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A method for the determination of the structure of dicarboxy
compounds from their dissociation constants has been available
for several years. Only quite recently, however, has data precise
enough for a quantitative evaluation of the molecular dimensions
of such compounds been secured. An application of the princi-
ples involved to the field of reaction velocity has yielded results
in excellent accordance with values obtained from dissociation
constants and x-ray studies.

An elementary statistical treatment of the two dissociation
constants of a dicarboxylic acid shows that a simple, definite
ratio should exist between the two constants for those special cases
in which dissociation of the first H+ ion does not interfere with
dissociation of the second. In the more general case, inter-
ference effects arising from the electrical fields produced by the
dissociated ions may be accounted for quantitatively by assuming
a Boltzmann distribution of H+. The further assumption of a
Coulomb field of force between the charges on the ions gives an
expression for the potential energy in the vicinity of an ion involv-
ing the “length’” of the dicarboxylic ion under consideration.
The “length” of the molecule thus introduced into the Boltzmann
relation may be calculated from suitable and sufficiently precise
experimental data.

This paper reviews the development of the method and sum-
marizes its results. Section I presents the statistical treatment
for special cases; Section II deals with the generalization of the
method; Section III summarizes recent experimental results and
Section IV describes the extension of the method to reaction
velocity data.
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I. STATISTICAL TREATMENT OF DISSOCIATION CONSTANTS

James Walker (1) in 1892 compared his conductivity measure-
ments of the first dissociation constant (K’) of dicarboxylic acids
with the dissociation constant (K,) of the monoethyl ester of the
corresponding acid as shown in table 1. He made the important
observation that the ratio K'/K,, given in the last column, lies
between 2 and 2.5. Three years later, Wegscheider (2) demon-
strated by statistical analysis that this ratio should be 2.

TABLE 1

Ratio of first dissoctation constant of symmetrical acids to dissociation constant of
corresponding monoethyl esters

FIRST DISSO- DISSOCIATION
ACID CIATION CON- CONSTANT OF RATIO

STANT OF MONOETHYL

ACID ESTER

K’ P K'/Kq
Malonic (8).vvvvviner i 0.163 0.0451 3.6
Suceinic (). ...covvviii e 0.0068 0.00302 2.3
Adipic (8) .. v 0.00365 0.0025 (?) 1.3
Suberic (8). .. ooviii 0.00296 0.00146 2.0
" Bebacic (8).. .. 0.00276 0.00143 1.9
Methylmalonie (s)..............ooiiit. 0.086 0.0387 2.2
Ethylmalonic (s).............coiin. 0.127 0.0401 3.2
Dimethylmalonic (s).................... 0.076 0.0304 2.5
Diethylmalonie (8)....... ..ot 0.74 0.0231 32.0
Fumaric (8)........ccovvveiiiiii it 0.093 0.0473 2.0
Maleic (8). . oo 1.17 0.110 10.6
Phthalic (8). ... 0.121 0.0551 2.2

Consider dicarboxylic acids of the type:
R, R,
HOOC—C—(CHR)m—lC——COOH
I'{ X

We shall eall such an acid symmetrical when the radical R, is the
same as R, and unsymmetrical if the radicals are different. For
simplicity in representation we shall designate a symmetrical acid
by the symbol HAAH, and unsymmetrical by HABH, the A and
B portion of the symbol being introduced to label the particular
H under consideration.
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The first dissociation of an unsymmetrical dibasic acid may
occur in two ways (figure 1), i.e., the H+ at either end of the
molecule may dissociate. The mass action constants for the two
equilibria are:

_ [HY [ABH],

K= K, = HABT [H]

[HABH] '~ [HABH] (1)

Experimentally, we determine the first dissociation constant by
measuring the equilibrium:

HABH = H* + ABH- + HAB- 2
or:
, _ [H] (ABH-] + [HAB))
K= [HABH] @
By addition it follows that:
K'=Ki+ K (4)

An unsymmetrical dibasic acid may have two isomeric mono-
ethyl esters (HAB Et and Et ABH) depending on which carboxyl

HABH
H* + ABH™ HAB™ + H*
Fig. 1

HAB Et Et ABH
L[ [
H'+AB Et~ Et AB™+H'
Fia. 2
group is esterified; each of these may dissociate, resulting in the
two equilibria represented in figure 2. Here:

_ [HY [AB Et] . _ [Et AB-] [H]
Ko = [HAB Et] ’ g = [Et ABH] )

Now, if we make the assumption that a hydrogen at one end
of a dicarboxylic acid molecule may dissociate uninfluenced by
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the groups attached to the carboxyl group at the other end, we
can say that!
Ki = K_; K: = K, (6)
Therefore:
K'= K, + K, (6)

or the first dissociation constant of an unsymmetrical dicarboxylic
acid is equal to the sum of the dissociation constants of the two
isomeric monoethyl esters.

