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L INTRODUCTION

A division of metal complexes into “inert” and “labile”
appeared very early in the development of the chemistry of
complex compounds. The “inert’ complexes included
compounds of tervalent cobalt and chromium, the platinum
metals, and certain others. These compounds are char-
acterised by the slowness of their formationand breakdown;
it was on these that the various types of isomerism and the
important reactions of complexes were studied. Research
on the Kinetics and the mechanism of changes undergone by
these compounds has been especially widely developed dur-
ing recent years?.

However, the so called “labile” complexes remained
outside the scope of contemporary kinetic methods, and all
reactions involving them were described as “instanta-
neous”. There are considerably more “labile” thaninert”
complexes, and the kinetics of complex formation thus
covered a relatively small proportion of known reactions.

During recent years kinetic methods of investigation
have appeared which enable reactions to be studied having
a half-life period ¢,,,f of 10~ to 10 s, %3 i.e. over a con-
siderably wider range (101°) than for reactions occurring at
the customary rates (10-10* s). With the appearance of
these methods the reactions of the “labile” complexes be-
came accessible to investigation. The first results ob-
tained already show the promise of this branch of chemical
kinetics.

Quite a large amount of experimental information has
now accumulated on the kinetics of fast reactions. Two
symposia have been devoted to these matters, the proceed-
ings of which have been published in special issues of
journals*,®.

t The half-life period is the time during which half the initial concentra-
tion of a substance, a deficiency of which has been taken, is used up.

Methods of investigating fast reactions in solution and
some of the available experimental information have been
discussed in two large monographs®:?. There are good
reviews of individual aspects of the kinetics of fast reac-
tions®~1° and reactions involving complex formation 1*~15,
However, a sufficiently complete critical review of meth-
ods and experimental results on the kinetics of fast com-
plexing reactions in solution is lacking. The present
paper is intended to fill this gap.

II. EXPERIMENTAL METHODS OF STUDYING FAST
COMPLEXING REACTIONS

All existing methods of investigating fast complexing
reactions can be divided into a few large groups—f{low
methods, relaxation methods with step perturbation,
relaxation methods with continuous perturbation, nuclear
magnetic resonance (n.m.r.) and electron spin resonance
(e.s.r.) methods, and electrochemical methods—which are
compared in Table 1.

Table 1. Characteristics of methods for studying fast complex-forming
reactions.

Limits of applicability, (time, 3)
Methods Soln.vol. for a
© min. max.. kinetic curve
Classical methods 10 108 0.1—10 m!
Flow methods 104 10 0.1 mi — 2 litres
Relaxation methods
(a) step methods 10-7 1 0.1—10 m
(b) ultrasonic absorption 107 10-+ 0.2—100 litres
Nuclear magnetic resonance 10— 10-1 0.1—1 ml
Electrochemical methods 10— 1.0 1 ml
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Flow methods, which are widely employed in studying
reactions having half-life periods from 0.001 to 10 s, are
the simplest from the point of view of apparatus, and are
the only methods which enable kinetic curves for the pro-
cesses to be obtained directly.

1. Flow Methods

The characteristic feature of flow methods is that solu-
tions of the reactants are fed continuously to a special
mixer, after which the reaction solution, in the form of a
homogeneous, constant-velocity stream, enters anobserva-
tion tube.

The course of the reaction can be followed firstly by
using some physicochemical method to measure the reac-
tant concentrations along the observation tube, in which the
flow speed of the reactants is constant throughout the time
of the measurements. In this case the distance from the
mixer to the point at which the variation in reactant con-
centrations is recorded is proportional to the time which
has elapsed from the start of the reaction to the instant of
observation. Secondly, by halting the flow abruptly, we
can use a suitable transducer and a rapid-acting device to
record the variation in reactant concentrations, after the
flow has been stopped, at any point in the observation tube.
These two methods of measurement are termed the “con-
stant-flow method” and the “stopped-flow method” respec-
tively.

There are also a few methods which possess elements of
both constant-flow and stopped-flow methods. Among
these we have arbitrarily included accelerated-flow and
quenching methods in the first group, and the method of
removable partitions in the second.

The most crucial unit in the flow apparatus is the mixer.
The design of the mixer determines the time of mixing of
the reactant solutions, which determines the lower time
limit of the flow apparatus 617, since the time of mixing
must be much shorter than the half-life period of the reac-
tion.

Among known designs, relatively simple mixers are
most often used, with the solutions fed tangentially, these
being employed for the study of reactions in which ¢,,, >
10-® s. This is probably the limiting time for such
mixers 1,18, since they have a special mixing chamber,
preceding the observation tube. The presence of this
chamber makes it impossible to define the instant of com-
plete mixing. For the study of more rapid reactions,
promise is shown by mixers having more than one channel
for introduction of the reactant solutions, the minimum
time of mixing being 10~¢ s. 1°

Kletinik 8, by using a special bellows-type mixer, was
able to shorten this time to 5X 10-% s. The disadvantage
of this mixer is that it is made of metal foil, which may
affect the kinetics of the reaction under investigation.

The functioning of the mixer can be tested in several
ways’. The “chemical” method consists in determining
the completeness and time of mixing of the reactant solu-
tions in the mixer by means of a very fast chemical reac-
tion, e.g.

H*+ OH- = H,0, (1)
L4250 = S0+ 21, (2

In the “physical” method liquids differing in refractive
index are mixed. In both cases the flow of solution should
be homogeneous throughout the length of the observation
tube following the mixer. A test method which uses a
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standard reaction is widely used, and is the most reliable
of existing methods. The reaction chosen as standard is
very often®7

H,COy = CO, +H,0 . (3)

(@) Constant-flow methods. With constant-flow
apparatus the solution, after leaving the mixer, enters the
observation tube at a constant rate. The time £, (in
seconds) required for the liquid to reach a plane n crossing
the observation tube is then given by the equation ¢

lfl
th = ;a‘ (4)

where R (mm s™!) is the flow speed, while I, (mm) is the
distance from the plane of mixing to the point of observa-
tion, and the time elapsed after mixing is proportional to
the length of the observation tube. With a known flow
speed R, it is possible to determine the time from the start
of the reaction to the instant of observation at the points n.
By measuring the reactant concentration at these points by
some physical method, we can obtain the kinetic curve for
the given reaction.

The minimum time of reaction which can still be re-
corded on a constant-flow apparatus will depend on the
design of the mixer and the rate of flow in the observation
tube, but increasing the flow speed above 10 m s-! may
result in cavitation?,

The solutions can be supplied to the mixer either by
gravity feed 2, by means of compressed gas?2-%, or by
means of syringes %.

Among physical methods for recording the variation in
concentration in the observation tube, spectrophotometric
methods are most often employed %-3°,

In the simplest types of apparatus, light filters are used
as monochromators, while the sensors are photocells con-
nected to a measuring instrument, usually a galvano-
meter 26739,  Such instruments are usually of low sensitiv-
ity and small resolution. The variation in light absorption
along the observation tube is recorded from the galvano-
meter readings, which results in diminished accuracy,
increased time of measurement, and hence considerable
consumption of the reactant solutions. With the use of
monochromators of greater dispersion, flow apparatus
having spectrophotometric recording is employed for the
study of complicated chemical reactions. Thus with a
Beckman spectrophotometer as monochromator it was pos-
sible to establish that at least six different processes
occurred in the oxidation of sulphurous acid by iodine 32:33,

A double-beam apparatus has been described®. The
most perfect instrument of this type has been described in
Ref. 25. 1Its distinguishing feature is that the absorption
spectra of the test solution at definite points in the observa-
tion tube are recorded by means of a monochromator and
a photomultiplier, the latter connected to an electronic
oscillograph, the screen of which can be photographed with
a high-speed cine-camera. If spectrophotometric meth-
ods are to be applied, of course, the light absorption of
the test solutions must change in the course of the reaction.
This somewhat restricts the use of such apparatus.

Great versatility is shown by apparatus having thermo-
metric transducers, which are moved inside the observa-
tion tube by means of a special device or—what is not as
good—are fixed in the tube, when a certain relation must
exist between the size of the transducer and the internal
diameter of the tube!”’. The sensitivity of instruments in
which the thermocouple current is not amplified is very
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low, so that only reactions whose heat of reaction exceeds
20 kcal mole~* can be studied with such apparatus. Their
sensitivity can be considerably improved by using therm-
istors35-3% ord.c. photoelectric amplifiers4®astransducers.
An apparatus of this type described by Perlmutter-Hayman 4
has enhanced sensitivity, is convenient in operation, and
requires a relatively small quantity of reactant solutions.

Reactant concentrations in the observation tube can be
determined also from conductivity measurements 18,22724,42
potentiometrically %3-%5, and by the n.m.r. method 46,47,
This last method is very promising for the study of com-
plicated chemical reactions, since it permits the unam-
biguous identification of many intermediate products and
changes occurring in the reactant molecules or ions.

The accelerated-flow and quenching methods can be
included in the constant-flow method. In the former %84
the transducers are fixed at a certain point in the observa-
tion tube, whereas the flow speed changes during observa-
tion. Both the variation in the flow speed and that of the
reactant concentrations with time are recorded oscillo-
graphically. The results can be used to plot a kinetic
curve for the process. Considerably less solution is
required to determine the kinetic curve in the accelerated-
flow method than in the other constant-flow methods.

Inthe quenching method 5°~5%5 the solution of the reactants,
after leaving the mixer and flowing through the observa-~
tion tube, is rapidly mixed with a “stop solution”. Ordi-
nary analytical methods are used to determine, in the
reaction mixture “frozen” in this way, the change occurr-
ing in the reactant concentrations during the time required
for the reactant solution to pass from the first to the second
mixer, where this solution is mixed with the “stop solu~
tion”. This time is governed by the dimensions of the
tube and by the flow speed.

The apparatus for the quenching method is very simple,
while the reactant concentrations can be determined by
ordinary analytical methods (gravimetrically or by titra-
tion) with great accuracy. The quenching method is widely
used for the study of intermediate products, and also in
investigating various exchange reactions.

(b) Stopped-flow methods. Whereas about alitre
of reactant solution is required to plot the kinetic curve when
constant-flow apparatus is used, stopped-flow apparatus
requires only a few tenths of a millilitre of the reactant
solutions for this purpose, and the whole kinetic curve can
be obtained from a single experiment. This considerably
facilitates working with expensive, rare reagents, but
more complicated apparatus is employed in the stopped-
flow method.

In such apparatus ®® the rapid flow of reactant solutions
is abruptly halted at a certain instant. At the same instant
a recording device, connected to a transducer fixed in the
observation tube near the mixer, registers the time varia-
tion of the reactant concentrations in the halted stream.
The reactant solutions are fed to the mixer and the observation
tube from syringes, whose pistons are interconnected and
are moved by hand, a spring, or an electric motor.

The stream is halted either by abruptly stopping the
syringe pistons or by means of special valves following the
observation tube 3%, The last method is the most reli-
able, since it excludes entry of solution into the observa-
tion tube after the flow has been stopped, e.g. because of
possibly play in the mechanical system feeding the solu-
tions.

In all the forms of apparatus described in the literature
the kinetic curve is recorded on an oscillograph, triggered
either by means of a special photoelectric device* or by
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electromechanical means. The variation in concentration
of the reactant solutions is recorded photoelectrically 57-61,
The most perfect apparatus operating by the stopped-flow
method with spectrophotometric recording has been des-
cribed by DeSa and Gibson®. Using a double-beam
spectrophotometric arrangement with modulated light flux,
these workers considerably improved the sensitivity (to
1072 unit of optical density) and lowered the noise level.

The electrical-conductivity 8¢ and potentiometric40-42
methods are seldom used in stopped-flow apparatus.
Thermometric transducers are not employed here because
of their great inertia. However, fine-wire thermocouples ,
having considerably less inertia, can be used in this type
of apparatus.

Among these methods can be included the removable parti-
tion method, proposed by Connick and his coworkers 4,85
for studying the kinetics of reactions occurring in very
dilute solutions, since in this case long cuvettes can be
used for observation. As in the stopped-flow method, the
solutions are rapidly mixed and the reaction is followed
oscillographically, but the removable-partition method
differs greatly in the mode of mixing and the construction
of the cuvette for observation by the stopped-flow method.

I

= (1 [ ]
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Figure 1. Diagram of cuvette for removable-partition method:

A) side-view; B) plan; I) direction of movement of partition by action
of spring; II) direction of observation; III) body of cuvette;

1,2, 3,4,...) compartments of cuvette.

The cuvette illustrated in Fig. 1 has a movable partition
dividing the whole cuvette into a series of compartments
(ten in the illustration), with one reactant solution in the
even compartments, and the other in the odd compartments.
This partition can be removed (upwards in the diagram) by
means of a spring, and then the solutions in the isolated
compartments will rapidly mix (within 10-3 s) and the
variation in light absorption of the test solution will be
recorded on an oscillograph.

Table 2 gives brief technical characteristics of the types
of apparatus designed for the study of fast chemical reac-
tions by flow methods. It is seen that these methods are
suitable for reactions having half-reaction times of 10—
tols.

There is little prospect of constructing new mixers and
increasing the flow speed to shorten the lower time limit
for flow apparatus.

