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very fast, and an idea as to the duration of the 
transient state may be obtained by noting tha t the 
half times for the interconversions of the two en
zyme substrate complexes is less than a millisecond. 
The rapid approach to the steady state which is 
indicated by these calculations justifies the use of 
the steady-state approximation in deriving equa
tions for the representation of experimental data 
and shows tha t the error made in using total 
elapsed time in integrated equations rather than 
time after establishment of the steady state is 
negligible. 

Discussion 
The minimum values of the second-order rate 

constants for the reactions of fumarase with its 
substrates are greater than any which have been 
measured for reactions of enzymes. Chance20 

obtained 1.2 X 10s s e c . - 1 At-1 for the reaction of 
yeast cytochrome-c peroxidase with cytochrome-c 
by the flow method. The second order rate con
stants11 '12 for the combination of alcohol dehydro
genase with D P N and D P N H are of the order of 
106 s e c . - 1 M"1. The high minimum values of the 
second-order ra te constants for the fumarase reac
tion raise the question, which is to be discussed in 
a future article, as to how this ra te compares with 
what would be expected from collision theories and 
diffusion theories of reactions in solution. 

The values of the equilibrium constants for the 
first and last steps of mechanism 11 cannot be cal
culated from the steady-state kinetic data , bu t the 
maximum and minimum values consistent with 
the experimental data may be calculated using 
equations 30, 31, 34 and 35 and inequalities 36 
and 39. The maximum and minimum factors by 
which fa'ki differ from K'F at 0.001, 0.01 and 0.10 
ionic strengths are 1.3-0.96, 1.05-0.90, 1.2-0.95, 
respectively. Thus although the exact values of 
the equilibrium constants cannot be calculated, it 
can be stated t ha t they are equal to the Michaelis 
constants within approximately the experimental 
error. The same conclusion has been reached for 

(20) B. Chance, in J. T. Edsall, "Enzymes and Enzyme Systems," 
Harvard University Press, Cambridge, Mass., 1951. 

I t has been shown tha t association of an anion to 
one end of a bisquaternary salt of the structure 
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chymotrypsin2 1 and urease22 by other methods. 
The calculations of specific reaction rate con 

s tents in this article are all based upon the as
sumption of one enzymatic site per fumarase mole
cule. If there are u sites the calculated rate con
stants will all be decreased by this factor. Since 
the ti tration curve for fumarase has been deter
mined23 in 0.1 M NaCl at 25° it is possible to esti
mate the maximum number of enzymatic sites per 
molecule. The kinetic studies with 0.1 ionic 
strength buffer (0.09 M NaCl plus 0.01 -1/ " t r i s" 
acetate) show tha t there are two groups per en
zymatic site with pK = 7.4. The slope of the 
t i tration curve at /3H 7.4 indicates a maximum of 
12 groups with this pK value or a maximum of 0 
catalytic sites per molecule 

Although the present calculations have been 
made using data from kinetic studies of both the 
forward and reverse reactions, similar calculations 
could be made for reactions which go essentially to 
completion, provided the inhibition constant of the 
product has been measured. Since this constant is 
identical with the Michaelis constant for the prod
uct, the maximum initial velocity for the reverse 
reaction could be calculated using Keq = TV 
KM VMKF provided the free energy change or 
equilibrium constant for the over-all reaction are 
known. For reactions involving two reactants or 
two products the mechanism would have to be 
known so that the correct form of the relation be
tween kinetic parameters and the equilibrium con
s tant for the over-all reaction could be chosen.21 
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is sensitive to the distance between the cationic 
sites. Most of our previous work has been in 
methanol, where the dielectric constant (33.62) is 
sufficiently high to permit neglect of configurations 
in which anions associate with both cationic sites, at 
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The following conductance data are presented: bis-(trimethylammonium)-trimethylene diiodide, bis-(trimethylam-
monium)-tetramethylene diiodide, bis-(trimethylammonium)-pentamethylene diiodide, tetramethylammonium iodide, 
methylpyridinium iodide and dimethylpiperidiniura iodide in ethanol at 25°; tetramethylammonium iodide and bromide, 
methylpyridinium iodide, dimethylpiperidinium iodide and l,l-methane-N,N'-bispyridinium diiodide in methanol a t 25°. 
In ethanol, electrostatic attraction is strong enough to stabilize structures in which two anions associate with the bolaform 
cations. The association decreases with increasing distance between the cationic sites of the latter. 
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least in the range of low concentrations. When the 
two charges coalesce (as in Mg++), the field is in
tense enough to stabilize (Cl' Mg++Cl') clusters; 
the data therefore lead to numerical values for the 
constants describing association of first one and 
then two anions with the cation. We would expect 
binary association to occur in the case of bolaform 
electrolytes if the dielectric constant of the solvent 
were significantly lower than that of methanol. A 
series of bis-(trimethylammonium)-polymethylenes 
was therefore studied in ethanol (D = 24.30). As 
expected, ku the constant describing the dissocia
tion of ( — ) (+) . . . (+ ) ( — ) clusters into ( —) and 
(+) . . . (+) ( — ), was found to depend on the dis
tance between the positive charges in the cation, the 
effect decreasing in accordance with Coulomb's law 
with increasing distance between the charges. 