If the acid is symmetrical, K, = K, and, further, K, = K;
since only one monoester is possible. Then:

K'=2K, 6 or K'/K,=2 M

which agrees with Walker’s observation.

TABLE 2
Ezperimental and calculated first dissociation constants

ACID K, Kg K’ K’

FOUND CAICU-

LATED
Suceinic (). .. e 0.00326 | 0.00326 | 0.0068 | 0.00652

Tartaric (8). ...l 0.046 0.046 0.097 0.092
Phthalic (s). . ....ooovie i 0.0656 | 0.0656 | 0.121 0.1312
Camphoric (u)......................... 0.000795| 0.00108 | 0.00225 | 0.00188

Hemipic* (w). ..., 0.016 0.130 0.145 0.146

* 3,4-dimethoxy-o-phthalic acid

The assumption of independently ionizable H+ ions is not
limited to ethyl esters; any monoesters should give like results.
Table 2 shows the values of K, Kg and K’ found by Weg-
scheider for methyl esters of some symmetrical (s) and unsym-
metrical (uw) acids; the last column gives the values of K’ calcu-
lated by the author through equations 6 and 7.

Chandler (3), in a study of the second dissociation constants
of dibasic acids, found the ratio of the first dissociation constant
(K’) to the second (K”) approximately equal to 4 at certain con-

L This follows since both K; and K, are concerned with dissociation of H*

at the A end of the molecule and we have assumed that the B end does not influence
dissociation at A.
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centrations. Adams (4), further developed Wegscheider’s statis-
tical treatment to demonstrate that the ratio K'/K” should
equal 4.

Let us extend figure 1 to include the second dissociation of a
dicarboxylic acid:

HABH

+H/\\

HAB™* H*

N\ A

H*'+ AB*
Fi1a. 3

The equations representing the added equilibria are given by:

[H] [AB] . _ [HY] [AB-]
[HAB] '™~ [ABH-]

3 = (8)
The experimentally determined second dissociation constant is
represented by:

[Ht] [AB=]

K" = 3867 + HABT ®

From equations 8 and 9:

1 KK,
K" = = 0
1/Ks 4+ 1/K,  K; + K, (10)

We shall now apply the general equations 4 and 10 to several
types of dibasic acids.

Type I. A symmetrical acid with independently ionizable
hydrogens.

Here, K; = K: = K; = Ky, = K
Equation 4 becomes K/ = 2 K (4a)
Equation 10 becomes K” = K/2 (102)
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and combining,
K'/K" = 4 ¢3)

which is the ratio found by Chandler.

While it is easy in practice to satisfy the condition of symmetry
in a dibasic acid, sufficient separation of the two acid groups to
give independently ionizable hydrogens is far more difficult. In
the triphenylmethane derivatives, however, both conditions are
satisfied; for phenolphthalein (5), K'/K” = 4.06 and for crystal
violet (6), K'/K" = 4.08 +59%.

Type II. An unsymmetrical acid with independently ionizable
hydrogens.

In this case, K; = K; and K, = K,, since the pair K, and K;
is concerned with the same H+ at one end of the molecule while
K, and K, are both concerned with the H+ at the opposite end.
(Cf. footnote 1.)

Equation 4 remains K’ = K, 4+ K;

: , KK
Equation 10 becomes K” = X I K (10b)

Type III. Symmetrical and unsymmetrical acids; hydrogens do
not ionize independently.

The majority of dibasic acids fall into this group. To obtain
equations 4 and 10 for type III acids, we introduce the postulate
suggested by the data that the negative charge arising in the
molecule through dissociation of one H+ diminishes the dissocia-
tion of the second hydrogen. Then:

K; < K, and K( < K;
Equation 4 remains K’ = K, + K,

KlKg
; 2 K7 [l i
Equation 10 becomes? K" < z, frd (10c)

1 1
2 i i . i -
Equation 10 gives K UK, + R, Since K; < K; and K, < K, then K

1 1
> 1 and — > = . Substitution in equation 10 therefore shows K" <
K, K, K,

1
———— (10c¢).
VK + 1K, 200
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and combining,?