The use of non-aqueous solvents and lowering the tem-
perature of the reactant solutions %" permits the study of
reactions which are very fast at 25°C (having rate con-
stants of ~ 108 M s~!) by existing flow techniques.

A very interesting possibility is the use of magnetic
recording instead of photographing oscillograms, which is
used to obtain kinetic curves in existing apparatus operat-
ing by the stopped-flow method .
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In the study (by the stopped-flow method) of complicated
reactions involving coloured substances, great opportunities
are offered by high-speed spectrophotometric instruments,
which enable the spectra of substances taking part in pro-
cesses occurring within 107¢ s to be photographed ©°.

Table 2. Characteristics of flow methods.

)
80
8 [Soln. fora 8
Methods Er':: inetic | 1omP | E Materlal of of
:E o | curve,ml | 8% § E mixer concn.
§ <&
Constant-flow 0.1-1 0-50 1-5 | glass, plastic, spectrophotometric,
methods brass conductivity, heat
effect
(a) Visual readings 500-2000
(b) Automatic 6-100
recording
Accelerated flow 1.0 0.1 10-30 2 |plastic colorimetric
Quenching 10 100 10-50 plastic, glass any analytical method
Stopped flow 2-5 0.1-1.0 | -120 +40 | 1-10{ glass, plastic colorimetric, spectro-
photometric,
potentiometric, con
' ductivity
Removable 15 30 14-30 50 |steel colorimetric
partitions

Flow methods (especially the stopped-flow method) are
widely used to study the kinetics of fast complexing reac-
tions. Reactions involving the ions of copper ", iron™%,
and nickel™ have been studied in especial detail by these
methods.

Among methods for measuring concentrations, the
spectrophotometric method has become the most widely
used, being the simplest but sufficiently widely applicable
and sensitive.

Complex formation is mostly studied in the presence of
a large excess of foreign electrolytes, which makes it
difficult to use conductivity measurements to determine
the reactant concentrations, since existing instruments
permit the kinetic curve of a reaction to be recorded only
if the change in conductivity occurring during the reaction
exceeds 10%. With the use of special amplifiers”™, how-
ever, this limit has been lowered to 0.1%, which has
enabled the complexing reaction

Be** 4 HF 2 BeF+ + H* (5)

to be studied in 0.2 M potassium chloride solution. This
opens up wide prospects for the study of various complex-
ing reactions, especially those which are not accompanied
by a change in light absorption.

Concluding this survey of flow methods, we must note
that these methods can be applied to the study of chemical
reactions having £,,, > 10™ s.

Apparatus having a constant flow and electrometric
transducers is most simply constructed. For the study of
multistage reactions involving coloured substances, more
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complicated spectrophotometric recording is most often
employed, enabling the kinetics of conversion of any of the
coloured substances involved in the reaction to be studied
directly.

If, however, it is necessary to work with a small con-
sumption of reactants, more complicated apparatus is
used, operating by the stopped-flow method, which has the
same characteristics as constant-flow instruments, but
requires less than 1 ml of reactant solutions for the deter-
mination of one kinetic curve.

2. Relaxation Methods

At the present time only relaxation methods permit
direct observation of the course of chemical reactions
occurring in times less than 10~ s, which considerably
facilitates the study of multistage processes of complex
formation, such as, for example’®,

Co* + gly 22 [Co (gly)]* » (6)
[Colgly)]* -+ gly~ = [Co(gly)a] > (7
[Co(gly)s] + gly~ == [Colgly)sl™ . (8)

(gly = the glycine ion)

A serious limitation of these methods is that they are
applicable only to equilibrium processes when the equili-
brium has not been displaced too far in the direction of
formation of the reaction products.

In relaxation methods a system in a state of dynamic
equilibrium is by some means brought out of this equili-
brium. After cessation of the disturbing action, a process
tending to re-establish the original equilibrium begins in
the system. This process is termed relaxation. Relaxa-
tion curves are described by the equation

t

I=Ig * , (9)

where I, and I are parameters, which vary linearly with
the concentration of an indicator substance, at times ¢, and
t respectively, and 7 is the relaxation time, which defines
the rate of relaxation and is given numerically by the time
required for I, to change by a factor ¢. The chemical
equilibrium can be disturbed by varying certain physical
parameters, such as temperature, pressure, electricfield
strength, etc.

The relaxation resulting from chemical processes is
usually recorded from the variation in the light absorption
or the electrical conductivity of the test solution.

With the relaxation time 7 known, we can use the mathe-
matical procedure suggested by Eigen?¢~" to calculate the

rate constant of the processes under investigation. Thus
for a reaction of the type
AB A4 B (10)
[

for example, the relaxation time is given by the equation
Tt = (b + 261 X0) (11)

where £, and #_, are the rate constants of forward and

reverse reactions respectively, and X, is the equilibrium
cor]lcentration of the species A and B, provided that [A] =
Bl
[ If the equilibrium constant of (10) is unknown, 2, and & _,
can be determined from the dependence of 7 on the concen-
tration of the species AB. When the equilibrium constant
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is known, the rate constant 2, is calculated for the same
cases by means of the equation}

By =(v[A]+[B]+ K™ . (12)

Here [A] and [B] are the equilibrium concentrations of the
species A and B, and K is the equilibrium constant cor-
responding toEqn. (10). Equation (12) is valid provided that
the concentrations [A] and [B] differ at most by a factor of
100. The rate constant #_, for formation of AB is calcu-
lated from the equation

Y
=2 (13)

Relaxation methods can be divided into two groups—in-
volving step and continuous perturbation—according to the
mode of varying the physical parameters disturbing the
chemical equilibrium. The first group includes methods
involving abrupt changes in electric field strength, pres-
sure, or temperature, as well as the abrupt change of
concentration suggested recently?®°,

A. Methods Involving Step Perturbation

(@) Temperature-jump method. This method is
mostly widely used and widely applicable of the relaxation
methods described in the literature. It can be employed
for equilibrium reactions which are accompanied by a
thermal change. The temperature variation of the equili-
brium constant K is given by the equation

dinK _ AH (14)
aT ~ RT

where T is the temperature and AH the heat of reaction.
Relaxation curves are recorded oscillographically from the
variation in the light absorption or the electrical conduc-
tivity of the solutions.

Figure 2. Diagram of apparatus for studying the
kinetics of chemical reactions by the temperature-
jump method.

For ionic solutions a jump in temperature is achieved
by means of a pulse discharge from a capacitor charged to
a high voltage 7981783,  Fig. 2 shows a simplified diagram
of the forms of apparatus used, proposed by Eigen and his
collaborators. A high-voltage current source 1 charges
the condenser 2 of capacitance 0.1 uF to a voltage at which

I It would seem that this equation should read
ky= KT '([Al+ (B]+ K)!
(Ed. of Translation).
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discharge takes place across the spark gap 3 and through
cuvettes containing the test solution 4 and the reference solu-
tion 4'. Platinum electrodes areinserted into the cuvette con-
taining the test solution, of volume 50 ml, in sucha way that

~ 1 mlof the test solution liesbetween them. Duringthe high-
voltage discharge, which lasts afew microseconds, the solu-
tionbetween the electrodes is heated by approximately 10deg.
The relaxation curves are recorded by means of a photo-
colorimetric device consisting of a light source 5, a
monochromator 6, and photomultipliers 8 and 8’ connected
differentially. The amplifier 9 is connected to an elec-
tronic oscillograph 10, triggered by the release device 7.
The rate constant of the processes which occur can be cal-
culated from the variation in optical density of the solution
during relaxation®:”.

Itis very important that the duration of the pulses should
approximate to the relaxation time. If the duration 8 of a
pulse differs markedly from the relaxation time of the
process under investigation, the error involved in the
measurements is considerably increased. The way in
which the ratio 7/6 affects the character of the relaxation
observed is shown in Fig. 3.

2 J
/’d ™
// VA
/ / ~
t

Figure 3. Variation in relaxation signal (broken
curve) for periodic pulses (pulse signal represented
by full line)—where Y is the magnitude of the
signal and ¢ is the time—as a function of the ratio
of the duration of the pulse to the relaxation time
@/7):

N4, 21; 3)0.2s.

In apparatus intended for the kinetic study of fast chemi-
cal reactions using a temperature jump produced by the
discharge of a capacitor (as e.g. in the above apparatus of
Eigen's), it is very difficult to vary the duration of the
pulse or control its amplitude. An apparatus?®! in which
the solution is heated by a powerful high-frequency pulse
taken from a magnetron oscillator is free from this defect.
This apparatus can be used also to study reactions occurr-
ing in non-ionic solutions, where the Eigen method is
inapplicable. A periodic temperature-jump apparatus was
constructed using repeated high-frequency pulses to heat
the test solution®3, which both increased the output of the
investigator and improved the reliability of the results, but
1(mf0rtun;)1tely the size of the jump obtainable was small

~ 1 deg).

Equipment combining the flow method with the tempera-
ture-jump method is very promising for the study of
complicated multistage reactions and also fast irreversible
processes 86587,

() Electric field-pulse methods. The elec-
trical conductivity of a weak electrolyte increases with
increase in the electric field strength. This phenomenon
has been termed the Second Wien effect®. It is explained
by a shift in the equilibrium —weak electrolyte molecule-
ion-pairs—free ions—towards formation of free ions.



214

The increase in conductivity is proportional to the
applied voltage between 40 and 100 kV cm-1. The total
increase may reach 10% of the conductivity in the absence
of an electric field. The magnitude of the change is given
by the equation 8

M _M—h _t-a ap
2—a

= " (15)

where Ay and A, are the conductivities of the solution in a
field of strengthx and in zero field, a = ¢;/c, is the degree
of dissociation under the influence of the field, c; being the
concentration of ions formed under the action of the field
and ¢, the total concentration of the weak electrolyte, E is
the strength of the field, and b is a parameter depending on
the mobility of the ions, the absolute dielectric constant,
and the temperature.

The electric field—pulse method was first used by Eigen
and his coworkers in studying the kinetics of the reac-
tion 76,90=92

H*4+OH™ = H0. (16)

Relaxation curves are mostly recorded from the varia-
tion in conductivity, and the experimental results obtained
are processed by the usual methods described previously.

(c) Pressure-shock methods. The effect of
pressure on the equilibrium constant is represented by the

equation®
P,

B exp[ § (01nK/oP), dP] =exp[{

Py Py

— AVP 4 AR (9V/eT), C,
dP
RT

](17)

where AV® and AH® are the changes in volume and enthalpy,
and 8 =K,/K,, in whichK, and K, are respectively the
equilibrium constant at P = P, and P = P,: a change in
pressure thus produces a change in the equilibrium con-
stant, as a consequence of which relaxation processes
occur at a rate determined by that of the chemical reac-
tions involved %379,

The magnitude of the shift 5 is 0.004 with AV? = 1 cm?®
mole~! and a change in pressure from 1 to 100 atm®, This
shift can be easily recorded by various physicochemical
methods.

The types of apparatus used in this method differ both in
the way in which the pressure is changed and in the method
adopted to measure the reactant concentrations during the
relaxation process.

The pressure can be changed by opening a special tap
connecting an autoclave to a cylinder containing com-
pressed gas®. Since this tap is opened manually, reac-
tions having a half-period exceeding 0.1 s can be studied
with such apparatus.

A more modern method of producing a pressure shock 7
consists in rapidly puncturing with a special steel needle a
thin steel diaphragm fitted in the system connecting the
compressed-gas cylinder with the autoclave containing the
test solution. As a result, the pressure in the autoclave
drops sharply (within 1075 s). As the workers who have
used this method state, reactions can be studied having
£y, > 1075 s,

In all the types of apparatus described, the reactant
concentrations are determined either from conductivity
measurements or spectrophotometrically.

The great advantage of the pressure shock method is
the possibility of studying directly conversions of outer-
sphere into inner-sphere complexes and conversely, which
is impossible by any other method with the exception of
n.m.r.
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B. Methods Involving Periodic Perturbation

Fast chemical reactions can be studied not only by pulse
methods but also by methods involving a periodic action.
Among these, ultrasonic absorption and nuclear magnetic
resonance have become the most widely used.

(@) Ultrasonic absorption. By means of ultra-
sonic vibrations it is possible to study chemical reactions
whose duration approximates to the period of the sound
wave. The frequency dependence of the absorption of
sound is influenced by the changes in free energy, entropy,
and volume occurring during the reaction, and also by the
rates of the chemical reactions taking place in the sys-
tem98-101  go that both kinetic and thermodynamic data can
be obtained by studying the ultrasonic absorption of the
test solution 9,102,

For single-stage reactions the ultrasonic absorption—-
frequency curve passes through a maximum, the position
of which can be used to determine the relaxation time, and
from which the reaction rate constant can be calculated by
means of Eqns. (11) and (12). With multistage reactions
the mathematical processing of the experimental results is
considerably more complicated 1,14,  There exists a
method of calculation which is applicable only to a two-
step process 1055106,

The equipment used in the study of fast chemical reac-
tions by the acoustic method is that usually employed for
measuring the velocity and absorption of ultrasound in
liquids 80+107,108  The disadvantages of this method include
the relative complexity of the apparatus used, the dif-
ficulties of processing the experimental results for com-
plicated reactions, and also the large quantities of solu-
tions necessary for an experiment.

