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has a value of 4 X 10+ 41. The analogous con­
stant for the formation of Zn2DMP3= is equal to 
the product qaqQzhn-DMvr and calculation yields 
a value of 4 X K)+40 for this constant. Although 
this latter value can be considered to be only an 
estimate, the relative difference between it and 
the value for the nickel(II) complex is sufficiently 
great to be significant. Further evidence that the 
polynuclear nickel (II) complexes are more stable 
is suggested by the relative solubilities of the neu­
tral species. The solid phase can be considered 
to be a polynuclear complex with an infinite value 
of n. The species ZnDMP has a solubility product 
of about 1O-18 and even dissolves to a slight extent 
as the undissociated species. With NiDMP, 
on the other hand, the solubility product is of the 
order 10-20-10~21, and there is no evidence that the 
undissociated species is soluble to an appreciable 
extent under equilibrium conditions. And finally, 
mercaptoacetate ions form a "core plus links" 
polynuclear series with nickel (II), but there is no 
evidence that this ligand forms polynuclear com­
plexes with zinc (II). 

Spectral evidence3-6'8'9 indicates that dd-7r bond­
ing is important in the polynuclear nickel(II) 
complexes. The T bonding acts to reduce the 
positive charge that would otherwise exist on the 
multiply bonded sulfur atoms and apparently has 
and the complex is probably present as Ni2DMPa"\ Recalculating the 
data on this basis gives a value of 4 X 10 +il for the formation constant 
of this species. 

Introduction 
The iron(II)-iron(III) exchange reaction has 

been studied extensively in an attempt to elucidate 
some of the features of electron transfer in aqueous 
solution. Silverman and Dodson2 studied the re­
action between the uncomplexed cations and found 
the bimolecular rate constant to be 4.0 F~l sec. - 1 

at 25.0°. The complexing of the ferric ion by hal-
ides2-3 increases the specific rate of exchange by a 
factor of ten, while complexing by hydroxide ion 
increases the specific rate a thousandfold. The 
results do not yield a satisfactory interpretation 
of the reaction mechanism. There is also some 

(1) Research performed under the auspices of the U. S. Atomic 
Energy Commission. 

(2) J. Silverman and R. W. Dodson, J. Phys. Chem., 56, 846 (1952). 
(3) J. Hudis and A. C. Wahl, T H I S JOURNAL, 75, 41,53 (1953). 

a greater effect on the square planar nickel(II) 
complexes than in the (presumably) tetrahedral 
zinc(II) complexes. Both platinum(II) and pal­
l ad ium^) ions, which like nickel(II) also have 
the d8 electron configuration, form sulfur bridged 
complexes and T bonding has been suggested to 
be important in these complexes.21'22 Indeed, the 
MS2M ring is probably an "inorganic aromatic 
ring".22 

The manganese(II)-DMP system does not form 
polynuclear complexes, at least under the present 
experimental conditions. Also, it was found 
that the neutral species, MnDMP, has quite high 
solubility. These observations give further sup­
port to the suggestion that 7r bonding is important 
in the polynuclear species. With the manganese 
(II) ion, the d shell is only half filled and the 
tendency for dative IT bonding is much less. 

I t is interesting that complexes with such a large 
number of zinc ions are stable in solution. Pre­
liminary experiments indicate that the alcohol 
group of the DMP molecule is important in bring­
ing about the solution stability of these polynuclear 
zinc(II) species. With ethanedithiol as the ligand 
the benefit of the solvation of the OH group is 
not had and the solid phase remains dissolved 
to much higher n values than are observed with 
DMP. 

(21) J. Chatt and F. A. Hart, J. Chem. Soc, 2363 (1953). 
(22) J. Chatt and F. A. Hart, ibid., 2S07 (1960). 

doubt as to whether the ferric halides are inner or 
outer sphere complexes. 