K'/K” > 4 (II)
which is the general expression for symmetrical and unsymmetri-
cal dibasic acids whose hydrogens are not independently ionizable.

Table 3, taken in abbreviated form from Adams’ paper, clearly
shows that K'/K" is greater than 4 in the general case.

II. GENERALIZED STATISTICAL TREATMENT OF DISSOCIATION
CONSTANTS
A. Experimental relation of “n”’ and separation of carboxyl groups

Bjerrum (7) (1923) was the first to introduce a general quanti-
tative treatment of dissociation constants. In accordance with

TABLE 3
Ratio of first to second dissociation constant for several dibasic acids

ACID K'/K" ACID K'/R"
[(0:610) = 5 Y 2,000 cts C,H, (COOH), 50,000
(CH:))(COOH)z. ... iovvvene 800 trans C.H, (COOH), 45
(CH:):(COOH)2. .. ........... 25 0-CsH,(COOH). 390
(CH:);(COOH);. .. ....oen. ... 16.2; m-CsH4(COOH), 12
(CH,;)4(COOH);.............. 12.9) eis p-CeH10(COOH), 10
(CHg)s(COOH)2 .............. 13.1 trans ])-CeHm(COOH)z 18
(CH:)s(COOH)2. . . vvvvvnnn e 13.0{| H,S0, 26
(CH,);(COOH)s. ............. 11.3)| H.S0, 3,400
(CH.)s(COOH). ............. 10.0{ H,CO, 23,000

his terminology, we shall hereafter designate —log K’ by p, and
—log K" by p.. As was shown in the preceding section, K'/K" =

K" _(Ki+ Kj)?

# From equations 4 and 10c, —;, > For acids of type III, K, = K,
K KK,

K, + K,)?
or Ky — K, = g (or K, — K; = @), a being chosen positive. Then (‘——lK X ) =
1002
(2K, + a)? @ ee — 2 iti mmetri
— =4 4 .
K; + aK, K, +a Since Kita positive for type III unsymmetrical

and zero for type III symmetrical acids, K’/K’' > 4. Acknowledgment is made
to C. A. Marlies for suggesting this proof in place of the questionable method
employed by Adams.
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4 (I) for independent H+ dissociation and K'/K”>4 (II) for
the general case of dependent dissociation. Transposing to
Bjerrum’s units:
Equation I becomes p; — p; = log 4 (Ia)
Equation II becomes p: — p1 > log 4 (I1a)
Now define a quantity, n, by the relation:
n o= p — p— log 4 (11)

This n measures, in logarithmic units, the deviation of the ratio
K’/K" from the limiting value 4. When K'/K" = 4, equation

TABLE 4
Dependence of n on separation, m, of carbozxyl groups in the acids
HOOC—(CH:;),»—COOH

ACID m D1 P2 P2— D n
Oxalic. . ..., 0 1.42 4.35 2.93 2.33
Malonie............cviiinn i 1 2.80 5.69 2.89 2.29
Suceinie. ........... ... 2 4.20 5.62 1.42 0.82
Glutarie. . ... 3 4.32 5.50 1.18 0.58
Pimelic...................0coi0l 5 4.49 | (5.36)?] (0.87)?1 (0.27)?
Suberic........... ... i, 6 4.52 5.55 1.03 0.43
Azelaic. ................. ... ... 7 4.60 5.56 0.96 0.36
Sebacic..................o 8 4.62 5.60 1.02 0.42

Ia holds and n = O (i.e., there is no deviation). The last column
of table 4, taken from Bjerrum’s paper, gives the values of n for
the series of symmetrical acids: HOOC—(CH,).—COOH.