() Nuclear magnetic resonance. Then.m.r.
method is applicable to the kinetic study of chemical reac-
tions occurring at very varied rates. The essence of the
method is that, if an atomic nucleus possessing a magnetic
moment is placed in a homogeneous magnetic field, its energy
levels will be split, and energy quanta may be absorbed or
emitted on transition of the nucleus from one split level to
another. The magnitude of this splitting will depend on the
degree of nuclear screening, which is determined by the
nature of the chemical compound formed. Reactions
occurring at normal rates can be studied from the time
variation in the intensity of the absorption band, while the
change in shape of the absorption bands, in particular their
broadening, will provide information on the kinetics of
reactions which are 50% complete in 1078 s,

Details of the apparatus employed inn.m.r. investigations
of fast reactions and of methods of calculating rate con-
stants from experimental results can be found in numerous
monographs and reviews on this topic 87,104,100-114,

The n.m.r. method has found especially wide use in the
study of fast exchange reactions. This requires that the
parameters of these n.m.r. absorption bands should be
known for the compounds in the absence of exchange. Such
data can be obtained, for example, by determining the
n.m.r. spectra of the pure compounds. In the case of
rapid exchange, the absorption bands of the individual com-
pounds become wider, and at a certain rate they merge into
a single broad band, which gradually narrows withincrease
in the rate of exchange.

The coalescence of absorption bands with rapid exchange
can be explained by means of the uncertainty principle,
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which in the present case can be written in the form
(18)

where Ay is the distance (in cm~!) between the resonance
signals and 7 is the shortest time in which these signals
still exist separately.

From the shape of the band observed and also its broad-
ening compared with the bands of individual compounds,
the rate of exchange can be found **,

To obtain more accurate data, and also to determine the
order of the reactions, the exchange velocity is increased,
by altering certain parameters (temperature, catalyst con-
centration), until the absorption band maxima correspond-
ing to the different chemical shifts coalesce. The rate
constant of the reaction is determined from the position and
shape of the resulting band, and the order of the reaction is
found from the dependence of the broadening Av of the band
on the variable parameter P. Four cases can be distin-
%uished 115,116 gccording to the nature of the dependence

Fig. 4).

~1
TAv=l/yn |

av [ Av /4

4 P
av )14 Av Ji'g

o P

Figure 4. Dependence of Av on a parameter P for
various types of chemical reactions.

With the type of dependence of Av on the parameter P
represented by case I (Fig. 4), exchange is very slow. Only
“outer-sphere relaxation” occurs, when species in the
outer sphere take part in the relaxation process!?. This
type of relationship is observed, for example, with the
ethylenediamine complexes of nickel.

In case II the curve obtained does not start from zero,
as is possible when first-order and second-order reactions
are occurring simultaneously in the system. This rela-
tionship can be used to calculate the rate constants of both
reactions, as has been done ! for the glycine complexes
of tervalent cobalt and iron.

Case III corresponds to second-order reactions, where-
as case IV is observed when variation in the parameter P is
accompanied by variation in the concentration of species
which make different contributions to the broadening of the
absorption band. Case IV is observed with many com-
pounds of bivalent copper 5.

The possibilities of the n.m.r. method in the study of
complicated reactions can be considerably extended by
using it with flow apparatus 4.

It must be noted that the n.m.r. method is applicable
(when the change in shape of absorption bands is used to
determine the rate constant) only for the study of very fast
reactions of complex formation (having ¢,,, < 10-¢ s) in
equilibrium systems involving elements whose nuclei have
spins differing from zero.
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C. Electrochemical Methods

A group of phenomena are known in polarography in
which the main electrochemical process of reduction of the
depolariser is preceded by chemical reactions occurring
in the layer adjacent to the electrode, as a result of which
either depolariser is regenerated or it is formed from
compounds which are not reduced under the given condi-
tions. As a result of these processes polarographic cur-
rents arise which are different in nature from diffusion
currents 18, and are termed catalytic or kinetic currents.
The magnitude of both catalytic and kinetic currents will
depend on many factors, in particular the rate of the
chemical reactions associated with the electrochemical
process 119,120,

For coupled processes of the type

(19)
(20)

MM 4L MLt
ML™ 4 me = ML®~™+ (on the electrode) .

Brdicka and Wiesner !1° deduced the approximate equation

e 21
By nFq10%Cyy (GC — igay) (21)

linking the strength of the catalytic current with the rate
constant 2, of reaction (19), in whichn is the number of
electrons involved in the electrochemical process, F is
Faraday's constant, ¢ is the mean surface area of the
mercury drop, .. is the maximum catalytic current (in
pA), a = 605nD1/2m?/3¢1/6 x 10° is the Ilkovié constant, and
p is the thickness of the layer adjacent to the electrode,
in which chemical reaction occurs.

For analogous chemical reactions Kouteck$?° linked the
rate constant of the chemical reaction with the catalytic
(kinetic) current by the more accurate equation

fkin _ _0.888{(kyK) H1* M MDDV s 1 (/Y Iame
giee  14+0.886 [(ky/K) f]/* M 140,14 (ky1/K) M2

(22)

where ¢, is the kinetic current, gy is the diffusion cur-
rent, K =k,/k, is the equilibrium constant of (19), with %,
the rate constant for formation of the complex ML™ and
k, the rate constant for dissociation of this complex, m (in
mg s~1) is the mercury drop rate, ¢ (s) is the lifetime of a

drop, 1
D = (Dm + KDv) (1 + K)and M = (D/Dy) (Dm/DL)"*

in which Dy and Dy are the diffusion coefficients of the
metal ion and the ligand respectively. Equation (22) holds
provided that K > 1 and (¢, +k&,)t > 1, i.e. for relatively
fast reactions. Tabulated values of the function (22),
found by Kouteck§ and Cizek!2!, can be used to calculate
the rate constant of reaction (19) from experimental data.

Rate constants of simple chemical reactions of the first
and second order can be calculated in a similar manner.
If, however, the reaction taking place in the reaction layer
is complicated or of order higher than the second, it is
difficult to use electrochemical methods to determine the
rate constants of fast reactions. Furthermore, the
results obtained have poor reproducibility, and require a
large excess of the ligand and of foreign substances.

D. Other Methods

Besides the above methods, fast chemical reactions in
solution are studied also by concentration relaxation®8°,
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flash photolysis 122 and radiolysis '8, and pulse conduc-
tivity®. The rate constants of ultrarapid reactions (hav-
ing half-conversion periods of 10-#-10-115s) canbe calcu-
lated from the line broadening in the Raman spectra 124,125,
These methods have not yet become widely used for the
study of fast complexing reactions.

HI. FAST COMPLEXING REACTIONS

Most cases of complex formation can be regarded as
multistage processes, in which the chief part is played by
substitution reactions. In aqueous solution all ions are
hydrated, so that even with simple electrostatic interaction
it is most probable that the formation of complex species
involves several stages, for example

1. M*aq + L-aq > [M*aq)(L"aq] (23)
(formation of ionic association complexes) ,
2. [M*aq)[L-ag] == [M¥aqL"] (24)
(formation of ion-pairs) ,
3. [M*aql™] = [ML]+ aq. (25)

It has been shown by various methods that the formation
of association (outer-sphere) complexes is controlled by
diffusion processes, and has a rate constant of the order of
108-10% g~1, In many cases the rate-determining stage is
the conversion of outer-sphere complexes into complex
compounds containing ligands in the inner sphere (reac-
tion 25); it is more affected than any other stage by the
individual characteristics of the interacting species 2,

Substitution reactions involved in the formation of com-
plex compounds can be of two kinds—replacement of one
ligand by another or else of one metal ion by another in
the complex compound—and in Ingold's proposed classifica-
tion these types are termed respectively nucleophilic (Sx)
and electrophilic (Sg) substitutions. The type of substitu-
tion is determined by the starting materials and the final
reaction products. Most fast reactions of complex forma-
tion which have at present been studied are nucleophilic
substitutions (Sn). :

1. Rate of Nucleophilic Substitution Reactions

(@) Effect of nature of metal ion. The rate of
a nucleophilic substitution is influenced by many factors,
among the most important of which are the nature of the
interacting ligand and the parameters of the central ion—
electron configuration, size, and charge.

There is as yet no single reliable method of calculating
the rate constants of fast reactions in solution. Existing
theories explain only the relative change in rate constant
with variation in some parameter. Among such theories
those using an electrostatic approach and also the ligand
field theory have become most widely known.

The electrostatic approach was first used by Debye 0,126,
who applied Stokes' law to ionic reactions of the type

H*+ OH™ = H,0

and found a relationship between the maximum possible rate
constant and the electrostatic characteristics of the reac-
tant species

@"leae", (D;+Dy)

zxzf'o ’
40%kT | exp 7o

where n = 6.022 X 10® mole~! is Avogadro's number, Z,
and Z, are the charges on the ions (positive and negative

krt =
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integers), e, = 4.80x 10! cm?%?2 s-! is the charge of the
electron, D, and D, (in cm? s~!) are the diffusion coef-
ficients of the corresponding ions, € is the dielectric con-
stant, & = 1.38 X 10716 erg deg™~! is Boltzmann's constant,
T is the temperature on the Kelvin scale, and 0 = 7.5 X
108 cm is the thickness of the reaction layer. This equa-
tion holds only for dilute solutions and reactions whose rate
is controlled by the diffusion of the reactant ions.

With values of Di = 10-4~103 cm?® s~! and 0 = 1-12 4
(i.e. values of these parameters characteristic of ordinary
ions) the rate constant of complex formation calculated by
means of Eqn. (26) may vary from 107 to 101° mole~! s~
Such rate constants are observed with reactions involving
ions of the alkali and alkaline-earth metals as well as
certain ions of bivalent metals (Cd?*, Hg?*, Cu?*) (see
Tables 7-11, below).

The electrostatic theory can only in certain cases
predict the variation in rate constant for a reaction involv-
ing ions having a complete electron shell, but it is unable
to predict the variation in the rate constant in reactions
involving ions of the transition metals. Thus, for ex-
ample, it cannot explain the great difference in reaction
velocities between the ions Fe3* and Cr3*, which have
practically the same electrostatic characteristics.

Use of the crystal field and ligand field theory !*7-13! for
reactions involving transition-metal ions makes it possible
in certain cases to calculate the energy characteristics of
the initial and a possible transition state. Calculation of
these characteristics helps us toforesee qualitative changes
in activation energy, and therefore in the rate of complex-
ing reactions involving transition elements.

The energy characteristics of a transition complex are
determined mainly by its stereochemistry. To a first
approximation the structure of the transition state can be
determined from the mechanism of nucleophilic substitu-
tion, which may occur either by a unimolecular (Sn1) or by
a bimolecular (Sy2) mechanism. In the former case a
complex of coordination number 6 is converted into a com-
plex of coordination number 5: i.e. an octahedral con-
figuration passes into a square pyramid or a trigonal
bipyramid. In the latter case a complex having the same
coordination number is converted into a transition state of
coordination number 7, which has the configuration of a
pentagonal bipyramid. Which mechanism (Sx1) or (Sx2) is
involved in a substitution can be determined from the pres-
sure dependence of the rate constant! or from the electro-
static characteristics of the central field.

Table 3. Change in energy (in Dq units) when the initial complex compound
passes into the intermediate complex for substitutions involving elements of
the first transition period.

SNn1 mechant SN2 mechani Sn1 mechani SN2 mochans
Electro- joctahedron —> squaref octahedron -> penta- | Electro. | octahedron = square | octahedron —> penta-

nic con- pyramid gonal pyramid  fnic con- ramid gonal pyramid

figura- ak weak | figura- ak ak
tion |[strong field| ‘g:ld strong field field tion [strong fiels g:m Jstrong field] vi;:ld
d° 0.00 0.00 0.00 0.00 ds 4.00 | —0.57] 8,52 —1.28
dl —0.57 (—0.57 |—1.28 —1.28 d? —1.14 1.14} 5.34 |-2.56
d? —1.44 |—1.14 |—2.56 |-2.56 ds 2.00 2.00] 4.26 4.26
d3 2.00 2.00 4.26 4.26 d® —3.44 | —3.14f 1.07 |—-1.07
d+ 1.43 3.14 2.98 1.07 die 0.00 0.00f 0.00 0,00
ds 0.86 |—0.57 1.70 0.00

Table 3, taken from the monograph by Basolo and Pear-
son 3!, gives results of the approximate calculation of the
change in energy accompanying the change in configuration
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associated with the conversion of an initial complex com-
pound into a transition state. The approximations of the
crystal field method were used in the calculation. 1t is
seen that the greatest change in energy is required for ions
having d®, 4%, and d® electronic configurations: i.e. reac-
tions involving these ions have a greater activation energy,
and should therefore be slower, than reactions involving
other ions. This principle is supported by experimental
data available in the literature (Table 4).

Table 4. Rate constants for complex formation by elements of the
first transition period.

Electronic I* I* piied
configuration| Ton kMgl kMg kMgl
d® Ca2+ 108 7.108 2.107
as Mn?t 2-107 —_ 108
ds Fe2t 3.108 — 6-108
d? Co?+ 33-108 4104 108
d8 Nj2+ 3-104 4.108 104
d? Cu+ 3.108 1-10¢ 108
qro Zn?t 2-108 4-108 3.10%

* The reactions are represented by the equations
(1) [M(H;0)4] + H,0 = [M(H,0)] + Hy0
(I1) M** + day = [M(day)]**
day = 2-p-dimethylaminophenylazopyridine
(I11) M?* + SO = MSO,.