Eichler and Wahl4 used both radioactive tracers 
and optical activity methods in a study of the 
tris- (1,10-phenanthroline) - iron (II) -tris- (1,10-phen-
anthroline)-iron(III) electron transfer reaction. 
Both ions of this system are definitely inner 
sphere complexes in which the ligands are not 
readily substituted. The optical activity method 
resulted in a lower limit of k = 102 T7-1SeC.-1 for 
the exchange at 25°. The tracer experiments are 
more ambiguous because of the possibility of sepa­
ration-induced exchange. Assuming 50% sepa­
ration-induced exchange, Eichler and Wahl placed 
a lower limit of k — 105 F -1SeC -1On the bimolecular 
rate constant at 0°. 

(4) E. Eichler and A. C. Wahl, ibid., 80, 4145 (1958). 
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The kinetics of the oxidation of the iron(II) ion by tris-(l,10-phenanthroline)-iron(III) ion in 0.50 .FHClOa has been studied 
using a rapid-mixing and flow technique. The reaction was shown to be first order with respect to each reagent and the 
specific rate constant determined to be 3.70 X 104 F - 1 sec . - 1 at 25.0°. The rate constant increased slightly with decreasing 
acid concentration. The activation energy calculated from the temperature dependence of the rate constant is 0.8 ± 0.2 
kcal./mole and the entropy of activation is —37.2 cal./mole deg. The oxidation of ferrous ion by the tris-(l,10-phenanthro-
line)-iron(III) ion is compared with other ferrous ion oxidations and the existence of a linear relation between the free 
energies of activation and the standard free energy changes of the oxidation-reduction reactions is shown. 
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The oxidation of ferrous ion by hexachloro-
iridium(IV), tris-(l,10-phenanthroline)-ruthenium 
(III) and tris-(l,10-phenanthroline)-iron(III) has 
been studied by George and Irvine.5 They fol­
lowed these reactions by observing the color changes 
in ordinary mixing experiments. The reactions 
were complete in the time required to mix the 
reactant solutions. From an estimate of this time 
they set a lower limit of k = 105 F - 1 SeC - 1 for the 
reactions. 

Rapid-mixing and flow techniques combined with 
a spectrophotometric means of analysis have been 
used with considerable success in several investi­
gations of fast reactions.6-8 The ferrous-tris-
(l,10-phenanthroline)-iron(III) system can readily 
be studied with such a technique by following the 
production of the intensely colored tris-(l,10-
phenanthroline)-iron(II). Our interest in this 
system derives from both the similarities and dif­
ferences with the systems involving ferrous ion 
reacting with ferric ion, complexes of ferric ion 
and other oxidizing agents. 

Experimental 
Chemicals.—Tris-(l,10-phenanthroline)-iron(II) perchlo-

rate was prepared by adding an equivalent amount of fer­
rous perchlorate to 1,10-phenanthroline (G-. Frederick 
Smith). Tris-(l,10-phenanthroline)-iron(II) perchlorate 
was precipitated with sodium perchlorate, redissolved in 
dilute sulfuric acid and oxidized to tris-( 1,10-phenanthro­
line )-iron(III) perchlorate with lead dioxide. Excess lead 
dioxide and the lead sulfate produced were removed by 
filtration. Tris-(l,10-phenanthroline)-iron(III) perchlorate 
was precipitated from the filtrate by adding perchloric 
acid and was purified by recrystallization from dilute per­
chloric acid. A stock solution of tris-(l,10-phenanthroline)-
iron(III) perchlorate was prepared by dissolving the crystals 
in concentrated perchloric acid and was stored in a dark 
container a t —15°. Such stock solutions appeared stable 
over a period of several months. 

Ferrous perchlorate (G. Frederick Smith) was purified 
by recrystallization from perchloric acid. 

Sodium perchlorate was prepared by neutralizing sodium 
carbonate (Baker and Adamson) with perchloric acid (Baker 
Analyzed Reagent). 

Triply-distilled water was used in preparing the solutions 
for the kinetic measurements. 

Apparatus.—The apparatus consisted of two 100 ml. 
syringes which were mounted in a pushing block and con­
nected via two three-way stopcocks to the mixing chamber. 
The reagents were kept in volumetric flasks and could be 
drawn into the syringes through the three-way stopcocks 
when required. Both the volumetric flasks and the syringes 
were kept in a constant temperature bath. 