It will be noticed that n decreases in value from 2.33 to 0.42 as
the distance between the carboxyl groups increases (i.e., the
deviation from the limiting ratio 4 becomes smaller, the greater
the separation of the two dissociating groups). The fact that »
is a function of the separation of the two carboxyl groups is fur-
ther demonstrated in tables 5 and 6, where the separation of the
carboxyl groups is kept constant although the nature of the acid
isvaried. Here n is practically a constant for a given type dibasic
acid, even though the dissociation constants of the acids of that
particular type vary over wide limits.
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B. Quantitative relation between “n”’ and separation of
carboxyl groups

At least two paths are open in a consideration of the influence
of the first dissociation on the second:

1. Dissociation of a H+* from a COOH may produce intra-
molecular forces which, upon transmission through the molecule,
may affect the second dissociation. At present, no simple physi-

TABLE 5
The constancy of n for a constant separation of carbozyl groups: glutaric acid types
Glutaric acid types—(COOH groups separated by 3 C)

ACID ! n } D2 I P2 — D1 i n

e 432 | 550 | 118 | 058
Thiodiglyeolic*. ... ..............\oo... | 331 | 446 | 115 | 055
Camphoric............ .. .o, 4.65 5.8 1.15 0.55
m-Phthalic. .. ........... 354 | 460 | 1.06 | 0.46

* Separation of COOH groups by 2 Cand 1 8.

TABLE 6
The constancy of n for a constant separation of carbozyl groups: succinic acid types
Suecinic acid types—(COOH groups separated by 2 C)

ACID » D2 2 Rl 441
Succinic............ . o 4.20 5.62 1.42 0.82
d-Tartaric.............................. 3.02 4.39 1.37 0.77
Dibromosuceinie........................ 1.47 2.80 1.33 0.73
Fumaric.................... ... ... 3.03 4.47 1.44 0.84
o-Phthalic.............................. 2.92 5.45 2.53 1.93
Maleic. ............cooo 1.93 6.29 4.36 3.76

cal picture of intramolecular forces is available for a calculation of
such effects; we must rely upon experiment.

2. The negative COO- arising from dissociation of a H+ may
attract H+ to itself. The resultant local accumulation of H+
around the COO- over and above the average distribution of H+
throughout the solution may influence the second dissociation.
Such an electrostatic effect is amenable to a simple mathe-
matical treatment.
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A consideration of the most probable arrangement of a system
of particles subject to the conditions that the total number of
particles and their fofal energy remain constant, although the
energy distribution among the particles may vary, leads to the
Maxwell-Boltzmann distribution law (8) for such partition of
energy among the particles:

C=2C exp.m (12)
where C = the concentration at any point,
C, = the average concentration throughout the system,

¢ = the work necessary to bring a molecule from a point
at concentration C to a point at concentration C,,

H‘
% Q >*
FiG. 4

R = the gas constant,

T the absolute temperature, and

N = the Avogadro number.
The electrical work necessary to separate a positive H+ from a
negative COO- by a distance ‘‘a’’ (figure 4) is given (9) by

]

82
¢ =5 (13)
where ¢ = the elementary charge, and
D = the dielectric constant of the medium.
Application of the Maxwell-Boltzmann law to the distribution
of positive charges (H+) in the neighborhood of a negative charge

(COO~-) yields:

N
C, = C, exp.PETe (14)
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where C, = the concentration of H+ at distance ‘“‘a.”” Physi-
cally, this tells us that the concentration of H+ in the imme-
diate vicinity of a negative COO- is greater than the average H+
concentration throughout the solution by an exponential factor
involving the distance from the COO- group. The closer we
approach COO-, the greater the concentration of H+,

If we designate by ““r”’ the distance between the charges on the
doubly charged -OOC—(CH.),—COO~ ion, or between corre-
sponding points in the monovalent ion or uncharged molecule,

equation 14 becomes:
etV

C, = C, eXp'DRT-r

(14a)

The accumulation of H+ near the second carboxyl group due to
the charge on the first COO- group might interfere with dissocia-
tion of the second H+. With no interference, K'/K” = 4 (I);
in general, however, K'/K” > 4 orn > 0. If we assume that
deviation of the ratio K’/K” from 4 arises entirely from electro-
static effects (i.e., due to the Boltzman exponential factor), then.

the experimentally determined logarithmic deviation » and the
N

mathematically calculated deviation factor exp. PET™ may be
equated:

e?N
n = logy exp.DRT" (111)
or
N
K'/K” = 4 exp PET" 3]

Thus, we have succeeded in relating an experimental value
(K'/K" or n) with “r,” the “‘effective length” of a dicarboxylic
acid molecule. Substitution of the values

e =477 X 107 g.5.U.

