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I. INTRODUCTION

In the last twenty years, considerable progress has been
made in the study of fast reactions, due primarily to the
development of methods for studying them.“? With the devel-
opment of pulse, relaxation, flow, electrochemical, radio-
frequency spectroscopic, and other methods,? it has now
become possible to study intermediate short-lived products
(excited molecules and complexes, ions, radicals, ete.), and
also to study the kinetics and mechanism of reactions taking
place in times of down to 10™* s.

Among chemical relaxation methods, which are widely and
successfully used to study the kinetics of reversible reactions
in which equilibrium is established rapidly, an important place
is occupied by the temperature jump method. The relative
simplicity of the method makes it widely accessible for the
study of redox and protolytic reactions, complex formation,
enzyme reactions, hydrolysis, etc.

The present review examines the temperature jump method
and its application in the study of complex formation in solu-
tion. The latest experimental techniques are described, and
the formal kinetics of chemical relaxation on complex formation
are examined. There is practically no information on these
topics in the Soviet literature.

As an illustration of the application of the temperature jump
method in the study of fast reactions, the process of complex
formation by metal ions with various ligands is examined (the
last review in this field was published in 1968 ?).

II. THE TEMPERATURE JUMP METHOD

The temperature jump method is based on the temperature
dependence of the equilibrium constant of a reaction. In
accordance with the Van't Hoff isobar equation, the change in
the equilibrium constant produced by change in temperature
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is revealed by a corresponding change in the equilibrium con-
centrations of the reagents and reaction products. If the
temperature of a system in equilibrium is increased rapidly
(temperature jump), a relaxation process involving the estab-
lishment of new equilibrium concentrations begins to take
place in the system. The rate of this process and the magni-
tude of the change in concentration are determined by the
properties of the system being studied. Various methods for
rapidly increasing the temperature, and methods for recording
the concentration changes and for processing the experimental
data, are examined below.

1. Methods for Rapidly Increasing the Temperature

The internal energy of a system is determined by the sum
of the translational, rotational, vibrational, and electronic
energies. Each of the components of the internal energy can
be expressed in terms of the distribution of the populations
of the corresponding levels and determines the corresponding
temperature of the system: translational, rotational, vibra-
tional, and electronic, which are equal to one another at
thermodynamic equilibrium. An increase in one of these
temperatures is brought about by a selective change in the
distribution of the populations of the corresponding energy
levels, but as a result of rapid internal relaxation and
exchange of energy between the molecules in the liquid phase,
temperature equilibrium is re-established in a time of <1 ns."

Thus the temperature of a system can be increased rapidly
and effectively by introducing energy in any of the above
forms into the system. Thus different methods are available
for rapidly increasing the temperature: a) Joule heating and
a heat-exchange temperature jump (excitation as a result of a
change in the rate of translational movement of the molecules);
b) microwave heating (rotational excitation); c) laser tem-
perature jump (vibrational excitation); and d) pulse ultra-
violet irradiation (electronic excitation).

Joule heating is the simplest and most widely encountered
method for obtaining a temperature jump. The heating is
brought about by the discharge of a high-voltage condenser
through the electrolyte solution. The discharge is usually
controlled by a discharger or thyratron. The use of Joule
heating makes it possible to obtain a temperature jump of
3—10 K in 1-10 ps in a system with a volume of 0.1-25 ml.?
Decreasing the heating time is a technically difficult problem.
A temperature jump apparatus has been described,’ which
can heat 0.2 ml of solution through 3 K in 300 ns by using a
low-induction condenser, gas-filled dischargers of the
"krytron" type, and a specially designed cell. A coaxial line,
matched with the cell, is also used as condenser, to obtain a
temperature jump of 10 K in 50 ns.® Decrease in the length
of the coaxial line, and suppression of stray effects of
electro-luminescence and electrodichroism, produced in solu-
tions at electric field intensities greater than 60 kV cm™,
made it possible to decrease the heating time to 10 ns.’

The heat-exchange temperature jump method uses two
water-baths, kept at different constant temperatures.® The
temperature jump can be made fairly large, and both heating
and cooling of the system being studied are possible. The
heat-exchange temperature jump method makes it possible to
study relaxation processes with times of 0.5 s or more.