The mixing chamber was constructed from a cylinder of 
Lucite, 25 mm. in diameter and 25 mm. long, and consisted 
of four jets of 0.7 mm. bore which were tangentially arranged 
around a 2 mm. hole drilled into one face of the Lucite. 
A 21-cm. long 2-mm. quartz capillary observation tube was 
aligned with this hole and cemented into place. 

The quartz observation tube was held firmly in a channel 
between two aluminum blocks, each 3 cm. X 3 cm. X 20 
cm., held 1 mm. apart . This unit, together with the mixing 
chamber, fitted tightly into a jacket which replaced the cell 
compartment of a Beckman Model DU spectrophotometer. 
This assembly is similar to that described by Dalziel.9 The 
jacket was placed between two metal plates through which 
water from the constant temperature bath was circulated. 
The light from the monochromator traversed a short length 
of the observation tube at a distance of 5 cm. from the mix­
ing chamber. The width of the light beam was controlled 
by means of the adjustable slit in the spectrophotometer. 

(5) P . George and D. H. Irvine, J. Chem. Soc, 587 (1954). 
(6) B. Chance, Rev. Sci. Instr., 22, 619 (1951). 
(7) Q. H. Gibson, Discussions Faraday Soc, No. 17, 137 (1954). 
(8) J. F. Below, Jr., R. E. Connick and C. P. Coppel, T H I S JOUR­

NAL, 80, 2961 (1958). 
(9) K. Dalziel, Biockem. J., 55, 79, 90 (1953). 

The outlet of the observation tube was connected to one 
arm of a three-way stopcock. The second arm was con­
nected to a vertically-mounted 100 ml. syringe and the re­
maining arm to a container for the reacted solutions. 

The spectrophotometer was modified to allow direct 
measurement of the intensity of the transmitted light using 
a linear energy recording adapter (Beckman #5800). 
The output from this adapter was recorded on a Leeds 
and Northrup Speedomax recorder, which had a chart 
speed of up to 4 inches/sec. and a pen response time of 
two hundred milliseconds full scale. 

The mixing efficiency was measured by flowing together 
a 0.1 F NaOH solution containing phenolphthalein indicator 
and a hydrochloric acid solution which was 1% more con­
centrated than the basic solution. At a flow rate of 8 ml . / 
sec. the indicator color disappeared within five millimeters 
from the inlet to the mixing chamber indicating a mixing 
efficiency of better than 99% in two milliseconds. 

Procedure.—The reagent solutions were drawn into the 
syringes through the three-way stopcocks. The syringes 
were driven by placing several lead bricks on the pushing 
block. Flow rates of up to 12 ml./sec. could be obtained 
by varying the number of bricks used. By suitable com­
binations of the positions of the three-way stopcocks either 
the ferrous solution or the ferric phenanthroline solution 
or both could be pushed through the observation tube. 
When the piston of the receiving syringe reached a stopping 
block, the flow was instantly halted. The course of the 
reaction was followed by measuring the absorbance of the 
solution at 510 mix as a function of time from the stoppage 
of the flow. The extinction coefficient (e = 11,100) of 
ferrous phenanthroline is a maximum at this wave length.10 

Neither ferrous ion nor ferric ion absorbs at this wave length, 
while the extinction coefficient of ferric phenanthroline is 
300 a t 510 rmi. Corrections were made for the change in 
the total absorbance due to the disappearance of ferric 
phenanthroline during the reaction. 

In a typical run the transmittance was recorded first 
with the ferrous solution in the observation tube. Then 
both reagents were pushed through the observation tube 
until the piston of the receiving syringe hit the stop and 
halted the flow. After the reaction was complete, the 
ferrous solution was again put through the observation 
tube. A typical trace is shown in Fig. 1. 
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Fig. 1.—Example of a typical trace. 