N = 6.06 X 108
D = 80 for HO
R = 835 X 107

T =293
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gives

3.1
r X 108

= (15)
In table 7 the values of r calculated by means of equation 15 for
the acids of table 4 are shown. The separation of centers of
K+ and Cl- in the KCl crystal is 3.14 A. (10a) and between C—C
in the diamond 1.54 A., so that the values of r calculated above
are of the correct order of magnitude.

Simms (24a) applied these calculations in an attempt to evalu-
ate the ‘‘distortional” effects of H+ ion dissociation. Bjerrum
(7), Simms (24b), and Hiickel (25) made further calculations on

this basis, e.g., comparing “‘r”’ for cis-trans isomers and evaluating
TABLE 7
The length of some dicarboxy molecules calculated from the logarithmic deviation
ACID m n (table 4) r
4
Oxalic, . covvriein i 0 2.33 1.33
Malopie.......ooovvivenviinnns, 1 2.29 1.35
Suceinie. .........cviiii e 2 0.82 3.8
Glutarie.......... ...t 3 0.58 5.3
Others............cooiiiiiiiiiii.n, 6-8 0.40 7.8

inorganic dibasic acid distances, but more precise experimental
data was necessary for significant results.

III, RECENT EXPERIMENTAL RESULTS

Gane and Ingold (11) undertook an extensive and precise
experimental investigation of dicarboxylic acid dissociation
constants to test the applicability of Bjerrum’s calculations.
Previous determinations had usually been made by different
methods, e.g., K’ by conductivity, K ” by partition or sugar inver-
sion experiments. A method that permitted measurement of
both K’ and K” by the same experimental procedure at the same
time and under the same environmental conditions was essential
for obtaining suitable data. In 1924, such a method had been
made available by Auerbach and Smolezyk (12).
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The procedure consisted of adding small portions of sodium
hydroxide to a solution of the dibasic acid and determining the
pH electrometrically after each addition of alkali. Then, if

C, v = initial concentration and volume of acid,

N, z = concentration and volume of alkali after the
addition of which the hydrogen ion
concentration = [H+],

K', K", K, = the first and second dissociation constants
for the acid and the water constant,
respectively,

the concentration of sodium ion in solu-

tion, and

[H:Al,[HA-], [A-] = the concentration of undissociated acid,
monovalent, and divalent ions, re-
spectively,

the following six equations can be set up, assuming complete dis-

sociation of the base added and salts formed and restricting the

calculation to weak acids.

[Na+]

[HY] = K’ [H’A_] (16)

[HAT) Mass action expressions

- for weak acids

[HA)
H+} = K”
[(H*] (A1 an
[Nat] + [H*] = [HA™] + 2(A=] Electrical neutrality (18)
(H:A] + (HAT] + [A%] = —2 (19)

v+ 2z

nz
[Nat] = T (20)
[H*] X [OH"] = K, (21)

A solution of these simultaneous conditional equations results in
the expression:

= (22)

z _ K'C([HY} +2K"[H*]) — ([H*]) — K,) (AT + K' [H*] 4+ K'K")
v ((H* + K'[H*] + K'K”) ([H*]} 4+ N[H*] — K,)

This equation contains only two unknowns, K’ and K”. There-
fore, any two pH measurements during titration suffice to solve
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the expression for the two unknowns; the series of pH values
actually determined gives a precise average value for K’ and K".

To fulfill the condition of complete dissociation of alkali and
salts, dilute solutions (approximately 0.06 to 0.0007 M) were used
by Gane and Ingold; further, calculations for oxalic acid by this