Experimental 
Materials.—l,3-Bis-(trimethylammonium)-trimethylene 

diiodide ("trimethonium iodide," I ) , l,4-bis-(trimethyl-
ammonium)-tetramethylene diiodide (II) and l,5-bis-(tri-
methylammonium)-pentamethylene diiodide ( I I I ) were 
from stock prepared by Chu.2 

l , l-Methane-N,N'-bispyridinium diiodide was prepared 
by heating a mixture of 24 ml. of pyridine and 8.2 ml. of 
methylene iodide for 30 min. at 90°. Golden crystals 
separated; they were washed with cold ethanol and re-
crvstallized from water. Iodine bv potentiometric titration, 
59~.93; theory, 59.60%. Nitrogen, 6.51, 6.36%; theory, 
6.58%. The compound has a strong maximum (molar ex
tinction coefficient at 3.07 X 10~6 M in water, 9950) at 
about 259 m^. The ultraviolet absorption curve parallels 
that of N-methylpyridinium iodide; the ratio of the molar 
extinction coefficients is 2.25. Solutions of the salt in meth
anol were unstable; resistance increased slowly ( 5 % in 10 
hr.) on standing. The nitrate (IV) was prepared by ion 
exchange; Amberlite XE 75 was converted to a nitrate 
column by concentrated sodium nitrate solution. After 
thoroughly washing the column, a 2 .5% solution of the io
dide was run through the column, and eluted with water. 
Salt was recovered bv evaporation, and recrvstallized from 
methanol. Anal. Calcd. for (C5H4X)2CH2(NOs)2: N, 
18.92. Found: N , 18.05, 17.75. The nitrate is white; the 
iodide thus represents another example of colored-onium 
iodides.3'4 

Tetramethylammonium iodide was prepared from tri-
methylamine and methyl iodide, and recrystallized from 
conductivity water. It was analyzed for iodide by poten
tiometric titration with 0.01 N silver nitrate (% iodide 
found: 63.13, 63.13, 63.18; av. 63.15. Theoretical, 
63.12%). The compound is easy to prepare and we plan 
to use it as a secondary standard for cell calibration, using 
non-aqueous solvents. A check analysis was therefore 
made, using 0.1 A7 eerie sulfate which was standardized 
against Bureau of Standards arsenious oxide.5 

The eerie ion evidently attacks the quaternary ion, be
cause erratic results and ambiguous end-points were ob
tained. The tetramethylammonium iodide was therefore 
quantitatively converted to the equivalent amount of hy-
driodic acid, which was then titrated potentiometrically 
(glass electrode vs. a platinum wire) with eerie sulfate solu
tion. End-points were very sharp (ca. 4000 mv. /ml . 0.1 
solution at the peak). Iodide found: 63.11,63.18%. 

The conversion to hydriodic acid was accomplished by 
running solutions of weighed samples (ca. 200 mg.) of salt 
through an Amberlite IR 120 column and washing the 
column quantitatively. The resin was previously purified 
by continuous Soxhlet extraction with 6 N hydrochloric acid 
for 12 hr. followed by extraction with several portions of 

(2) R. M. Fuoss and V. F. H. Chu, T H I S JOURNAL, 73, 949 (1931). 
(3) A. Hantzsch, Ber., 52, 1544 (1919). 
(4) E. D. Bergmann, F. E. Crane, Jr., and R. M. Fuoss, T H I S JOUR

NAL, 74, 5979 (1952). 
(5) I. Kolthoff and and E. B. Sandell, "Methods of Quantitative 

Analysis," ord edition, the Macmillan Co., New York, N. Y., 1952, p. 

distilled water until the extract tested halogen-free. Two 
24-hr. extractions sufficed. 