More detailed consideration of the dependence of reac-
tivity on the electronic structure of the reactant ions from
the viewpoint of crystal field theory suggests that the rate
of complex formation should decrease in the sequence of
ions having the electronic configurations—d® > d* > d3>
dé—for both Sx1 and Sn2 mechanisms. Unfortunately,
many postulates were made in this calculation, and there
are as yet no reliable experimental data supporting this
hypothesis.

Qualitative results can be obtained by considering the
influence of the Jahn—~Teller effect on the reactivity of
complex compounds 1#0-181, This effect consists in the dis-
tortions arising in a symmetrical non-linear polyatomic
molecule having a degenerate electronic state, as a con-
sequence of which distortions the symmetry of the molecule
is diminished 132, Thus in the d° system (the Cu?* ion),
for example, there is one vacant eg-orbital, whose axes
pass through the central ion and opposite ligands. The
absence of an electron in one of the eg-orbitals diminishes
the screening of the central ion, with a consequent in-
crease in the strength of interaction between negatively
charged ligands and the central ion, so that the distance
between them becomes shorter. Either two or four
ligands will move towards the central ion; correspond-
ingly either two short and four long—or four short and two
long~—bonds appear in an octahedron, and the latter is con-
verted into a bipyramid.

Ligands located farther from a central ion are more
reactive, since the mobility of ligands increases with in-
crease in the distortion. Hence the rate of substitution
should be considerably smaller with highly symmetrical
complexes than in less symmetrical complexes.

The dependence of the Jahn-Teller distortion, arising
in an octahedral configuration, on the electronic structure
of transition-metal ions of the first series is shown in
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Table 5. It is seen that the greatest distortion appears
with the structures d* and d°, so that complexes of Cr?* and
Cu?* gshould possess the greatest reactivity. Thisprinciple
is supported by available experimental data (Table 4).

Table 6. Distortion of octahedral complexes of transition metals of the
first series (Jahn-Teller effect) 132.

Confy tortion d d‘:; Afigura- torti u&d d!:;
nfigura. jon due Cot on due
tion Symmetty |- vital dogen- tion Symmetzy | orbita] degen-
eracy eracy

di T emall s 5Ty small

o | s¥, smal @ 4Ty small

ds 44y 0 ds 34, 0

d 5E, large da 2E, large

ry 64, 0

When the mechanism of substitution in a series ofneigh-

. bouring elements is examined by the molecular orbital

method 133, it is found that the decisive role is played by
the change in antibonding effects in the formation of the
activated complex, since the remaining characteristics of
the complex either do not change or vary monotonically.
This principle can be most usefully illustrated by substitu-
tion reactions in octahedral complexes of the type ML,.

In a dissociative mechanism, the activated complex has
the composition ML, and the configuration of a tetragonal
pyramid (symmetry C,,) or a trigonal bipyramid (sym-
metry Dg;). The change in symmetry and the arrangement
of the orbitals in these two cases are shown in Fig. 5.

gl g § (820

gl

a*(dg)

o)
."(&,4 ) ‘l,(‘xy“zpde) 2y dyy)
Iy, Wi Gy Gy WLs

Figure 5. Change in symmetry and arrangement of
orbitals for the Sy1 mechanism.

In the formation of ML, with the ligands located at the
corners of a tetragonal pyramid the non-bonding orbital
.o is converted into the still non-bonding orbitals b, and e,
wzﬁile the energy of these orbitals remains fundamentally
unchanged. The antibonding orbital eg is converted into
two new antibonding orbitals b, and af, the antibonding
effect on the orbitals a¥ (d,,) being considerably dimin-
ished.

If electrons are present in the e} orbital in a complex,
formation of the ML; complex should be accompanied by a
redistribution of electrons with a gain in energy when they
undergo a transition from the orbital e} to the orbital af.
This transition disrupts the monotonic variation in reaction
velocity in complexes with metals having d*, d%, d°, and
d° configurations (Cr?*, Mn?', Cu?*', Zn®*, Mn**, etc. com-
plexes), and as a consequence the activation energy is
lower, and the rate of substitution reactions higher, for
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compounds of these metals than in the case of neighbouring
elements. It is probable that substitution by an Sn1
mechanism is typical of compounds of these elements (of
“the type MLy).

Similar conclusions can also be reached if the activated
complex ML, is regarded as a trigonal bipyramid (sym-
metry Dg). In contrast to the preceding case, substitution
in the ML, complex of a metal having the electronic struc-
ture d® (or d®) should be characterised here by an especially
high activation energy, since in these compounds it is
necessary to promote one of the electrons from the non-
bonding £, (dxy) orbital to an antibonding orbital e’.

In an associative mechanism (Sn2) the activated complex
has the composition ML, and the configuration of a pentag-
onal bipyramid (symmetry D, ) with the characteristic and
rearrangement of orbitals shown in Fig. 6. In this case
the monotonic change in activation energy (and reaction
velocity) breaks down in the complex compounds of metals
having the structure d% (or d®8) owing to the promotion of
one of the electrons from a non-bonding ¢,, orbital to an
antibonding e} (dxy) orbital.

Tsp MLy

Figure 6. Change in symmetry and arrangement
of orbitals for the Sy2 mechanism.

The activation energy is somewhat diminished in the
complexes of metals having the configuration 3d* (or 3d9),
and remains about the same for complexes of metals having
the configuration 34% (or 34°) (Table 6).

Table 6. Change in antibonding effect in reactions occurring by Sy 1 and
Sn2 mechanisms 33,

El i o-Antibonding s-Antibonding
structure | ML, (Dgp) | ML; (Cop) | ML, (Dgh) ML (Dgp) | MLy (Cp) | MLy (Dgp)
:High-spin complexes.
dt 0.0 0.0 0.0 .5 —1.0 +0.5
d* 0.0 0.0 0.0 —1.0 —2.0 +1.0
a3 +1.13 0.0 +1.88 —3.5 —2.0 —0.5
d¢ .75 —1.0 +0.75 —2.0 —2.0 +2.0
ds —1.0 —1.0 +1.0 —2.0 —2.0 +0.5
d¢ —1.0 —1.0 +1.0 —1.5 —3.0 +2.5
da? —1.0 —1.0 +1.0 —3.0 —4.0 +3.0
ds +0.13 —1.0 +2.88 —5.5 —4.0 +1.5
d°* —1.75 —2.0 +1.75 —4.0 —4.0 +4.0
Low-spin complexes
d? 0.0 0.0 0.0 —1. —3. +1.5
d¢ 0.0 0.0 0.0 —2.0 —4.0 +2.0
ds —+1.43 0.0 +1.88 —4.0 —4.0 +0.5
d* +2.25 0.0 +3.75 —5.5 —4.0 —1.0
ar +0.38 —1.0 +2.63 —4.0 —4.0 +1.5
ds —1.5 —2.0 +1.5 —4.0 —4.0 +4.0

Experimental results agree well with the variation in
rate of substitution by the Sn2 mechanism. Actually, com-
plexes of metals having the electronic configurations d*® and
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d® react comparatively slowly in substitution reactions,
and in this respect differ notably from the complexes of
neighbouring metals.

The gradual increase in stability of the complexes with
increase in atomic number of the transition metal leads to
agradual increase in the activation energy (decrease in rate)
of substitution. This slowing down in the rate becomes
especially marked in the complexes of metals having the
electronic structures d® and d® when reactions occur by an
Sn2 mechanism, owing to the necessity for promoting one
of the electrons to an antibonding orbital. Complexes of
metals having d4, 4%, d®° and d!° configurations, however,
are considerably more reactive in an Sy2 and especiallyin an
Snl mechanism, because of the transition of one electron
from a higher to a lower antibonding orbital.

Unfortunately, none of the available methods enables
absolute values to be calculated for the rate constants and
activation energies of complex formation. At the best,
all existing theories merely explain the relative variation
in rate of complex formation in the series of transition
elements.

() Effect of nature of ligand. The rates of
many complexing reactions are independent of the nature
of the ligands involved. Thus, for example, many doubly
charged positive ions (Mn2?*, Fe?*, Co?*, Ni2?*, Zn?*, Cd?*)
react at approximately the same rate with various ligands
(Table 7).

Table 7. Rate constants (in M~! s™!) for complex formation by the
ions Zn?*, Cd?*, Ni?*, and Co?* with various ligands®*.

Ions
Ligand Zn+ Cd'r N+ Cor
Br~ 5.0-10% 1.4-10° —_ —

1 5-108 5-10* — —
o~ 3.100 1.407 - -
dye 4-108 1.107 — —_

CH,CO0~ 3.108 —_ —
imid — — 5.1 1.3.108
i{' — —_ 1.5.10¢ 4.6.108

y~ —_ - 2.4-10¢ 4.6.108
dye —_ —_ 4-10% 4.0-10¢
s()’—‘ —_ —_ 1.104 1.104

* imid = imidazole; gly = glycine; dgly = glycylglycine;
dye = 2-p-dimethylaminophenylazopyridine.

This can be explained by an Syl mechanism for these
reactions, in conformity with the equations 1%¢

(MHO)] = MHO), 1+ KO, @7)
MEO), ] +L = (M#H0), L. (28)

Using the steady-state method and assuming that the con-
centration of [M(H,0),_,] is considerably less than the
concentration of [M(H,0), ], we can write

diM (H0), L1 Aiks [M (H,0),] [L]

dt T athlll (29)
when k4 > &, we obtain
L] _ g, 1M (H,00) (30)

dt

It follows from Eqn. (30) that the rate-determining stage in
the formation of complex compounds is reaction (27)—the
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elimination of water—the rate of complex formation being
completely independent of the nature of the ligand 134-136
(Table 7).

For the same reason the rate of addition of each successive
ligand in stepwise complex formation is usually lower than
or equal to the rate of addition of the preceding ligand. I,
however, substitution of a water molecule involves inter-
mediate formation of an outer-sphere complex, and its
stability constant exceeds unity, the reverse effect may be
observed 137,138,

The rate of complex formation is sharply diminished in
reactions with polydentate ligands involved in the formation
of chelate compounds. This is probably associated with
the multistage character of ring formation 135,136,139,

2. Rate of Dissociation of Complexes

The influence of various factors on the rate of dissocia-
tion of complexes has been examined in detail by Wilkins
and his collaborators 70,137,138,140-144 " who showed that the
rate of dissociation is more dependent than is the rate of
complex formation on the nature of the ligand. Thus, for
example, the rate constants for dissociation of the com-
plexes of bivalent nickel—

INI(CNS)J* 53 Niz+ -+ CNS-, (31)
INi(NHg)J*+ % Nizt 4+ NH, |, (32)
[Ni (enm) ]2+ 8 N+ en (33)

--are respectively (in s~!) 2, = 100, 2, = 5.8, and &, =
0.14, whereas the corresponding rate constants for forma-
tion of these complexes are 10%, 10, and 10° M™! s~1,
With many of the reactions described in the literature,
dissociation rate constants are always smaller than forma-
tion rate constants for the same complex compounds.

If the rate-determining stage in complex formation is
the elimination of water, the rule 142

Algki~—AlgKy (34)

where k4 is the dissociation rate constant of the complex
compound and K ¢ is the stepwise stability constant of the
same compound, holds for complex compounds having the
same central ion and different ligands, as well as for

individual stages in a multistage process of complex for-

mation. This rule has been verified on a series of com-
pounds of bivalent nickel 142,

3. Influence of Stereochemical Factors

Hardly any work has been done on the influence of
stereochemical factors on the rate of fast complex-forming
reactions. Data are available only on the dependence of
reaction velocity on the angle of attack for ions having
different electronic configurations 2,144,145,

Hammes and Steinfeld [and Kustin et al.]75,13® have found
that the rate of formation of complex compounds by bivalent
cobalt, nickel, and manganese is considerably lower with
B-alanine than with o -alanine. The explanation given 1%
for this difference in rates is that ring formation in the
above compounds is a stepwise process, while with 8-
alanine, owing to steric hindrance, occupation of a vacant
place by a water molecule is more rapid than closure of
‘he ring. This type of substitution has been termed steri-
:ally controlled substitution.
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IV. REACTIONS HAVING AN Sy MECHANISM
1. Reactions involving Elements of Group I
Study of the kinetics of complex formation involving
alkali-metal ions has been begun only recently. Investi-

gation of these reactions has been delayed for at least two
reasons: reactions of complex formation involving the
alkali-metal ions occur very rapidly, and the resulting
complexes are not very stable, so that all investigations
must be conducted with high concentrations of the ligand,
when the effect of foreign ions is very considerable.
Available published data on these reactions are listed in
Table 8.

Table 8. Rate constants in the replacement of water by various
ligands for alkali-metal ions* (u = 0.5, pH > 11, T'= 20°C).

Ligands
fon Bdta- | Nw— | dmdat- | T
Lit+ 4.8.107 4.7-107 2.5-108 9-108
Na* 4.7-107 8.8.107 2.5-108 2-10°
K* 7.5-107 1.5-108 — 5-10°
Rb* 1.4-108 2.3-108 —_ 5-102
Cst 2.1.108 3.5-108 5-40°

* Constants (in s™!) obtained by the ultrasonic method !4,
Edta* = ethylenediaminetetra-acetate; Nta® = nitrilotriacetate
anion; Imda? = imidazole anion; Tmp ¥ = trimetaphosphate
anion.