TABLE 8
More precise values of the length for the series HOOC—(CH,),—COOH
ACID m K’ X 103 k* X 108 r
A.
Oxalic. ...oooviriii ey 0 | ...
Malonic.....ovvvveniiiiiiiii e, 1 177.0 4.37 1.5
Suceinic. ..ot 2 7.36 4.50 5.0
Glutaric...........ccoveneenn.. e 3 4.60 5.34 9.2
AdIPIC. vt 4 3.90 5.29 11.5
Pimelic.........ooviiiiii i, 5 3.33 4.87 13.2
Suberic.............ciiii PRI 6 3.07 4.71 14.5
Azelaic..........coov i, 7 2.82 4.64 16.8
TABLE 9
Effect of substitution of radicals on length of dicarbozylic acid molecule
AcCID K' X 105 K* X 108 r
A.
Glutaric. ..o 4.60 534 9.22
Substituted glutaric acids
B-Methyl................... e 5.77 62.8 2.27
B-n-Propyl........c.cooiiiiiiiiiin 4.97 43.2 2.12
8,8-Dimethyl. . ................... ... 20.3 55.1 1.57
8,8-Diethyl. ......... ... ..o 30.4 7.85 1.02
8,8-Di-n-propyl................o 20.3 5.42 1.01
Cyeclo acids
Cyclopentane-1,1-diacetic............. 16.8 26.3 1.40
Cyclohexane-1,1-diacetic.............. 33.6 10.2 1.04
Cycloheptane-1,1-diacetic............. 27.8 10.9 1.10

method were excluded because K’ does not follow the mass action
law. Table 8 summarizes the K’ and K" values determined by
this method for the series HOOC—(CH.;),,—COOH, and the “r”’
values calculated from Bjerrum’s equation (IV).

An empirical expression satisfactory for the last five acids,
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r = 4.4 + 1.73 m, assigns a value of 1.73 A. increase per additional
CH, group and points to a straight or zigzag chain rather than a
coiled structure for these aliphatic acids. The deviations ex-
hibited by the first two may be attributed to internal polar effects
which increase with shortening of the chain.

The structure of several substituted dicarboxylic acids was next
determined by this method (13). A short summary of results is
given by table 9.

In the case of unsubstituted glutaric acid, r = 9.22 A., whereas
substitution of one methyl or propyl on the central carbon reduces
the distance between the carboxyl groups to about 2 A.; substitu-
tion of two radicals cuts the distance to 1 A. Apparently, sub-
stitution on the central carbon tends to coil the long chain acid,
thereby bringing the carboxyl groups closer (figures 5a, 5b).

COOH CR; CH,
AN H,C N CH, H:C N CH,
>CH2 \
H.C\ ¢ /CH;
H,C HOOC COOH
b H.C CH,
CH.;
/ HOOC COOH
COOH c
a
Fi1g. 5

The r values for cyclic (figure 5¢) 1,1-diacetic acids (table 9) are
in harmony with the coiled structure (figure 5b) assigned to sub-
stituted glutaric acids. This structure is in further accord with
much chemical evidence and is believed by Ingold to support
the valency deflection hypothesis (14).

Among the most serious disturbances to calculations of this type
are effects caused by polar transmission through the molecule and
by local variations in the properties of the medium. Internal
transmission effects may be disregarded when the carboxyl groups
are separated by more than two carbon atoms (cf. table 8).

Solvent disturbances were studied by Gane and Ingold in a
fourth paper (15). Correction for interionic effects were made by
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titrating each dibasic acid at several concentrations in the very
dilute region and extrapolating to u = 0.4 Table 10 shows an
example of this type of correction.

Corrections for solvent effects caused by compressibility of the
solvent in the neighborhood of an ion, by anisotropy (electrical
and optical) and by association are treated in Ingold’s ‘‘Remarks
on the Electrical and Mechanical Conditions in the Neighborhood
of a Dissolved Ion” (16). A method of approximations yields an

TABLE 10
Corrections for interionic effects

ACID 10°¢ 10°K’ 10°K”
Malonic..........ccoovventn 5.000 17.7 41.2
4.991 17.7 43.7
2.000 15.8 25.5
1.000 15.3 24.3
1.000 15.4 23.8
0.400 15.1 21.1
0.125 14.9 21.2
u=0 14.9 20.3
Suceinic. ..ovvviv il 5.000 0.734 46.1
4,880 0.736 45.0
2.000 0.678 37.8
1.000 0.659 36.6
0.400 0.648 35.0
0.125 0.644 33.5
u=0 0.641 33.3

expression for the potential, ¢, in the vicinity of an ion corrected
for the above factors, taking the form of a series in terms of

e[ﬁf+a_f‘+ ................ ]
r r

instead of the simplified form used by Bjerrum (equation 13).
Another question examined is that of the flexibility of the mole-
cule (15). An equation for K'/K"” was derived for flexible mole-