Other salts were prepared by mixing the corresponding 
amines and alkyl halides: tetramethylammonium bromide, 
recrystallized from 3:1 H2O-EtOH (% Br found: 51.76, 
51.81; theoretical 51.87); methvlpyridinium iodide, from 
ethanol (% I found 57.33; theoretical 57.41); N,N-dimeth-
vlpiperidinium iodide, from ethanol (% I found 52.43, 
52.31; theoretical 52.63). 

Method.—Methanol and ethanol were dried over alumi
num amalgam; the conductance was usually about 1.5 X 
10~8. Cells6-7 and electrical equipment8 have already been 
described. Both concentration and dilution runs were 
made; they agreed in the overlapping range. 

Results 
The results are summarized in Tables I-V, where 

A = 1000 K/C, C is concentration in equivalents per 
liter, and K is solution conductance corrected for 
solvent conductance. 

Discussion 
The conductance data for the bisquaternary 

salts were analyzed by the method of Sacks and 
Fuoss,9 in order to obtain limiting conductances and 
the constants ki and &2 describing the equilibria 

A'B + + + A ' ^ l A ^ + A ' (h) (1) 

A ' + BH , A'BH 
(*i) (2) 

The dielectric constant of ethanol is sufficiently low 
to cause considerable binary association and it is 
therefore necessary to obtain k\ by successive ap
proximations before k2 and A0 can be calculated. 
The simpler A' — x curves10 which can be used when 

C O N D U C T A N C E S O F 

1 
1 
2 
3 
4 
7 

10<c 

n • 

0.2131 
.2506 
.4237 
.5469 
.7681 

1.310 
2.660 
4.632 
6.191 
8.280 

18.52 
20.55 

A 
= 3 

44.97 
43.26 
39.46 
37.16 
34.74 
30.77 
26.17 
23,20 
21.72 
20.38 
16.70 
16.36 

I ' 

TABLE I 

[Me3N + 

10<c 

n = 

0.1342 
.2224 
.2744 
.4065 
.6307 

1.178 
3.152 
4,557 
8.657 

14.509 

(CHo)nN+Me3]I ' IN 
A 

4 

50,56 
46.76 
45.48 
42.10 
38.75 
33.76 
27.24 
25.03 
21.85 
19.51 

TABLE II 

CONDUCTANCE OF 1-1 SALTS IN 

10<c A 

M e 4 N I 

.1057 

.435 

.438 

.747 

.276 

.571 

53.95 
53.42 
52.18 
50.82 
50.39 
47.99 

0 
1 
1 
1 
4 

14 

Wc A 
N-Methyl-
pyridinium 

iodide 

.7352 

.084 

.416 

.928 

.826 

.73 

55.52 
54.93 
54.56 
53.87 
51.15 
45.73 

ICHc 

n = 

0.0899 
.2167 
.3355 
.4110 
.5741 
.7898 

1.276 
3.704 
7.320 

11.606 

ETHANOL 

10<c 

ETHAN 

A 
5 

53.67 
48.59 
45.33 
43.85 
41.09 
38.63 
34.77 
27.57 
23.84 
21.79 

A 
N,N-Dimethyl-

piperidinium 
iodide 

0.3102 
.5844 
.6005 

1.122 
1.768 
3,111 
3.733 

54.53 
54.03 
53.97 
53.13 
52.21 
50.74 
50.18 

(6) J. C. Nichol and R. M. Fuoss, / . Phys. Chem., 88, 696 (1954). 
(7) O. V. Brody and R. M. Fuoss, ibid., 60, 177 (1956). 
(8) H. Eisenberg and R, M. Fuoss, T H I S JOURNAL, 75, 2914 (1953), 
(9) F. M. Sacks and R. M. Fuoss, J. Eleclrochem. Soc, 99, 483 

(1952). 
(10) R. M. Fuoss and D. Edelson, THIS JOURNAL, 73, 2fi9 (1951). 
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TABLE II I 