AB and CD measure the intensity of the light transmitted 
by the ferrous solution and the flowing reaction mixture 
respectively. Since the time required for the reaction mix­
ture to reach the point of observation is very small compared 
to the half-time of the reaction, the reaction mixture con­
tains practically no ferrous phenanthroline a t this stage. 
The increase in the absorbance of the flowing solution over 
that of the ferrous solution can be accounted for quanti­
tatively in terms of the absorption by the ferric phenan­
throline. The flow was stopped at D and the subsequent 
decrease in the transmittance is caused by the production 
of ferrous phenanthroline. FG measures the intensity of 
the light transmitted by the ferrous solution put through 
at the end of the run. The difference between AB and FG 

(10) M. L. Moss, M. G. Mellon and G. F. Smith, Ind. Eng. Chem., 
Anal. Ed., 14, 931 (1942). 



72 NORMAN SUTIN AND B. M. GORDON Vol. 83 

Fig. 2.—Free energy of activation plotted against the 
standard free energy change for the oxidation of ferrous ion 
by various oxidizing agents: 1, Fe(phen)3

+S; 2, FeCl+ 2 ; 
3, Fe + 3 ; 4, 2,6-dichlorosemiquinone; 5, FeOH + 2 ; 6, 
benzosemiquinone; 7, tolusemiquinone; 8, durosemiqui-
none. 

reflects the stability of the instrument during the run, 
which was in general excellent. 

In view of the low concentration of the product formed 
( < 5 X 10"6 F) the intensity of the transmitted light de­
creased by less than 2 .5% during the run, and thus the de­
crease in intensity could be assumed to be directly pro­
portional to the concentration of ferrous phenanthroline 
without appreciable error. 

Results and Discussion 
Order of the Reaction.—The order of the reac­

tion was determined by varying the concentration 
of the reactants. If the reaction is first order 
with respect to each of the reactants then a plot of 
log [b(a — x)/a(b — x)} versus t should give a 
straight line with zero intercept, where a and b 
are the initial concentrations of ferrous and ferric 
phenanthroline and x is the concentration of ferrous 
phenanthroline at time t. Rate constants cal­
culated from the slopes of these lines are presented 
in Table I. It will be seen that the rate constants 
are independent of the initial concentrations of 
ferrous and ferric phenanthroline over a wide 
range, thus confirming that the reaction is first 
order with respect to each of the reactants. The 
rate constants were also independent of the flow 
rates, which ranged from 4 to 10 ml./sec. 

TABLE I 

DETERMINATION OF THE ORDER OF THE REACTION AT 25.0° 

(HClO4) = 0.50 F; n = 0.50 
(Fe +s) 

F X 10« 

2.14 
2.14 
2.14 
2.14 
2.14 
4.28 
4.28 
8.56 
8.56 

17.12 
17.12 

(Fe(phen)j+=) 
F X 10= 

5.38 
10.76 
16.14 
21.52 
26.90 
15.67 
26.25 

4.98 
4.85 
4.77 
4.38 

k 
F~< s e c . " I X 

3.76 
3.65 
3.76 
3.64 
3.80 
3.56 
3.67 
3.77 
3.77 
3.65 
3.66 

The mean value of the second order rate constant 
at 25.0° and at (HClO4) = 0.50 F is 3.70 X 104 

T 7 - 1 SeC. - 1 . 

Acid Dependence.—The effect of the perchloric 
acid concentration on the rate constant was studied 
by varying the acid concentration and adding 
sufficient sodium perchlorate to maintain a con­
stant ionic strength of 0.50. The results are 
presented in Table II. It will be seen that the 
rate of the reaction increases with decreasing acid­
ity. Reliable rate measurements could not be 
made at lower acid concentrations because of the 
rapid decomposition of ferric phenanthroline in 
solutions of low acidity. 

