute quantity of acid- usually 
less than a centigram. One more suggested applica
tion is in es timating th e climer-monomer equil ibrium 
constants of carboxylic acids in benzene, as ill us
tra ted in 4.1 . Table 3 illustrates the seriou s need 
for such data. 

Special thanks arc du e to the H eyden Chemical 
Corp . for the 3,4-dichlorobenzoic acid and to t he 
National Anili ne Divisio n of Al lied Ch emical a.nd 
D ye Corp. for the m-dimethrlaminobenzoic acid used 
in this work ; to Pri scilla J. Schuhmann for assistance 
in some of the purificatioll s and in t il e exploratory 
experiments that preceded this invcsLigation ; to 
Ylaya Paabo for assislance in the study of tbe dimer
monomer equilibrium of bCJl zoic acid (sec 4.1 ); to 
A. A. Maryott for helpful information abou t measure
ments of the dim er-monomer equilibria of carboxylic 
acids by the electric polarization me thod; an d to 
W . J. Youden for s tatis tical analyses of data. 
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