CONDUCTANCE OP 1-1 SALTS IN METHANOL 

Me4XI 

ICHc A 

N",N-Diinctliylpiperidiniuni 
iodide 

0.4682 
.8111 

1.061 
1.333 
1.907 

128.65 
127.95 
127.5 
127 . I 5 

126.5 

Me4NBr 
0.4124 

. 8128 
1.634 
3.738 

123.1,5 
122.9 
121.5 
119.25 

0.1859 
.3690 
.4268 
.6345 

1.174 
2.189 
2,664 
N-Meth 

0.1173 
.2267 
.3483 
.4617 
.9085 

1.747 
2 735 

123.0 
122.6 
122.5 
122 2 
121.3 
120.2 
119.9 

ylpyridinium 
odide 

127.7 
127.4 
127.2 
127.05 
126.25 
125.1 
124.1 

binary association is negligible become double 
valued, as was shown for the case of hexametho-
nium bromide in ethanol.11 

60 

20 

\ 

\ : 

i 

~T '[T~^ 

50 

A'. 

30 

0,0 0.2 104Z. 0.6 

Fig. 1.—Determination of k\ for trimethonium iodide in 
ethanol. 

A simpler method of obtaining ki has been de
vised, as shown in Fig. 1 for trimethonium iodide in 
ethanol, where A' is plotted against Z, using ki = 
0.00109; the latter preliminary estimate was ob
tained by the previous method of considering the 
salt as a 1-1 electrolyte in the intermediate range of 
concentrations. Then a series of k\ values in this 
order of magnitude (0.00109-0.0022) were used to 
compute values of A' and Z for the point at the 
highest concentration, and the resulting values 
were plotted (line 2) on the same A' — Z scale. At 
low concentrations, A' becomes insensitive to h\ and 

(11) O. V. Brody and R. M. Fuoss, /. Phys. Chem., 60, 15(S (195B). 

TABLE IA' 

CONDUCTANCE OF 

Py2CH2(NO3). IN 
METHANOL 

10'c 

0.2168 
.41.39 
.7162 
.8357 

1.492 
1.676 
2.645 
2.919 
4.705 

132.4 
130.3 
127 
126.2 
122.2 
120.7 
116.1 
114.5 
108.4 

^o 

TABLE Y 

CONDUCTANCE OF 

N1N-DlMETHYL-

"IPERIDINIUM ODIPE IN 

WATER 
Wc 

2.149 
4.730 
8.244 
13.26 
15.77 
34.04 
37.89 

117.50 

A 

111 .2 
110.45 
109.9 
109.2 
108.9 
107.1 
106.7 
102.3 

the A'-Z curve approaches linearity; the linear 
portion of the A'-Z curve is therefore extrapolated 
(line 1) until it intersects line 2, at point A. This 
determines value which Z should have for the point 
at highest concentration in order to bring it onto the 
linear prolongation of the A'-Z curve from low 
concentrations. In order to obtain the correspond
ing value of ki, k% is plotted against Z(ki) and the 
desired value of k\ is found by interpolation at ZA. 
In Fig. 2 are shown the A'-Z plots for salts I—III; 
all are linear as required. 

iooyc. 
Fig. 2.—Conductance curves (bottom) and extrapolation 

functions (top) for salts I, II and I I I in ethanol. 

The values of the derived constants for the bis-
quaternary salts are given in Table VI; salt H is 
the hexamethonium iodide for which conductance 
data were previously reported.10 The limiting 
conductances change by about the same ratio in 
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TABLE VI 

CONSTANTS FOR BISQUATBRNARY SALTS 
No. Solvent Ao Xo 10 'A i 10'&a R Aoij 

I EtOH 60.0 32.1 1.46 2.6 4.74 0.6468 
II EtOH 60.2 32.3 2.00 3.7 5.10 .6490 
I I I E tOH 59.6 31.7 2.44 4.9 5.44 .6425 
H EtOH 57.2 31.4 9.5 7.5 6.56 .6166 
IV MeOH 136.3 77.2 co 100 6.46 .7422 

methanol and ethanol, as might be expected: the 
ratio of the Walden products X0

+T? (MeOH) /X0
 +r/ 

(EtOH) is 1.264, 1.268 and 1.260 for the tri-, tetra-
and pentamethonium ions, respectively. I t will be 
noted that both k\ and k2 steadily increase as the 
number of methylenes joining the charged sites 
increases. This is, of course, a consequence of di
minishing attraction of each cationic site for the an
ion which eventually associates with the other cat-
onic site at the far end of the chain. The result is 
that the conductance curves at higher concentra
tions are in the reverse sequence of the limiting 
conductances, as shown in Fig. 2. The conductance 
curves are, of course, much steeper than the On-
sager tangent (dashed line) due to ion association 
in the working range of concentrations. 