The temperature jump method is usually employed to study
systems in equilibrium at normal atmospheric pressure. Tem-
perature jump apparatus with Joule heating, in which the cell
design makes it possible to study chemical relaxations at a
pressure of up to 3 x 10® Pa, have also been described.® !
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Microwave heating, or heating as a result of the dielectric
relaxation of a liquid, is achieved by using a pulse superhigh-
frequency (SHF) generator. For water, as for most polar
solvents, the maximum absorption of microwave energy takes
place at ~10 GHz. Apparatus with SHF heating!27}® usually
employs magnetrons, operating under pulse conditions with an
output energy of up to 0.5 J; the solution is heated through
0.2-2 K in 0.25-5 pus.

Rapid heating of a solution can be achieved by the absorp-
tion of the light pulse of, for example, a neodymium or ruby
laser (laser temperature jump), for which the wavelength of
the radiation is 1.06 um or 0.694 pm respectively. For most
solvents, however, the absorption at these wavelengths is
extremely small, so that it is impossible to obtain a significant
temperature jump. Thus when a neodymium laser operating
under free lasing conditions'®!’ or under modulated Q con-
ditions,'®!% was used, the temperature jump for aqueous
solutions was <0.6 K. A temperature jump of more than 1 K
using a neodymium laser with modulated Q is prevented both
by the plasma produced when the powerful laser radiation is
focussed and by the two-photon processes excited in the sys-
tem being studied.?’

One method for increasing the efficiency of laser heating is
by introducing into the system substances (absorbers) which
strongly absorb the laser radiation. These substances should
be chemically inert with respect to the solvent and the system
being studied, should be transparent in the range of the
spectrum where the changes in absorption are being recorded,
and should effectively transform the absorbed light energy
into heat during the laser pulse.’® The absorbers proposed
for use with a ruby laser include copper nitrate and Naphthol
Green B for aqueous solutions,®?* and also vanadyl phthalo-
cyanine for aprotic solvents.?? The temperature jump
achieved by this method was 2—5 K. The heating time was
determined by the duration of the laser pulse and amounted
to 300—-500 us. The heating time cannot be decreased using
a laser with modulated Q, because of the bleaching of the
absorber at high laser energy densities.

A temperature jump of 3—10 K has been obtained using
lasers with modulated Q by employing Raman neodymium lasers.
The radiation of the neodymium laser, operating under modu-
lated Q conditions, is transformed into radiation of longer
wavelength by passing through an appropriate Raman medium.
A laser temperature jump apparatus using liquid nitrogen
(Apag = 1.41 pm) as Raman medium has been described.”®™?*
In this case, 0.1 ml of aqueous solution was heated through
5-9 K in 30 ns. A laser temperature jump apparatus using
gaseous hydrogen (Ap,q = 1.89 um) at a pressure of 8 x 10° Pa
as Raman medium has been described.*°"3? The temperature
jump was 2—3 K in 18-50 ns. The use of hydrogen does not
require cryogenic techniques, as in the case of liquid nitro-
gen. 24 different media for Raman lasers, and also a laser
temperature jump apparatus using liquid nitrogen, with sub-
nanosecond resolution (heating time 180 ps), have been
described.? The possible use of excimer lasers to achieve a
temperature jump has been examined.?* An iodine laser
(Apag = 1.315 pm)** 3¢ and a neodymium laser operating at
1.32—1.36 um without additional transformation®’ have also
been described.

The use of laser heating also makes it possible to study

relaxation processes at pressures of up to (2-3) x 10°® Pa.'57

Pulse ultraviolet lamps, whose radiation is readily
absorbed by solvent molecules, can also be used to heat solu-
tions rapidly. A spiral pulse ultraviolet lamp, through which
a condenser with a capacity of 10 uF, charged to a voltage of
15 kV, is discharged, has been described.*® In temperature
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jump apparatus with ultraviolet irradiation, an aqueous solu-
tion has been heated through 1 K in 5 us.

The characteristics of different methods for obtaining a
temperature jump are compared in Table 1.