Table 8 shows that in all cases the rate of complex for-
mation increases monotonically from lithium to caesium,
and the rate constant of these processes, which is very
large, varies linearly with the radius of the reactant ions 4.
This indicates that the rate of complex formation involving
alkali-metal ions depends mainly on the purely electro-
static intereaction of the reactant ions and is controlled by
diffusion, the rate of elimination of water not being the
limiting stage.

Only reactions involving compounds of bivalent copper
have been relatively well studied among elements of sub-
group IB. It is seen from Table 9 that the rate constants
for formation of one-coordinate complex compounds of
bivalent copper with various ligands vary within a fairly
narrow range (108-108 M~! s~1). Such a large absolute
value of the rate constant for the formation of complexes of
bivalent copper, in comparison with the rate constants for
complex formation by other transition elements of the first
series, is usually explained by strong distortions of the
octahedral structure of copper compounds resulting from
the Jahn-Teller effect 129,131,

The absence of an appreciable effect of the nature of the
ligands on the rate constant of complex formation by
bivalent copper is probably associated with the fact that
these reactions occur by an Sx1 mechanism, the rate-
determining stage being the elimination of water 13,14,

The literature contains no data on fast complexing reac-
tions involving compounds of silver, gold, or univalent and
tervalent copper.
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Table 9. Rate constants for the formation and the dissociation of complex
compounds of bivalent copper*;
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Tabie 10. Rate constants for the formation and the dissociation of com-
plex compounds of Group II elements.

k k
Reaction dige | ™ | Conditions  [Method|  Ref. Reaction Ko | kagrmy | conait Method. Ref.
*
[Cu (sz).], + L HO0 3.108 _ 250 . | 134,146,0 [Be (H,O:n]z+ + H,0 Z [Be (H;0), ]+ 102 — us 14
»
7; [Cu (H,0)]** + H,O +H,0 .
., - & . 3 . o4 .
tCu (et i+ + NH, = 7400 | - g5 |nme| ws  [Be(HO)SONT[Be(SOPIHHOM | 13408 40 420 I
= [Cu (NHg))?* + NH; | 0.01-0.2 M BeSO4
[Cu (ené(H,O),]” 4enT — | 2.410 270 nm.r. 149 [Mg (H,0),]** + H,0 = 108  — us | 14
= [Cu (en)y(H,0),]2* +en | = [Mg (H;0),]*+ 4+ H,0
Cu?* 4 SO~ = [Cu (SOp)] 5107 108 250 us 150,1 [Mg (H,0) SO,] = [Mg (SO,)] + H,0** 8.105| 1.10% 4 78
Cu?+4CH;COO™ = [Cu(CH4COO)]* | 4.3-10¢ 250 nm.r. 146 Mg+ + SO~ = [Mg (SOy)] 5.52- 10; 8.76-107 12° 4 977?0l
[Cu (NHj)s]2* + NHy = [Cu(NH,),]** | 6.6-104 | 1.9-107 27° nm.r. s 6.47-105(10. 3107 0.003. ooz'otz?;agso s
L O S o i | 2° il B [Mg (H0) $,04] = [Mg (S,09)] + H,0%|  4-108| 08| 5 | »
P :}:_‘ 4(;“ p b = {Cu(NHs)s] B 1 - 25: ;Hu 50 Mg (H;0) CrO,] == [MgCrO,] + H,0** | 1.5.108 108 ] 78
ut* 4-en T [Cu (en)} 15 N P 7 Mg** + ADP3~ 2> MgADP~ 2.5-10%  3.108 13° L It
. 3
[Cu (en)]+ + en == [Cu (en), 2+ 433 _ 950 stfl 70 {Ca (H,,é)"]’+ -+ H,0 = [Ca [H;0),]**+ 108 —_ us 14
0.15 M HNO, g
Cu?+ - = Edta)]2— .3.100 - elch 154,155 +H0
Cuas igﬁ? al fél}((:;y(e)],,,)] FO T a0ty o Mg 4 HTs= = MgHT- 3.0-104| 3.5.108 pH=9 g | s
- 0.4 KNO, [Ca (H,0) CrO,] == [Ca (CrOy)] + H,0 2.108) 2.107 tj 78
{Cu (sarc)]* + sarc— = [Cu (sarc),] — 6-10% 270 nm.r. 15 Ca* + XJ™ 22 CaX, - 7-108 Y 7
[Cu (dmg)]* + dmg™ = [Cu (dmg),] — 1.3.104 27° nm.r. 1s Mgzt + X3~ = MgX, — 11.6.108 4 7
[Cu (gly)I* + gly~ = [Cu (gly)s] — | 8.2-108 a7° nm.r. s [Sr (H0), 1** 4 H,0 = [Sr (H;0),J*+ + 2-108  — us | 14
Cu+ + bn = [Cu (bn)*+ 4.56 - 25° stfl i +HO,
[Cu (bn)]?* + bn = [Cu (bn)g]2+ 15.1 — o.15 ,2‘;0“1\10 stfl 70 [Ba (H;0), ]+ + H,0 = [Ba (H,0),]**+ | 2.5-10% _ us u
g 3
Cu?* 4 C-tetraM = [Cu (C-tetraM)j2+ |  0.42 — 25° stfl Ll +H
0.15 M HNO,
[Cu (C-tetra M)]** + C-fetra M == 0.80 — 25° stfl n . . s
= [Cu (C-tetra M),]2+ 0.15M HNO, ** Reactions of conversion of outer-sphere into inner-sphere complexes
2.107 50 stfl 137 (Kgrm in s71).

Cu* + terpy == [Cu (terpy)]**

* en = ethylenediamine; Edta = ethylenediaminetetra-acetate; dye = 2-p-
dimethylaminophenylazopyridine; bn = butane-2,3-diamine; gly = glycine;
sarc = N-methylglycine; dmg = NN-dimethylglycine; C-tetraM = 2,3-di-
methylbutane-2,3-diamine; n.m.r. = nuclear magnetic resonance method;
us = ultrasonic method; stfl = stopped-flow method; elch = electro-
chemical method; tj = temperature-jump relaxation method.

2. Reactions Involving Elements of Group II

Available published values of the rate constants for the
dissociation and the formation of complexes of Group II
elements are given in Table 10. The rates of all these
reactions, with the exception of those involving beryllium,
are determined purely by electrostatic interaction, the
elimination of water being the rate-determining stage. It
is interesting that the rate of complex formation increases
sharply on passing from magnesium to calcium, a fact
which has not yet been satisfactorily explained .

The relatively small rate constant found with beryllium
ions is explained by rapid hydrolysis, as a result of which
relatively unreactive species are formed %%, These
processes can explain the presence of at least six relaxa-
tion times in the relaxation spectrum of beryllium sulphate 5L,

Subgroup IIB contains elements whose ions have the con-
figuration d1°, In contrast to the alkaline-earth ions, the
doubly charged ions of zinc, cadmium, and mercury have
an outer d-shell, which may be reflected in their kinetic
properties. The comparatively high velocities of reactions
involving ions of these elements (Table 11), whose rate
constants are approximately equal in magnitude to those of
reactions involving elements of the A subgroup, suggest
that the mechanism of complex formation is the same in
both cases, the rate of the process being determined purely
by electrostatic interaction and being limited by diffusion.

ADP?* = adenosine S-diphosphate; HT > = Tiron [disodium 4,5-dihydroxy-
benzene-1,3-disulphonate]; X, = Xylenol Orange; us = ultrasonic method;
tj = temperature-jump relaxation method; ps = pressure-shock method.

3. Reactions Involving Elements of Groups III-VI and
Manganese

Preliminary results indicate !4 that complex formation
involving V?* ions is abnormally slow, but the ion Cr?*
reacts at approximately the same rate as does Cu?*. These
data are consistent with the ligand field theory.

Complex formation involving compounds of bivalent
manganese is very rapid. Quantitative kinetic data are
available for the exchange of water in the inner sphere 1,148
and the formation of sulphate complexes** and of com-
plexes with terpyridyl 87 and B-alanine***, In most cases
the rate constant for the formation of bivalent manganese
complexes exceeds 108 M~ s-2,

Fast complexing reactions in which ions of elements in
these groups take part in a higher state of oxidation than 3
have not been investigated. Data are available only on the
rate of formation of sulphate complexes of aluminium %7
and vanadyl®” and of dimers of tungsten(VI) and molybde-
num(VI), 168

Few data are available also on reactions involving ions
of the rare-earth elements. Eigen!* assumes that the
rate constant for complex formation should be of the order
of 107 M~! s~!, This supposition is supported by results
for the exchange of ethylenediaminetetra-acetic acid with
certain rare-earth ions %6, For lanthanum this constant
is 105 M~? s~!, and it decreases in the sequence—Ilantha-
num, neodymium, dysprosium, ytterbium—in the propor-
tions 7700:1200:19: 1.

The temperature-jump method 167 has recently been used
to determine the rate constants for the formation and the
dissociation of the complexes of lanthanides with murexide,
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Table 11. Rate constants of complex formation by elements in Subgroup
IIB*.

: kaige, | Keqrm, diti Method

Reaction s.f’ M‘? s C Ref.

Zn* 4 Br~ = ZnBr+ <5-108 | 5,0-108 25° nmr] 160

ZnBr* + Br~ = ZnBr, — 5,0.105 [0.01-5.0 M NaBr | n.m.r.{ 160

ZnBr, + Br~ = ZnBry” >7-108 | 5.0-108 ditto nmr| 160

ZnBry 4 Br~ ZnBr; 2.0-107 8-107 » nm.r| 160

Zn%* + [~ = Znl+ 5.10¢ 5.108 25° nmr| 160
0.01-5.0 M KI

Znl* 4 1~ 2 Znl, — 5.108 ditto nmr| 160

Znl, + I~ = Znly <5104 | 5.10% » nmr| 160

Znly + I- 2 Znl¥ 3.407 | 7.10¢ » nmr| 160

ZnF+ 4 F- = ZnF, 1>104 nmr.| 160

Zn** + SO~ > ZnSO, >108 | 3.108 25° nmr| 16

107 tj 7

Zn* 4 CH,COO~ 2= ZnCH,COO~ 3.107 — 25° nmr| M6

Zn* 4 dye = [Zn (dye)]*+ - 4108 15° 4 146
0.1 MKNO3

Zn®* + terpy == [Zn (ferpy) ]+ 1,4 | 1.3.408 25 st 1

CdCly™ + CI~ = CdCii— 7.6.10° | 4.10° 25° us 106

Cd* 4 Br~ = CdBr+ 1.0-107 | 1.4-107 25° nmr| 160

0.01-5.0 M NaBr

CdBr* + Br= = CdBr, 1.4-108 | 1.4-108 ditto nmr| 160

CdBr, -+ Br~ == CdBr;” 7.108 | 1.7-107 4 nmr| 160

CdBry” + Br~ % CdBr}~ 6.0-108 | 1.2.107 ’ nmr.| 160

Cd2+ 4 [~ 2 CdI+ ~2.107 | ~5-10? 25° nmr| 160
0.01-5.0 M KI

Cdly + - = Cdiz— ~2-107 | =5.108 ditto nm.r| 160

Cd#+ - SO~ = CdSO, 108 107 | 0.1MKNO3 | ¢ 78

[Cd (CN)J* 4 CN— = [Cd (CN),) — 5.108 p=01 eich | 16

[Cd (CN),] + CN~ 22 [Cd (CN)J~ 2.7.108 | 41017 ditto clch | 162

[Cd (CN)s]~ + CN~ = [Cd (CN)J*~ 2:10* | 8407 | 3MNaClO, |elch | 183

Cd2?* ++ CH,CO0™ = [Cd (CHsCOO) ]+ - 3-108 nmr| %7

Cd2+ -+ dye = [Cd (dye)]#+ — 107 15° tj 146
0.1 M KNO3

Cd?+ 4 terpy = [Cd (terpy) 3+ 25 [ 3.2.10 25° stfl 137

HgCl* - CI- 2 HeCl, 2.5.107 | 6.4-10° nmr.| 160

HgBr, + Br~ = [HgBr;]~ 2.5.107 | 4.6-108 25° nm.r (160

0.01-5.0 M NaBr
5.10° ditto efp 164

[HgBrs]™ -+ Br~ = [HgBry*~ -

* dye = 2-p-dimethylaminophenylazopyridine; terpy = 2,2',6',2"-ter-
pyridyl; n.m.r. = nuclear magnetic resonance method; tj = temperature-
jump method; efp = electric field-pulse method; elch = electrochemical
method; us = ultrasonic method; stfl = stopped-flow method.

and the stopped-flow method to find the dissociation rate
constants of the complexes formed by Xylenol Orange with
the rare-earth elements of the cerium subgroup 8 (see
Table 12). It is possible that, in aqueous solutions of
compounds of the rare-earth elements, an equilibrium is
established between hydrated forms containing different
quantities of water in the inner sphere, and that these forms
differ in reactivity 197,

4. Reactions Involving Elements of the Ion Group

Data on fast reactions of complex formation involving
elements of this group are the most numerous (Table 13).
In most cases the rate of complex formation is limited by
the rate of elimination of water from the inner sphere, and
is therefore independent of the nature of the ligand.