TABLE II 

THE RATE DEPENDENCE ON PERCHLORIC ACID CONCEN­
TRATION 

M = 0.50; T = 25.0°; (Fe+2) = 3.42 X 1O-6 F; 
(Fe(phen)3

+il) = 7.51 X 1O-6 F 
(HClO4) k, 

F F-' see."' X 10"« 
0.50 3.70 

.37 3.80 

.24 4.05 

.12 4.16 

.048 4.30 

The acid dependence may be explained in terms 
of the reversible association of Fe(phen)3

+3 with 
H + to yield HFe(phen)3

+4. This could account 
for the increase in the rate observed at lower 
acidities, if HFe(phen)3+4 reacts more slowly with 
Fe+ 2 than does Fe(phen)3+3. The existence of 
HFe(phen)3+4 has been postulated by a number 
of investigators.5'11 However, the effect is small 
and may well be a salt effect. 

Temperature Dependence.—The rate of the re­
action in 0.50 F HCIO4 was also measured at 15.0 
and 35.0°. The activation energy calculated from 
a plot of log k vs. \/T is 0.8 ± 0.2 kcal./mole. 
The entropy of activation calculated from the 
equation12 

k = e~ e*s*/R e-Ezct./RT 

is —37.2 cal./deg.-mole, which is considerably 
more negative than the values reported for other 
iron(II)-iron(III) reactions.2'3 

Rates of Ferrous Ion Oxidations.—Since there is 
some evidence that the rates of oxidation-reduc­
tion13'14 reactions may be related to their standard 
free energy changes, it is possible that the rapid rate 
of the Fe(H20)6

+2-Fe(phen)3
+3 reaction is related to 

its favorable standard free energy change.15 It is 
therefore of interest to compare the rates of a 
variety of reactions in which Fe(H2O)6

+2 acts as 
a reducing agent, with their corresponding stand­
ard free energy changes. A considerable amount 
of data is available on the rate of oxidation of fer­
rous by ferric ions and ferric complexes.2'3-16 The rate 
of the reaction between ferric and several hydro-

(11) J. H. Baxendale and N. K. Bridge, J. Phys. Chem., 59, 785 
(1955). 

(12) S. Glasstone, K. S. Laidler and H. Eyring, "The Theory of 
Rate Processes," McGraw-Hill Book Co., Inc., New York, N. Y., 
1941, p. 417. 

(13) D. H. Irvine, / . Chem. Soc, 2977 (1959). 
(14) E. S. G. Barron, / . Biol. Chem., 97, 287 (1932). 
(15) T. S. Lee, I. M. Kolthoff and D. L. Leussing, T H I S JOURNAL, 

70, 2348 (1948). 
(10) R. A. Home, Ph P, Thesis, Columbia University, 1955. 
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quinones has also been measured.17'18 One mech­
anism which is consistent with the acid-dependence 
observed in the latter studies involves the ionization 
of QH2 to Q H - followed by the oxidation of QH -
by Fe(H2O)6

+3. The standard free energy change 
of this reaction has been calculated,19 and this 
value, combined with the free energy of activation 
of the reaction can be used to calculate the free 
energy of activation of the Fe(H20)6

+2-QH re­
action. The free energy of activation calculated 
in this way, together with the appropriate data on 
some Fe(H20)6

+2-Fe(III) reactions, is plotted 
in Fig. 2. 

A linear relation appears to exist between AG* 
and AG0 for the reactions of Fe(H2O)6

+2 with 
Fe(phen)3

+3, (H2O)5FeCl+2 and the semiquinones. 
On this basis, the reaction of Fe(H2O)6

+2 with 
Fe(H2O)6

+8 seems somewhat slower than expected, 
while its reaction with (H2O) sFeOH+2 seems con­
siderably faster. The work required to bring 
the reactants from infinity to the distance they 
occupy in the activated complex is different in 
the various reactions. While the amount of this 
work is probably small at the distances and ionic 
strengths involved, it may be partly responsible for 
the relative slowness of theFe(H20)6

+ 2-Fe(H20)6
+ 3 

reaction. In addition, the free energy required 
to reorganize the inner coordination shell of the 
Fe(H2O)6

+3 ion before electron transfer can occur20 

is probably larger than that required for the other 
species. 