2. Methods for Recording Changes in Concentration

The most convenient and widely used method for recording
the changes in the concentrations of the reagents or reaction
products is the spectrophotometric method. In this method,
a light beam (usually monochromatic) is passed through the
cell containing the solution being heated, and falls on a photo-
receiver (for example a photomultiplier instrument), whose
output is transferred to an oscillograph, which records the
change with time in the transmission in the cell. Methods for
supplying the photomultiplier instrument, and the amplifiers
and integrating and differentiating filters used in fast-action
absorption spectrophotometry, have been described in
detail, %%

When an equilibrium between reagents and reaction products
is displaced, their concentrations change by an amount Acj,
leading to a change in the optical density of the system D in
accordance with the Lambert—Beer law:

AD = S eAcl
i
where ¢; is the molar absorptivity of the absorbing species,
and ! the optical path length of the cell. If AD «< D, the
relative change in the light intensity is given by
A 930422.p.107°
o D
Differentiating this expression with respect to D and assuming
that the ratio AD/D is constant gives the value of the optical
density D = 0.434 corresponding to the maximum change in
intensity AI. The maximum signal/noise (S/N) ratio for a
system in which particles of only one kind absorb is observed
at D = 0.868."° These conclusions apply to systems whose
composition is fixed. For systems with varying composition,
usually studied by the temperature jump method, the calcula-
tion of the optimum values of the S/N ratio is extremely com-
plicated. The calculation has been carried out using a
computer for the single-stage protolytic reaction of Methyl
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Orange (pH indicator).*! The calculation showed that the
conditions under which the highest values of the intensity of
the photometric signal and the S/N ratio are reached depend
on the absorption by the particles g;l, the pH of the solution,
and the analytical concentration of the reagent. The optimum
value of the optical density is approximately half that given
in Ref. 40.

The sensitivity limit of a temperature jump apparatus with
spectrophotometric recording is usually 10~ 5-107" optical
density units, and is determined by the S/N ratio. This ratio
in turn depends on the transmission band Af of the recording
scheme, the quantum efficiency of the photo-receiver, and the
intensity of the probing light source. The transmission band
is usually controlled during the experiment by integrating and
differentiating filters, and is kept in the following range:

B3—10)77"> A/ > (0.1 —0.3) 75!

where 7 and 1y are the relaxation times of the fastest and
slowest of the processes being studied. The photo-receiver
is usually a photomultiplier, for which the quantum yield of
the photo-cathode is 1-30%. A silicon photo-diode, combined
with a low-noise amplifier, has been used."? This apparatus
makes it possible to record changes in absorption in the range
1 us—5 ms with a better S/N ratio than a photomultiplier.

The S/N ratio can be increased by increasing the brightness
of the probing light source. Increasing the brightness of a
halogen lamp by a factor of ~5 with an increase in the supply
voltage from 12 V (nominal conditions) to 16 V (forced condi-
tions) in a time of 300 ms has been proposed.*® Xenon arc
lamps are usually supplied from stabilised current sources;
by applying rectangular pulses of increased current with a
duration reaching 1 ms, it is possible to obtain an increase in
the brightness of the lamp by a factor of 50—700 in the blue
and ultraviolet ranges of the spectrum.*” *® This method
makes it possible to improve the S/N ratio by a factor of
(If/Ist)l 2, where Ir and Ig; are the intensities of the emission
from the lamp under forced and stationary conditions respec-
tively. With pulse supply of the probing lamp, it is necessary
to use special aetive schemes to compensate automatically the
constant component of the output current of the photomulti-
plier*7 or a high-frequency passive filters,"*®

Table 1. Comparison of methods for obtaining a temperature
jump.
Possibility
. |of operat- Possibility
Possibility |ing under of applica-
of using  |frequency tion to chnical si ici
Heating Th: $ AT, K | Vin, ml [Solvent requirements| conducto- COl?ditions hetero- Teuhnu._al simplicity of Notes
method P : heating apparatus
metric  fwith accumu-jgeneous
recording |jatjon and  |systems
averaging
Joule 107 8—107% | 5—10 | 0.1—10 polar, ionic no no no simple, particularly for side reactions with electrolysis
strength the range 10°5-1s products and the salts added to
0.05-0.5M create the required ionic
strength are possible
SHF 10-¢ 0.2—2 ]0.07—0.2{ polar, any ionic yes yes yes complex —
strength
Laser 10-8—10~11 2—9 [0.01—0.1| none yes yes ves complex, particularly requires a laser with wavelength in
when liquid N the range of infrared absorption by
is used as the Raman the solvent; cavitation is possible;
medinm heating is non-uniform
Ultraviolet 5-10-8 5 5 none yes —_ — simple simultaneous photochemical
reactions are possible
Notes: Ty, = heating time; Vpi; = minimum solution volume.
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In temperature jump apparatus with spectrophotometric
recording, the reaction cell is usually illuminated by a mono-
chromatic light beam, and this makes it possible to record the
relaxation process at only one wavelength in one experiment.
A series of experiments is necessary to record the spectrum
of relaxation amplitudes. An apparatus using a polychromator
has been described,"? which makes it possible to record the
kinetic curves at several wave-lengths simultaneously. The
output from the polychromator passes to 10—30 photo-electronic
multipliers, connected to digital memory blocks, in which the
information is recorded simultaneously in the course of one
experiment. A similar apparatus using a dissector instead of
a set of photomultipliers has been described.®® Spectro-
photometric recording has a high selectivity, and this is of
considerable importance in the study of multi-equilibrium
systems.