¢ ;4 = ionic strength = = } molar concentration X (valence of ion)?2,
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cules on the assumption that a definite maximum, rm.:, and a
definite minimum, 7., separation exists between the carboxyl
groups. The distribution of undissociated molecules and mono-
valent ions is such that there are as many of these with length,
1, a8 with length, 7, within the limits set by rmax and 7mia. In
the case of the divalent ions, however, there are more (Boltzmann
distribution) with larger »’s than with smaller lengths since the
repulsion of the like charges at each end of the divalent ion tends
to stretch it. Since the energy necessary to stretch the molecules
to the lengths calculated on this basis is very great, it is concluded

TABLE 11

Length of dicarbozy molecules calculated from corrected dissociation data and from
assumed zigzag chain model

ACID m Tobs Tcale ar
A A. A.
Oxalic. ...ooviii 0 (3.37) (3.54) | (—0.17)
Malonic........cooiiiiii 1 3.43 4.26 —0.83
Suceinic........oovi i i 2 5.58 5.87 -0.29
Glutaric. ...t 3 7.11 6.84 +0.27
Adipic...... ... i 4 8.22 8.36 —-0.14
Pimelic................ . oo, 5 9.43 9.43 0.00
Suberic. ..... ... 6 11.07 10.88 +0.19
Azelaic....... ... ... i, 7 12.03 12.04 -0.01

that the dicarboxy molecule has a rigid structure. Thus, Gane
and Ingold propose that a major portion of the force tending to
maintain a favored configuration in crystals, liquids, and dilute
solutions is intramolecular and not externally electrostatic in
origin.

The column (7o A.) of table 11 was calculated after applying
all the above noted corrections. Its values may be expressed
by the linear equation, r = 2.98 + 1.29 m A., indicating an in-
crease of 1.29 A. per CH, group, a value well in accord with
x-ray data (10¢, 17).

When m = 0, r = 2.98, a measure of the distance between the
charges in two COO~ groups. The distance between the charge
on the COO- and the carbon of this group measured along the



356 JOSEPH GREENSPAN

line connecting the two carbons in the molecule (figure 6) is
calculated to be 1.00 A. Using this result together with a zigzag
model for the dicarboxylic acids and the appropriate trigo-
nometrical relations, column 4 of table 11 was obtained. The
last column shows deviations between values calculated from ob-
servational data and from the zigzag model. The good agree-
ment points to a rigidly extended zigzag configuration for dicar-
boxylic acids in dilute aqueous solutions.

C c C

Fig. 6

‘.‘iOOH
(CHg)
Ky 2'm Ky
COOA COQH
)

|
Co0B K K COCOH
CO0A 13
(CHy)y
|
COOH

Fic. 7

IV. APPLICATION TO REACTION VELOCITY DATA

A general formula relating to the several velocity constants
of hydrolysis of a polyester was statistically derived by Ingold (18)
assuming no interaction of the ester groups. The present author
submits the following simplified derivation to illustrate the
method for the hydrolysis of a diester.

Let k., ks, k., ks, and v, v5, v,, v, be the specific velocity con-
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stants and the velocities of acid hydrolysis of the corresponding
stepwise reactions represented in figure 7. Then,

v v v v
2 by = (22)

[ = .
%« = ap) ® = a8’ M BEF P T fAm]

If %, and k. are the experimentally determined first and second
hydrolysis constants of the diester, and v; and v, the experimen-
tally measured velocities, then:

v = k[AB] = v, + v; = (k, + k) [AB] (23)
or
ki=k, + kg (24)
and
v =k ((AH] + [BH]) = v, + v, (25)
But
[ATH] + [BH] = 2 + 2 (26)
b7 [}
therefore
kz[&+v—5]=v +v (27)
k., ks v

For a symmetrical ester (A = B) with independent hydrolysis
at each end of the chain,

hy=kg=k =k =k
and
Equation 24 becomes ky = 2 k (24a)
Equation 27 becomes k; = k (27a)
or, combining,
kil = 2 (28)

Thus, the ratio of the first to the second velocity constants of
hydrolysis should be 2 for a symmetrical ester without inter-
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action of the two ester groups. Table 12 abbreviated from
Ingold (18) shows experimental values for the acid hydrolysis of
some symmetrical esters; the &, /%, ratio found is closely equal to 2.