The very rapid rate of the Fe(H20)6
+2-(H20)6-

FeOH+ 2 reaction may indicate that this reaction 
proceeds by a different type of mechanism. Such 
a mechanism may involve hydrogen atom transfer 
as has been suggested.21 However, measurements 
of the rates of the exchange reactions of Fe(H2O)6

+2 

with Fe(H2O)6
+3, (H2O)8FeOH+2 and (H2O)6FeCl+2 

(17) J. H. Baxendale, H. R. Hardy and L. Sutcliffe, Trans. Faraday 
Soc, 47, 963 (1951). 

(18) J. H. Baxendale and H. R. Hardy, ibid., 60, 808 (1954). 
(19) R. A. Marcus, J. Chem. Phys., 26, 872 (1957). 
(20) R. A. Marcus, ibid., 24, 966 (1956). 
(21) J. Hudis and R. W. Dodson, T H I S JOURNAL, 78, 911 (1956). 

Introduction 
The chelating tendencies of /3-diketones have been 

studied extensively.1 However, the properties of 
/3-ketoimines, Schiff-base derivatives of |S-diketones, 
are less well known. Cromwell2 has written an 
excellent review of the organic chemistry of /3-

(1) J. Bjerrum, G. Schwarzenbach and L. G. Sillen, "Stability Con­
stants," Part I, Special Publication No. 6, The Chemical Society, 
London, 1957. 

(2) N. H, Cromwell, Chem. Revs., 38, 83 (1946). 

- in D2O,22'23 as well as those of other oxidation-reduc-
; tion reactions in this solvent, do not support the in-
i terpretation that the hydroxide-catalyzed ex­

change proceeds uniquely via a hydrogen atom 
; transfer mechanism. 
5 In view of the above linear relation between 
i AG* and AG0 for the oxidation-reduction reactions, 
; it is likely that a similar relation exists between the 

AH* and AiI0 for the oxidation-reduction reactions. 
1 The small value of the heat of activation (0.2 kcal./ 
i mole) found for the ferrous-ferric phenanthroline 
1 reaction suggests that the AH0 of this reaction has 

a large negative value. Unfortunately the value of 
* AH0 has not been determined, but it may be esti-
i mated from the known value of AG0 and an estimate 

of AS0 for the reaction. The difference in the en-
i tropies of Fe(H2O)6

+2 and Fe(H2O)6
+3 is 43.0 cal./ 

, deg. mole with that of Fe(H2O)6
+3 more negative.24 

Irvine18 has measured the difference in the en-
l tropies of the tris-(4,4'-dimethylbipyridyl)-iron-
T (II) and tris-(4,4'-dimethylbipyridyl)-iron(III) 
i ions to be 1.9 cal./deg. mole with that of the 
3 tripositive ion more positive. Because the sizes 
: of the 4,4'-dimethylbipyridyl and 1,10-phenanthro-
r line complexes are similar, the entropy difference 
3 of 1.9 cal./deg. mole measured for the 4,4'-di-
1 methylbipyridyl complexes will be assumed also 
i for the 1,10-phenanthroline complexes. This as-
0 sumption is supported by unpublished measure-
r ments on a number of bipyridyl and phenanthro­

line complexes.13 The value of AG0 for the oxi­
dation-reduction reaction is —9.2 kcal./mole.16 

i This, together with the AS0 estimate, gives a value of 
! AiT0 = -22.6 kcal./mole. 
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(22) N. Sutin and R. W. Dodson, paper presented at the A.C.S. 
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ketoimines. More recently, Holtzclaw, et al.,* 
described the synthesis and infrared spectra of 
these ligands and their copper derivatives. Hovey, 
et al.,* have reported the preparation and absorp­
tion spectra of analogs of bisacetylacetoneethyl-
enediimine and its metal chelates. The dissocia-

(3) H. F. Holtzclaw, Jr., J. P. Collman and R. M. Alire, THIS 
JOURNAL, 80, 1100 (1958). 

(4) R. J. Hovey, J. J. O'Connell and A. E. Martell, ibid., 81, 3189 
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Acid dissociation constants of several B-ketoimines and formation constants of some of their metal derivatives have been 
determined. 