Two groups of reactions occur with Fe3* ions. The first
group comprises reactions in which a ligand reactsdirectly

221

Table 12. Rate constants for the reaction M3 + L” = ML3-", where M* is a
lanthanide ion and L” represents murexide or Zylenol Orange.

L M3+ La*+ Ce+ Prit+ Nds+ Smi+ Eud+ | Gd+

* Mur o3k, 5! 32 21 24 8.5 6.5 5.5 43

* Mur  [107kgoem, M1 5| 8.6 9.5 8.6 9.3 9.6 8.2 5.2
X, i diss, 71 152 236 159 116 106 — s

M3+ Tha+ Dy*+ Ho*+ Ers+ Tms+ Yhe+ Lu3+

* Mur  J103kgjg, 51 3.3 2.8 3.3 3.4 5.0 43| 4.5

Mur  |107kgorm, M1 51| 3.0 1,7 1.4 1.0 1.4 1.4 1.3

* Mur = murexide, ¢ = 0.1, T = 12°C, pH = 4.0; X, = Xylenol Orange,
T =25°C, pH=4.90.

with the ions according to the equation

Fed* 4 X- ¥ Fexe+ . (35)

Reactions of the second group occur in conformity with the
scheme

FeOH2+-+ HX 4 FeX»+ + H,0 (36)

As is evident from Eqn. (35), in the former case % is inde-
pendent of the hydrogen-ion concentration, whereas the
rate constant of reaction (36) is substantially influenced by
it. Asarulek,> k,. In many cases the dissociation of
complex compounds of tervalent iron is catalysed by Fe?*
ions 72,

The Ni?* ion, which has the electronic configuration 4®
and forms highly symmetrical complex compounds, reacts
considerably more slowly than the other transition elements
of the first series.

The literature contains no data on fast reactions of com-
plex formation by elements of the platinum group.

V. REACTIONS HAVING AN S MECHANISM

Substitution of the central ion in complex compounds has
sofar been studied mainly on slow or moderately rapid 189-181
reactions in which polydentate ligands take part.

The most interesting of the reactions which have been
studied is

NiTeta?* 4+ CuEdta®~ 2> CuTeta’* + NiEdta®~ | (37

where Teta represents triethylenetetra-amine and Edta
represents ethylenediaminetetra-acetic acid. This reac-
tion—the first non-redox reaction to be studied—has been
shown 192 to have a chain mechanism, which can be repre-
sented by the reactions

NiTeta™ 22 Nit* 4- Teta (38)

Teta + CuEdta? 2 CuTeta®* + Edtat~, (39)
Edta%~ +- NiTeta?* 2> NiEdta™~ + Teta , (40)
Ni#* + Edta*~ 2 NiEdta®— . (41)

It is interesting that this reaction is catalysed by small
amounts (107% M) of certain ligands (Teta, Edta), and is
inhibited by copper and nickel ions at concentrations of



Table 13. Rate constants of fast complex formation by elements of the
iron group.
Reaction kdifp kform, Cond eth Ref.
s" M‘Ts" '
1 2 3 4 5 6
[Fe (H,‘é),;]“ + H,0 = [Fe (H,0),J#+ - | 2.4-10¢ — nmr| 148
+H,0
Fer* SO}~ 2 FeSO, 108 6-10¢ t 78
FeM - Cl~ = FeCla+ ** §1=% 2 1,9-40% | 25°; p=3.0 |[nmr | s
=
k=9.4 25°% pu=4.0 |stfl 65,72
k=18 Fe2* catalyst
Fe* 4 CNS~ % FeCNS** — [ 4.7.400 | 20°; p=0.01 [stfl | 71,169
k=127 170
=20
h 132 250 t 171
Fed+ 4- Br~ = FeBr#+ - 20 stfl 172,173
Fed+ 4 Fe= > FeFt+ 5.0-108 stfl 172,174
Fet* 4 N;” = FeNit — 1.6-10% stfl 172
Fed+ - CNS™ = FeCNS*+ ** £,=0.28 — 80% CH,OH |stfl 175
£,=0.,016 20%45}1.,0
FeOH 4 HC1  FeCl3* + H,0 — | 1.4.10¢ 25° stfl 158
18 stfl 65
FeOH?+ + HBr = FeBr** + H,0 — ]2.7.404 s | 172178
FeOH#* 4 HF 2 FeF**+ 4 H,0 — | 3.1.10° | 17207
FeOH3* + HN, = FeN}t + H,0 — | 8.8.108 stil 172
Fed* 4 SO}~ = FeSO} 6.3-10¢ | 6.4:10% | 25¢ u=0.5 |.q | 176177
FeOH?* 4 HCNS = FeCNS* + H,0 20.2 | 1.0-10% stfl | 170172
FeOH?* + HSO,™ = FeSO} + H,0 - 3.108 cfl 176
{Fe (H,0) OH]“- +Cl-= — 1.1.104 | 25°; p=1.0 | stfl 65
= {Pe (H,0) (OH CIFF "
FeOH®* 4 CNS- = [Fe (OH) CNS}*+ — | 42:104 ) 25° '] 171
Fe (OH)?** -4 Fe (OH)™ > [Fe(OH)Fe]¢+| 1.0 450 | 24.5%u=03 |gn |173.478
FeCI*+ - Fe (OH)** = [Fe (OH) ClFe]¢+ - 100 ditto ps 178
Fe (OH 3+ 4 FeCNS* = - 85 » b 178
e (OH) CNSFejt+
Fesoj- -+ Fe (OH)* = [Fe(OH)SO Fe[s+| — 110 ditto ps 178
Fet* 5,05~ = [Fe (S,05)]* ol 179
Fe+ 4 terpy = [Fe (terpy)]** 6.3-10~%( 8.0-104 25¢ stfl 137
{Fe (terpy)]3+ + ferpy = [Fe (terpy),]**+ | 8.0-1077 107 50 stfl 137
Co** + SO~ 2 CoS0, > 107 108 4 0
2.108 n.m.r. 148
{Co (H,0)e]** -+ Hy0 = [Co (E,0)e]** + | 3.1-10° — nm.r. | 148,115
+H,0
[Co <H}.£).l’*+ CI= 2 [Co(H,0),Clj**+( 0.05 2 25% u=3.0 (sl | 180,181
[Co (H,0)OH* + CI~ = — 2.10% | 25% p=3.0 |stil 181
= [Co (H,0),(OH) CIj* + H,0
[C° (N?!)l]’+ + NHy == [Co (NH,)g 2+ +{ 4.7-10% — 25° nmr | 15
+ NH, ;
{Co (en)s]** +- en = [Co (en)s]** +- en 4.8.10% — 25¢ nmr | us
Co**+ + dye = [Co (dye)]*+ — | 4.0.10¢ { 5% p=0.1 |4 146
Co* + HT*~ 2 CoHT~ 4.2:10% | 4,0.108 t 150
Co* + gly == [Co (gl)]* 10 | 4.8-10% | 25°, u=0.40. {ti 7
+ gly = [Co (gly) o 9,095
[Co (gly)I* + gy~ == [Co (gly)] 360 | 4.6-40% ditto 4 7
[Co (g1y)s] + gly~ == [Co (gly)s]™ 3.8-10* [ 9.0.108 4 I
Cod* + dgly = [Co (dgiy)]+ 4,2.10% | 4.6:-10% | 25°, p=0,15 |t 75
pH 7.7-8.2
[Co (dgly)I* -+ dgly~ == [Co (dgly)sl 4.8.10% | 9,0.108 ditto 4 75
Co?* + imid 2= [Co (imid)}** 4.6-108 | 4.3.105 | 250, l=;).515. tj 75
H 7.1-7.
[Co (imid)]3*+ 4- imid 7= [Co (imid)]** 9.0.404 | 1,1.108 ditto 4 75
Co% + terpy T2 [Co (terpy)** 10-4 [ 2,5-10¢ 25° stfl 18
Co™ + a-alan™ == [Co (a-alan)]* 32 |6.0-108 20°Hu;% 1, {4 139
p =
[Co(a-alan)]* +- a-alan~ = [Co(a-alan),] | 280 8.0-10% ditto ] 139
{Co(a-alan)g] +a-alan— = [Co{a-alan)s]~| 1.6.10% | 9.0-10* » 1 139
Cot+ - B-alan™ 2= [Co (B-alan)]* 7,5 7.5-104 zoo.Hp.=805.1, t§ 139
pH=8. )
[Co (B-alan)}* - B-alan™ = [Co(B-alan),] 8 | 8.6-10¢ ditto 4 1%
[Ni (HyO)a]#* + H,0 2 [Ni (H,0),]* + | 3.2404 - nmr | M8
+HO 54108 | — nme| 115
Nit* ++ CNS™ 2= [Ni (CNS)I* 10* | 3.5-10% [ 25°, u=0.5 |stff 152
n.m.r.
1.8.10? ditto elch | 182,183
i |+ S~ [Ni (CNS) —_ 3.8-10% elch | 182,18
[Ni (CNS)]* -+ CNS™ = [Ni (CNS)a] 3 0s procell Dot
[N} (H,O),(CNS)‘]"-F CNS_"“ 6.9.10% —_ 25, "=B_4 n.m.r. 184
= [Ni (H,0)5(CNS)JI* + s~
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Table 13. (cont’d)

1 2 3 4 5 | 6
[}
Ni*+ + NHy 2= [Ni (NHy)]** 6.0 - 25¢ :l“r;u :3;
— 250 1t
0.011 25 o 8
[Ni (NHp)** 4 NH; = [Ni (NHy)oJt* | 6.6-40¢ | — 25° nm ) 182
i (NHy)o 2 - 9+ 5.6-10¢ — 950 nmr | 18
[Ni (NHy)g]** + NHj = [Ni (NHy)e** + oo dos | =0.028] %0 amr| 1s
+ NH, stfl 167
Nit# 4 en == [Ni (em)** 0.45 | 9-10¢ 25¢ sl jut e,
[Ni (en)]3+ + en = [Ni (en),]3* 5.2 4.6-108 25 stfl mi:;!.
INi (en),]*+ + en 2= [Ni {en]*+ 87 6-100 25° afl e
Ni#* + SO}~ 22 [Ni (SO,)] 1,5.404 | 1.0-104 nm.r. | 146,148
0-108 ki ]
Ni** - bn 2= [Ni (bn)]2+ 0,020 25° stfl | 142141
Ni (bm)}2+ + bn == [Ni (bn),]2* 026 - 25 sll | 141,42
[Ni (br)gl#* b = [Ni (boJ** 8.25 - 25° st 141142
Nit* - py = [Ni (py)]** 39 8.4-405 | 25°. pu=0.1 felcn | 1
Ni (py)]J2* py = INi (py)2J** — | 4.4108 | 25°. p=1.0 |stl 144
elch 183
Ni?+ 4 CHNH 2 [Ni (GHNH)J** 5.0 - stfl |18
Ni#* - NoH, T [Ni (N;HQ P 3.6 sl | 185
Ni*+ + gly = [Ni (gly)]* 0.024 | 1,5.404 | 25°, p=0.15. | 4 75
pH 9.0-9.8
[Ni (gly)]* + gly~ = [Ni (gly)sl 0.95 | 6.0-10¢ ditto ] g
[Ni (gly)2] + gly = [Ni (gly); ] 10.4 4.2-104 » 4 »
Nit+ + dgly~ = [Ni (dgly))* 2.6 2.1-104 | 25°, p=0.15, | ¢ 75
pH 7.7-8.2
[Ni (dgly)]* + dgly~ = [Ni (dgly)s] 2.0 | 4.0-10° ditto t 7
[Ni (dgly),) + dgly~ = [Ni (dgly)s]™ 32 3.3.10% » 4 75
Ni3+ imid 2= [Ni (imid))3+ 2.7 | 5.0-10% | 25°, p=0.15, |4 75
pH=17.1
[Ni (imid)]** 4~ imid — [Ni (imid),]**+ 8.9 4.3-108 ditto tj 75
[Ni (imid),]*+ 4 imid Z [Ni (imid)s]** 17 2.4-108 » t 7%
Nit* L dye = [Ni (dye)]** — 4-108 tj 146
Ni%+ - HT3- = NiHT- 2.8.102 | 2.9-10% 15° 4 150
Ni?*+ + C,0%~ = NiC,04 3.6 | 7.5.404 | 25°, u=0.,1 |stfl 18
Ni?*+ 4 HC,0;” = NiC,0, -+ H* * 1.5.108 5.108 ditto stfl 186
[Ni (H;O6]2* + Mal*- = [(H;0)NiMal] | 42 4.2.105 | 25°, u=0,0 |ps 188
Ni%* - terpy = [Ni (terpy)]*+ 2.5.4078] 1,3.408 25 stfl 137
[Ni (terpy)]2+ 4 terpy = [Ni (terpy)]2+ 1.6-107¢| 2,0-10° 25 stfl 137
Ni*+ + a-alan™ = [Nij (z-alan)}*+ 0.022 2-404 | 20°, p=0.1 t 139
[Ni (a-alan)]* 4 @-alan~ = [Ni(a-alan),} | 0.80 4-404 ditto t 130
Ni#+ 4 B-alan— 7= [Ni (B-alan)}* 0.23 | 4.0.104 » 4 139
[Ni (B-alan)]* - B-alan™ = [Ni (B-alan)],| 27 6.9-108 » 1j 139

* Dimensions M™! s71.