TABLE 12

Ezperimental and calculated ratio of first to second velocity of acid hydrolysis
constants for some diesters

k/ke k/kee

ESTER k1 X 108 ke X 108 FOUND CALCU-

LATED

Dimethyl succinate..................... 2.40 121 1.98 2.00

Diethyl succinate....................... 2.30 121 1.90 2.00

Dimethyl d-tartrate.................... 1.24 62 2.00 2.00

Diethyl d-tartrate...................... 1.40 68 2.06 2.00
TABLE 13

Length of dicarboxy molecules calculated from velocity constant and from dissociation
constant ratios

MEAN T r FROM
ESTER ki/ks MEAN ki/ks FROM DISSOCIA-
YELOCITY | TION DATA
DATA
Dimethyl oxalate. ...................... (10%) ‘
Diethyl oxalate......................... (104) (104) (2.9) (3.37)
Dimethyl malonate. .................... (92)
Diethyl malonate. ...................... (90) (1) 3.8) 8.43
Dimethyl succinate..................... 9.66
Diethyl suceinate....................... 9.62} 9.64 5.62 5.58
Dimethyl glutarate. .................... 6.45
Diethyl glutarate...................... 6.40} 6.42 6.83 71
Dimethyl adipate....................... 4.95
Diethyl adipate. . . ... . ooieeronin . 5.00} 4907 | 830 | 822
Dimethyl pimelate..................... 4.34 4.34 9.57 9.43
Dimethyl suberate...................... 3.91 3.91 10.97 11.07
Dimethyl azelate....................... 3.61 3.61 12.38 | 12.03

This limiting ratio of 2 is found not to hold for the alkaline
hydrolysis of diesters, nor would we, in the light of the Bronsted
theory of reaction velocity (19, 20a), expect the preceding simple
assumptions to hold. We are dealing with charged ions in the
second stage of alkaline hydrolysis.
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The first step of the reaction between the diester and the OH-
ion may be represented by the formation of the intermediate
complex:

ROOC—(CHz)»—COOR + OH~ — ROOC—(CH:)»—COOR - OH~

with reaction taking place between an uncharged molecule and a
negative ion.

In the second stage, however, the following reaction between
two like charged ions will occur:

ROOC—(CH;)»—CO0O~ 4 OH~ — HO- . ROOC—(CH,),»,—CO00~

The presence of a charged COO- group will cause a decrease of
like charged OH - ions in the immediate vicinity of COO-. Con-
sequently, there will be a decrease in the number of critical com-
plexes below the number that would form in the absence of charge
effects.

We would not expect k1/k. to equal 2 for alkaline hydrolysis, but

Sle

Eu/ke = 2 exp.t (29)

where the Boltzmann exponential factor once again takes care of
electrostatic influences. The potential term, ¢, here too involves
the distance, ‘“‘r,”” between the charges on the COO- groups
(assuming the OH- to form a critical complex at the carboxyl
group).

By employing the modified expression for ¢ (16) and working
in dilute solutions to correct for interionic effects, Ingold (21)
obtained the following values of k,/k. (table 13) for the alkaline
hydrolysis of some diesters. The ‘7’ values were determined by
means of equation 29. The last column, giving r values calcu-
lated from the dissociation constant ratio (table 11), shows excel-
lent agreement and indicates a zigzag model for both dicarboxy
esters and dicarboxylic acids.

It must be emphasized that this method is by no means re-
stricted to dicarboxy compounds but provides a perfectly general
way of calculating molecular dimensions from the proper data.
La Mer (20b) has made a similar caleculation for the thiosulfate—
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bromoacetate ion and ester reaction and secured a very reasonable
“length” for the bromosacetate molecule.

At the date of writing this review, an attempt by Eucken (22)
to use this method for calculating various molecular properties
(e.g., internal dielectric constant of a molecule) of a series of sub-
stituted organic acids has appeared. MacInnes (23) has ob-
tained an interesting relationship for a group of substituted mono-
carboxylic acids which is in harmony with calculations of the
Bjerrum type.

These recent applications serve to emphasize the generality
and utility of this method of attack on molecular properties in
solution; many interesting results may be awaited from similar
calculations.

The author desires to acknowledge indebtedness to Professor
V. K. La Mer for suggesting this subject as an extension of one
phase of his review of “Reaction Velocity in Ionic Systems”
(20c) and for his interest and aid in preparing this review.
Acknowledgment is also made to Dr. I. A. Cowperthwaite and
to Mr. J. L. Goldberg for calling the author’s attention to certain
of the references.
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