The approximate charge-charge distance, calcu
lated by Bjerrum's equation12 

h = (,1U)K exp(-e*/RDkT) 

increases regularly in going from the trimeth-
ylene to the hexamethylene derivative. The 
value of K, the intrinsic constant, was obtained 
from our data on tetramethylammonium iodide, for 
which K = 0.0425. Numerically, they are some
what smaller than the values obtained from the 
same salts (5.95, 6.49, 6.61, 7.30) in methanol; no 
physical significance should be ascribed to the dif
ference, which almost certainly reflects the inade
quacy of the simple sphere-in-continuum model. 

The iodide and bromide of the dipyridinium 
methane cation were both unstable in methanol; 
resistance changed so rapidly with time that no 
reliable data could be obtained. The nitrate was 
much more stable, so that an estimate of kt = 
0.0010 could be obtained. This value is about the 
same as that obtained18 for Py+(CH2)2Py+ dibro-
mide, so the compound presumably has the struc
ture assigned to it. 

The data for the 1-1 salts were treated by Shed-
lovsky's method14 in order to obtain limiting con
ductances and reciprocal association constants; 
the results are summarized in Table VII. Our value 

(12) N. Bjerrum, Z. physik. Chem., 106, 219 (1923). 
(13) J. C. Nichol and R. M. Fuoss, THIS JOURNAL, 77, 198 (1955). 
(14) T. Shedlovsky, J. Franklin Inst., 228, 739 (1938). 

Salt 

Me4NI 
Me4NBr 
MePyI 
Me2PpI 
Me4NI 
MePyI 
Me2PpI 
Me2PpI 

Solvent 

MeOH 
MeOH 
MeOH 
MeOH 
EtOH 
EtOH 
EtOH 
H2O 

Ao 

130.6 
125.3 
129.0 
124.3 
56.6 
57.6 
55.8 

112.5 

Xo + 

67.9 
68.8 
68.0 
63.3 
28.7 
29.7 
27.9 
35.7 

10'K 

42.5 
32.8 
54.6 
110 

4.91 
5.69 
5.14 

Ao?7 

0.711 
.682 
.702 
.677 
.611 
.621 
.601 

1.007 

of Ao for Me4NBr agrees exactly with that of Hart
ley15 while our value for the iodide is 1.2 units 
lower. If Gordon's values of single ion conduct
ances (X0[Br'] = 56.6, X0[I'] = 62.8) are used, 
Hartley's data give for the conductance of the tet
ramethylammonium ion 68.7 from bromide and 
69.0 from iodide, while our data give 67.8 and 68.7, 
respectively. The discrepancy is puzzling, be
cause our iodide analyzed within 0.03% of theoreti
cal, while Hartley's iodide (no analysis reported) 
was prepared from bromide which analyzed 0.25% 
low. 

The limiting conductances and association con
stants follow the sequences which one might expect 
from the structures of the salts, with the exception 
of dimethylpiperidinium iodide in methanol. The 
phoreogram is so near the limiting tangent, how
ever, that the X-value in the table probably means 
little, because the method of calculation forces into 
the numerical value of K all the approximations of 
the method of calculation, which become especially 
poor when K begins to approach unity. The curve 
for this salt was determined in water to see whether 
it might lie above the limiting tangent, in view of 
its low degree of association in methanol. The 
phoreogram is catabatic16; since all long range ef
fects due to ionic atmospheres can only give con
ductance curves which lie above the Onsager tan
gent,17 we must conclude that some ion association 
must occur in this salt in water. Since both ions 
are large, association as the consequence of Cou
lomb attraction seems quite unlikely and some other 
mechanism must be acting. Since both ions are 
polarizable (especially the iodide ion), one might 
consider as the source of the binding energy of the 
ion pairs attraction between the dipoles which the 
charge of each ion induces in the other. 
N E W HAVEN, CONNECTICUT 

(15) T. H. Mead, O. L. Hughes and H. Hartley, / . Chem. Soc, 135, 
1207 (1933). 

(16) R. M. Fuoss, J. Chem. Education, 32, 527 (1955). 
(17) R. M. Fuoss and L. Onsager, Proc. Natl. Acad. Sci., 41, 274, 

1010 (1955). 