Symbols: en = ethylenediamine; dye =
pyridine; HT * = Tiron; gly = glycine; dgly = glycylglycine; imid =

azole; py = pyridine; bn = butane-2,3-diamine; C,N/,NH = aziridine,
N,H, = hydrazine; a-alan = o-alanine; f-alan = -alanine; terpy =2,2',6',2"-

terpyridyl; Mal = malonate.
o= f, + ko [H').

2-p-dimethylaminophenylazo-
imid-

Methods: cfl = constant flow; stfl = stopped flow; tj = temperature
jump; ps = pressure shock; 1t = low-temperature method; n.m.r. = nuclear
magnetic resonance method; elch = electrochemical method.

10-¢ M, which may be utilised for the quantitative determi-

nation of these substances.
The above facts are worthy of attention, since many

reactions of complex formation occurring by an Sg mecha-
nism are probably chain reactions, as Margerum has shown
for several processes analogous to reaction (37). 193,194

REFERENCES
1.

J.Lewis and R.G.Wilkins (Editors),

“Modern Coordination

Chemistry” (Translated into Russian), Inostr.Lit., Moscow,

1963, p.80.

2,
(1923).

3. M.Eigen, G.Kurtze,
(1953).

4,

Discuss Faraday Soc., No,17, 114-234 (1954).

H.Hartridge and F.J.W.Roughton, Proc.Roy.Soc., 104, 376

and K, Tamm, Z.Elektrochem., 57, 103



Russian Chemical Reviews, 37 (3), 1968

9.
10.
11.
12,
13.
14.
15.
16.

17.

18.

19.

20,

21.

22,

23,

24,
25.

26,
27,
28,
29,
30,

31,
32,

33.

34,

35.

36.

37.

38..

39,

40.

41.

42,

43.
44.

45,

Z.Elektrochem., 64, 1-204 (1960).

E.F.Caldin, “Fast Reactions in Solution” (Translated into
Russian), Izd,.Mir, Moscow, 1966.

“Technique of Organic Chemistry”, New York, 1961, Vol.8,
Part 2,

J.Koskikalliol, Suomen Kem., 34, A7-a-11 (1961).
P.Y.Menon, J.8ci.Ind.Res., India, 22, 503 (1963).
V.Ettel, Chem. Listy, 59, 959 (1965).

“Mechanisms of Inorganic Reactions”, Adv.Chem, Series,
No.49, Amer,Chemical Society, Washington, 1965, p.55.
R.G.Pearson, J,Phys,Chem., 63, 321 (1959).

M. Eigen, Ber Bunsenges phys.Chem., 67, 753 (1963).

M. Eigen, Pure Appl.Chem., 6, 97 (1963).

Ann, Rev, Phys, Chem., 214 (1963).

R, Robertson (Editor), “Modern Chemistry for the Engineer
and Scientist”, New York, 1957.

S.A.Shukarev, “Sovremennye Fiziko-Khimicheskie Metody
Khimicheskogo Analiza” (Modern Physicochemical Methods
of Chemical Analysis), ONTI, Khimteoretizdat, Leningrad,
1935.

Yu.B.Kletinik, Zhur.Fiz.Khim., 37, 1193 (1963) [Russ.J.
Phys. Chem., 638 (1963)].

Q.H.Gibson, A.R.Fanelli, and E. Antonini, Z.Elektrochem.,
64, 4 (1960).

H. Eyring and E.M.Eyring, “Modern Chemical Kinetics”,
New York, 1963,

L. A.Nikolaev and S.I.Panok, Zhur.Fiz,.Khim., 29, 1113
(1955).

N.N. Solodushnikov and E. A, Shilov, Zhur.Fiz.Khim., 19,
405 (1945).

N. N. Solodushnikov and E, A, Shilov, Acta Physicochim.URSS,
20, 665 (1945).,

R.H.Prince, Trans,Faraday Soc., 54, 838 (1958),
G.V.Biinau, L.de Maeyer, and P.Matthies, Z.Elektrochem.,
64, 14 (1960).

Q.H.Gibson, Discuss.Faraday Soc., No.17, 137 (1954).
B.Chance, J.Franklin Inst., 229, 737 (1940).

B, Chance, Rev,.Sci.Instr., 13, 138 (1942).

K.G.Stern and D.De Bois, J.Biol.Chem,., 116, 575 (1936).
F.G.W.Roughton and G.A.Millikan, Proc.Roy.Soc., Al55,
269 (1936).

K.Dalziel, Biochem.J., 55, 79 (1953).

G.V.Biinau and M. Eigen, Z.phys.Chem.(Frankfurt), 7, 108

(1956).

G,V.Biinau and M.Eigen, Z.phys.Chem.(Frankfurt), 32, 27
(1962).

H.Theorell and B. Chance, Acta Chem,Scand., 5, 1127
(1951),

A, Lifshitz and B,Perlmutter-Hayman, J.Phys.Chem., 64,
1663 (1960).

C.W.Roberts, D.H.Haigh, and W.G. Lloyd, J.Phys.Chem.,
64, 1887 (1960).

A, Lifshitz and B.Perlmutter-Hayman, Bull.Res. Council
Israel, A8, 166 (1959).

A. Lifshitz and B, Perlmutter-Hayman, J.Phys.Chem., 65,
2098 (1961).

A, Lifshitz and B. Perlmutter-Hayman, Bull.Res. Council
Israel, A8, 75 (1959).

R.Pearson, B.R.W.Pinsent, and F.J,W.Roughton, Discuss.
Faraday Soc., No.17, 141 (1954).

B.Perlmutter-Hayman and M. A.Wolff, Rev.Sci.Instr., 35,
1002 (1964).

R.G.Pearson, R.E.Meeker, and F.Basolo, J. Amer.Chem.
Soc., 78, 2673 (1956).

J.A.Sirs, Trans,Faraday Soc., 54, 207 (1958).

J.Mercer and G.Schwarzenbach, Helv,Chim, Acta, 40, 807
(1957).

M, Saal, Rec.Trav.chim., 47, 73, 264, 385 (1928).

46.
47,
48.
49.
50.
51.
52.
53.
54.
55,
56.
57.
58.
59.
60,
61.
62.
63.
64.
65.
66.
67.

68.

69,

70.

71.

72,

73.

4.

75.

76.

7.

78.

79.

80.
81.

82.
83.
84.
85.

86.
87.

223

E.Saito and S.H.J.Belski, J. Amer.Chem. Soc., 83, 4467
(1961).

Varian Associates (Editors), “N.m.r. and E.p.r. Spectro-
scopy”’, Pergamon Press, 1960, p.210.

B.Chance, J.Franklin Inst., 229, 455, 613, 737 (1940).
B.Chance, Rev.Sci.Instr., 22, 619 (1951).

D.M.Gordon and A.C.Wahl, J. Amer.Chem.Soc., 80, 273

(1958).

C.S.Garner and J.Bjerrum, Acta Chem.Scand., 15, 2055
(1958).

E.Eichler and A.C.Wahl, J.Amer.Chem.Soc., 80, 4145
(1958).

B.W.Pinsent, Discuss.Faraday Soc., No.17, 140 (1954).
J.Bjerrum and R.Poulson, Nature, 169, 463 (1952).
W.R.Ruby, Rev.Sci.Instr., 26, 460 (1955).
F.J.W.Roughton, Proc.Roy.Soc., 104, 376 (1923),
P.G.Scherer, R.M.Brownell, and J,E. Luvall, J.Phys.
Chem., 62, 820 (1958).

H.Gutfreund, Nature, 192, 820 (1961).

R.Thompson and G,Gordon, J.Sci.Instr., 41, 480 (1964).
R.H.Prince, Z.Elektrochem., 64, 13 (1960).

H.Gerischer and W.Heim, Z.phys.Chem.(Frankfurt), 46,
345 (1965).

R.I.DeSa and Q. H.Gibson, Pribory Nauch.Issled., No.7,
85 (1965).

G.H.Gerb, B.D.Marcusm, and D,Dropkin, Rev.Sci.Instr.,
35, 80 (1964).

J.F.Below, B.E, Comnick, and C,P.Coppel, J. Amer.Chem.
Soc., 80, 2961 (1958).

B.E.Connick and C.P.Coppel, J.Amer. Chem,.Soc., 81,
6389 (1959).

C.R. Allen, A.J.Brook, and E,F,Caldin, Trans.Faraday
Soc., 56, 788 (1960),

C.R.Allen, A.J.Brook, and E.F.Caldin, J.Chem. Soc.,
2171 (1961).

S.L.Friess, E.S,Lewis, and A.Weissberger (Editors),
“Technique of Organic Chemistry”, New York, 1963, Vol.8.
Part 1, p.107,

A.S.Dubovykh, “Fotograficheskaya Registratsiya Bystropro-
tekayushchikh Protsessov” (Photographic Recording of Rapid
Processes), Izd,Nauka, Moscow, 1964, p.368.
R.G.Wilkins, J.Chem.Soc., 4475 (1962),
G.Schwarzenbach and J.Meier, J.Inorg.Nuclear Chem., 8,
302 (1958),

R.G.Campion, T.J.Conocchioli, and N, Sutin, J.Amer.
Chem.Soc., 86, 4591 (1964).

P.Matthies and H.Wendt, Z.phys.Chem.(Frankfurt), 30,
137 (1961).

P.A.Tregloan and G.S.Lawrence, J.Sci.Instr., 42, 869
(1965).

G.G.Hammes and J.J, Steinfeld, J.Amer.Chem.Soc., 84,
4639 (1962).

M. Eigen, Discuss,Faraday Soc., No,17, 194 (1954).

M. Eigen, Z.Elektrochem,, 64, 115 (1960).
G.H.Czerlinski and M. Eigen, Z.Elektrochem., 63, 652
(1959).

G.H.Czerlinski, H.Diebler, and M, Eigen, Z,phys.Chem.
(Frankfurt), 19, 246 (1959).

S. Ljunggren, Z,Elektrochem., 64, 79 (1960).
G.G.Hammes and P.Fasello, J.Amer,Chem.Soc., 84, 4644
(1962). :

M.Eigen and K.Kustin, J. Amer, Chem,Soc., 84, 1355(1962).
G.H.Czerlinski, Pribory Nauch.Issled., No.11, 34 (1962).
L.Ertl and H.Gerischer, Z.Elektrochem., 65, 629 (1961).
P.Brum, F.P,Kilian, and H.Riippel, Z.Naturforsch., 20b,
915 (1965).

E.Bauer and H.Berg, Naturwiss., 51, 460 (1964).
D.E.Ehrmann and G.G.Hammes, Pribory Nauch.Issled.,



224

88.
89,
90.
91,
92,
93.
94,

95,
96,

97.
98.

99.
100,

101.
102,
103,
104.

105,
106,

107.

108.
109.

110.
111.

112,
113.

114,

120,
121.

122,
123,

124,
125,
126,
127,

128,

No.6, 54 (1966).

M.Wien and J.Schiele, Z.Physik, 32, 545 (1931).
L.Onsager, J.Chem.Phys., 2, 599 (1934),

M.Eigen and J.Schach, Z.Elektrochem., 59, 483 (1955).
M.Eigen and L.de Mayer, Naturwiss., 42, 413 (1955).
M.Eigen and L.de Mayer, Z.Elektrochem., 69, 986 (1955).
H.Strehlow, Z.Flektrochem., 68, 392 (1962).

M.Eigen, K.Kustin, and H.Strehlow, Z.phys.Chem.(Frank-
furt), 31, 140 (1962).

H.Wendt and H,Strehlow, Z.Elektrochem., 64, 131 (1960).
S. Ljunggren and O, Lamm, Acta Chem.Scand., 12, 1834
(1958).

H.Strehlow and H.Wendt, Inorg.Chem., 2, 6 (1963).
J.Stuehr, E.Yeager, T.Sachs, and F.Hovorka, J.Chem.
Phys., 38, 587 (1963).

D.Tabuchi, J.Chem,Phys., 26, 993 (1957).
L.Liebermann, Proc.Intern.School Phys., “Enrico Fermi”
(Varene), 27, 363 (1962).

M. Suryanarayana, J.Phys.Chem., 66, 360 (1962).

M. Eigen, Discuss.Faraday Soc., No.24, 25 (1957).
R.O.Davies and J. Lamb, Quart.Rev., 11, 134 (1957).
G.G.Hammes and L. E, Erickson, J.Chem, Educ., 85, 611
(1958).

J.P.Vallean, Canad,J.Chem,, 42, 1174 (1964).
J.P.Vallean and S.J.Turner, Canad.J.Chem., 42, 1186
(1964).

B.B.Kudryavtsev, “Primenenie Ul'traakusticheskikh Meto-
dov v Praktike Fizikokhimicheskikh Issledovanii” (Applica-
tion of Ultrasonic Methods to Physicochemical Research),
Gostekhizdat, Moscow—Leningrad, 1952.

L.de Mayer, Z.Elektrochem., 64, 64 (1960).

J.A.Pople, W.G.Schneider, and H.J.Bernstein, “High-
resolution Nuclear Magnetic Resonance” (Translated into
Russian), Inostr, Lit., Moscow, 1962.

H.L.Richter, J.Chem.Educ., 34, 618 (1957).
A.Loewenstein and T.M, Connor, Ber.Bunsenges.phys.
Chem., 67, 280 (1963).

S.J.Weissman, Z.Elektrochem., 64, 47 (1960).
E.Grunwald, A.Loewenstein, and B,Meiboom, J.Chem.
Phys., 27, 630 (1957).

A.Loewenstein and S, Meiboom, J.Chem.Phys., 27, 1061

(1957).

R.G.Pearson and R.D. Lanier, J, Amer, Chem, Soc., 86,
765 (1964),

R.G.Pearson and M.M. Anderson, Angew.Chem., 77, 361
(1965).

R.G.Pearson, J.W,Palmer, M.M. Anderson, and A, L. All-
red, Z.Elektrochem., 64, 110 (1960).

P.Delahay, “New Instrumental Methods in Electrochemis-
try”’ (Translated into Russian), Inostr.Lit., Moscow, 1947.
K.Brdicka and K.Wiesner, Coll.Czech.Chem.Comm,, 12,
39, 138 (1947).

J.Kouteck§, Coll.Czech,Chem.Comm., 18, 597 (1953).
J.Koutecky and J.CiZek, Coll.Czech.Chem.Comm., 21,
836 (1956).

G.Porter, Z.Elektrochem., 64, 59 (1960).

S.Gordon, E.G.Hart, M.S,Matheson, J.Rabani, and
J.H.Thomas, Discuss.Faraday Soc., No.36, 193 (1964).
M.M.Kreevoy and C.A.Meed, J.Amer.Chem, Soc., 84,
4596 (1962).

M.Delahaye, in “Advances in Molecular Spectroscopy”’
(Edited by A.Mangini), Pergamon Press, Oxford, 1962,
Vol.3, p.1286.

P.Debye, Trans,Electrochem,Soc., 82, 265 (1942).
L.E,Orgel, “An Introduction to Transition Metal Chemis-
try”” (Translated into Russian), Izd.Mir, Moscow, 1964.
C.J.Ballhausen, “Ligand Field Theory” (Translated into
Russian), Izd,Mir, Moscow, 1964,

129,

130,
131,

132,
133.
134,
135.

136,
137,

138,

139,

140,
141,
142,
143.
144,
145,
146,
147,
148,

149,

150,
151,
152,

153.

154,

155,
156,
157,
158,

159,
160,
161.
162,
163,
164.
165,

166.

167.
168.

169,
170,

171,

172,
173.

174,
175,
176,

Russian Chemical Reviews, 37 (3), 1968

1.B.Bersuker and A.V.Ablov, “Khimicheskaya Svyaz'

v Kompleksnykh Soedineniyakh’ (The Chemical Bond in
Complex Compounds), Stiintsa, Kishinev, 1962.
R.G.Pearson, J,Chem, Educ., 38, 164 (1961).

F.Basolo and R.G.Pearson, “Mechanisms of Inorganic
Reactions”, New York, 1958.

N.S.Ham, Spectrochim, Acta, 18, 775 (1962),
K.B.Yatsimirskii, Teor.Eksper.Khim., 2, 451 (1966),
R.G.Wilkins, Quart.Rev., 18, 316 (1962).

C.D.Hubbard, P,Moore, and R.G.Wilkins, Proc. 8th
ICCC (Vienna), Sept.7-11, 1964, p.281,

D.W.Margerum and M, Eigen, ibid., p.289.

R.H.Holyer, C.D.Hubbard, S.F.A.Kettle, and R.G.Wil-
kins, Inorg.Chem., 5, 622 (1966).

R.H.Holyer, C.D.Hubbard, S.F.A.Kettle, and R.G.Wil-
king, Inorg.Chem., 4, 929 (1965).

K.Kustin, R.F.Pasternack, and E.M.Weinstock, J.Amer.
Chem.Soc., 88, 4610 (1966).

A.K.S. Ahmed and R.G.Wilkins, J.Chem.Soc., 3700 (1959).
A.K.S, Ahmed and R.G.Wilkins, J.Chem. Soc., 2901 (1960).
R.G.Wilkins, J,Chem.Soc., 2901 (1960).

G.A.Melson and R.G.Wilkins, J.Chem.Soc., 2662 (1963),
P.Moore and R.G.Wilkins, J.Chem.Soc., 3454 (1964).

M. Eigenand K. Kustin, J. Amer. Chem, Soc., 82, 5952 (1960).
R.G.Wilkins, Inorg.Chem., 3, 520 (1964).

T.J.Swift and R.E. Connick, J.Chem,Phys., 87, 307 (1962).
R.E.Connick and E.D, Stover, J.Phys.Chem., 66, 2075
(1961).

L.O.Morgan, J,Murphy, and P.E. Cox, J.Amer,Chem.
Soc., 81, 5043 (1959).

M.Eigen and K.Tamm, Z.Elektrochem., 66, 93 (1962).
M.Eigen and K.Tamm, Z.Elektrochem., 66, 107 (1962),
J.P.Hunt, H,W,Dodogen, and F.Klanberg, Inorg.Chem., 2,
478 (1963).

D.C.Olson and D,W,Margerum, J.Amer.Chem.Soc., 85,
297 (1963).

H, Ackermann and G.Schwarzenbach, Helv,Chim. Acta, 35,
485 (1952),

H.Diebler and M. Eigen, Z,phys.Chem., 20, 239 (1959).
H.Strehlow and M.Becker, Z.Elektrochem., 63, 457 (1959).
B.Behr and H.Wendt, Z.Elektrochem., 66, 223 (1962),
M.Eigen and G.G,Hammes, J.Amer,Chem,Soc., 82, 5951
(1960),

K.Kustin and K.C.Watkins, Inorg.Chem., 8, 1706 (1964).
H.G.Hertz, Z.Elektrochem., 65, 36 (1961),

R.Gierst and H.Hurwitz, Z.Elektrochem., 64, 36 (1960).
J.Koryta, Z.Elektrochem., 61, 423 (1957).

H.Gerischer, Z.Elektrochem., 64, 29 (1960).

M. Eigen and E,M.Eyring, Inorg.Chem., 2, 636 (1963).
G.Schwarzenbach and J,Meier, J.Inorg.Nuclear Chem., 8,
302 (1958).

R.H, Betts and O.F.Dohlinger, Radioisotopes Sci.Res.Proc.
Internat. Conf., Paris, 2, 326 (1957).

G.Geier, Ber,Bunsenges,.phys.Chem., 69, 625 (1965),
K.B.Yatsimirskii and L.I.Budarin, Dokl. Akad.Nauk SSSR,
170, 1107 (1966).

B.Chance, J,.Franklin Inst., 229, 737 (1940).

J.F.Below, R.E.Connick, and C.P.Coppel, J.Amer,Chem.
Soc., 80, 2961 (1958).

F.P,Cavasino and M, Eigen, Ricerca sci,Rend., A4, 509
(1964).

D.Seewald and N, Sutin, Inorg.Chem., 2, 643 (1963).
P.Matthies and H,Wendt, Z,phys.Chem,(Frankfurt), 30,
137 (1961).

D.Puli, W.Mac, and F. Smith, Canad.J.Chem.,38, 567 (1960).
H.D.Weaver, J.Amer.Chem,Soc., 84, 2289 (1962),

G. G.Davis, W.Mac, and F. Smith, Canad.J.Chem., 40, 1836
(1962),



Russian Chemical Reviews, 37 (3), 1968

177. H.Wendt and H, Strehlow, Z.Elektrochem., 66, 228 (1962).

178. H.Wendt, Z.Elektrochem., 66, 235 (1962).

179, A.K.Babko and T,E.Get'man, “Sbornik, Raboty po Khimii
Rastvorov i Kompleksnykh Soedinenii” (Collected Papers on
the Chemistry of Solutions and Complex Compounds), Izv.
Akad,Nauk Ukrain.SSR, Kiev, 1959, p.186.

180, T.J.Conocchioli, G.H.Nancollas, and N, Sutin, Proc.Chem,

Soc., 113 (1964).

181. T.J.Conocchioli, G.H.Nancollas, and N, Sutin, Inorg.
Chem., 5, 1 (1966),

182, Ya.l.Tur'yan and T.F.Serova, Dokl,Akad,Nauk SSSR, 125,
595 (1959).

183. Ya.l.Tur'yan, Dokl, Akad,.Nauk SSSR, 146, 848 (1962).

184, R.Murroy, H.W.Dosen, and J.P.Hunt, Inorg.Chem., 3
1576 (1964).

185. G.A.Melson and R,G.Wilkins, J.Chem.Soc., 4208 (1962).

186, G.H.Nancollas and N. Sutin, Inorg.Chem., 3, 360 (1964).

187. J.R.Sutter and J.P.Hunt, J. Amer.Chem.Soc., 82, 6420

(1960),

225

188, H.Hoffmann and J, Stuehr, J.Phys.Chem., 70, 955 (1966).

189, K.Kato, Bull,Chem, Soc.Japan, 88, 600 (1960),

190, N, Tanaka, H,Osawa, and M.Kamada, Bull.Chem. Soc.
Japan, 36, 530 (1963).

191. T.G.Bydalek and D,W.Margerum, J.Amer.Chem.Soc., 83,
4326 (1961).

192, D.C.Olson and D.W.Margerum, J.Amer.Chem. Soc., 85,
297 (1963),

193. D.W.Margerum and J.D.Carr, J.Amer.Chem.Soc., 88,
1636 (1966).

194, R.K.Steinhaus and D,W,.Margerum, J.Amer.Chem. Soc.,

88, 441 (1966).

Institute of General and Inorganic Chemistry,
Ukrainian SSR Academy of Sciences,
Kiey

U.D. C. 543.42.062 +541.6

Influence of Intermolecular and Intramolecular Order on the Infrared
Absorption Spectra of Polymers

V.N.Nikimin and B.Z.Volchek

In the investigation of the vibrational spectra of macro-
molecular compounds it has been noticed that, when a poly-
mer passes from the amorphous to the crystalline state, new
absorption bands appear in the spectrum, or else splitting
occurs in bands present in the spectrum of the amorphous
substance. With certain polymers it has been established
that several bands increase in intensity on passage from
the crystalline to the amorphous state. The former group
have been termed “crystalline” bands, and the second
group “amorphous” bands. The origin of these absorption
bands will become clear from a general theoretical exami-
nation of the vibrations described by an individual polymer
chain and the crystalline unit cell formed by the chains.
The method of theoretical examination of the normal vibra-
tions of the crystalline polymer!~5 is based on the applica-
tion of group theory and is analogous to the method em-
ployed to investigate the vibrations of molecular crystals -2,
In a crystalline polymer the potential field of the crystal
acts on the molecule in the same way as in molecular crys-
tals. This should lead to a change in the spectrum of the
crystalline polymer as compared with the amorphous mate-
rial. Certain types of vibrations, which are inactive in an
individual polymer molecule, may be active in the unit cell
of a three-dimensional or one-dimensional crystal, since
the symmetry of a molecule in a crystal field is usually
lower than the symmetry of a free molecule. This results
in a weakening of the selection rules found for an isolated
molecule. It must be noted that, if degenerate vibrations
occurred in an isolated molecule, the change in selection
rules might result in elimination of the degeneracy. The
appearance of “crystalline” bands also may be due to a
change in the configuration of the molecular chain in the
crystal cell of the polymer compared with its configuration
in the amorphous state. Consideration of the vibration of
an individual molecule in the crystal field is not complete,
since it takes no account of the interactions of vibrations

between chains in the crystal cell. This can be done in a
theoretical investigation of vibrations in the unit cell of a
crystal as a whole.

In the spectra of many polymers, transition from the
amorphous to the crystalline state is accompanied not only
by weakening of the selection rules but also by splitting of
the main vibration frequencies. Physically such splitting
occurs as a result of the resonance interaction of analogous
vibrations undergone by individual chains in the unit cell.

If » molecules are contained in the unit cell, as a result of
resonance interaction, there will be n vibrations corre-
sponding to each undegenerate vibration of anisolated mole-
cule. The magnitude of the resonance splitting of frequen-
cies will depend on the intermolecular interaction; it may
be so small as to beunobservable experimentally. Further-
more, not all components of the resolved band are active
in the infrared absorption spectrum.

Considerable interest attaches to study of the vibrational
spectra of polymers having a regular chain structure (iso-
tactic and syndiotactic polymers). In several cases these
volymers show resonance splitting of the bands associated
with interaction between analogous groups located along the
polymer chain. Thus polymers having a helical chain
structure, for example, show splitting of certain vibrations
into two components polarised respectively parallel to the
axis of the helixand perpendicular to the plane of the helix?®,
and in this case the magnitude of the splitting depends on
the type of interaction between the groups involved in the
vibrations. In several cases new bands are found—
“amorphous” absorption bands—on passing from the crys-
talline to the amorphous polymer. The appearance of
these absorption bands may be caused either by breakdown
in the selection rules operating in the crystal or by the
existence in the amorphous phase of rotational isomers
which are absent in the crystalline phase. The intensity
of the “amorphous” bands is usually low. Thisis probably