Conductometric recording is used in addition to spectro-
photometric recording in the temperature jump method. In
conductometric recording, two planar inert electrodes (usual-
ly of platinum or gold). to which a probing voltage is applied,
are placed in the reaction cell. Slow relaxation processes
are observed using a constant current, 51 and fast processes
using rectangular current pulses,®® which makes it possible to
decrease the polarisation effects at the electrodes. Best
results are obtained, however, using a varying probing
voltage; in this case, a high-frequency Wheatstone bridge is
used to increase the sensitivity. The bridge is supplied from
the generator of a variable (usually sinusoidal) voltage with
a frequency of from 100 kHz to 10 MHz, and a narrow-band
amplifier and oscillograph are connected to its diagonals. On
temperature perturbation of the reaction system, the bridge
is unbalanced; the change in the amplitude of the high-
frequency voltage reflects the relaxation process.

Conductometric recording is used with microwave heat-
ing, *?7'* optical heating using lasers,*®!® and pulse ultra-
violet lamps. *® Conductometric recording has a higher
sensitivity (reaching 0.001%) than spectrophotometric
recording, and, other conditions being equal, it makes it
possible to obtain a better S/N ratio.*

Recording changes in fluorescence can be an extremely
effective method for observing chemical relaxation in the tem-
perature jump method. A temperature jump method with Joule
heating, using recording of the changes in concentration both
from the absorption and from the intensity of the fluorescence,
has been described.®® The cell had four optical windows, two
of which were used for the spectrophotometric recording, and
the other two were used to record both the polarised and the
non-polarised fluorescence emission. An apparatus of this
kind can also be used to record changes in the light scat-
tering.

3. The Collection and Processing of the Experimental Data

In the general case, the kinetic curve obtained in temper-
ature jump experiments represents the sum of several expo-
nents:

where A. and T, are the initial amplitude and time of the
relaxation of the ith equilibrium. The traditional method for
processing the kinetic curves involves photographing the
curve on the oscillograph screen and then transforming it to
a semilogarithmic scale. If the relaxation process is charac-
terised by a single relaxation time, the transformed line is
strictly linear. If there is a set of relaxation times, the
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transformed line is a curve. In this case, graphical separa-
tion of the terms included in the sum S(t) is possible with the
condition that the values of 1; differ by factors of not less
than 2-3.

The question of the accuracy of the graphical separation of
two or more exponential curves has been discussed. %3

Since the graphical procedure described above is extremely
laborious, other methods have been proposed for determining
relaxation times. Thus a method has been proposed®® for
processing a kinetic curve characterised by a single relaxation
time. The photographic image of the curve is projected on to
the screen of an oscillograph, and an exponentially damping
voltage, produced by means of an RC-circuit, is supplied to
the oscillograph input. The values of R and C are varied to
achieve superposition of the curves and hence find the relax-
ation time 1 = RC. A scheme has been proposed’’ in which
the voltage from the output of the temperature jump apparatus
is applied to the input Y of the oscillograph, and the voltage
from the generator of the exponentially quenching voltage is
applied to the input X. When the parameters are equal, a
Lissajou figure in the form of a straight line is observed on
the oscillograph screen. The uncertainty of the determination
of the relaxation time by the two methods is 10%.

A widely encountered method for collecting and processing
the experimental data involves the use of a computer. The
signal being studied is transformed into digital form by means
of an analogue—digital transformer and recorded in the memory
of the computer, which processes the kinetic curve using
special programs. A method involving the use of a digital
oscillograph connected to a mini-computer has been
deseribed.®® With a large number of breakdown points (up
to 4000), the subsequent mathematical treatment to a large
extent makes it possible to avoid periodic and random noise
in the signal, to improve considerably the signal/noise ratio,
and to determine the parameters of the relaxation process
with a high accuracy.

Digital recording readily makes it possible to accumulate and
average the signals from a large number (N) of repeat experi-
ments, leading to an increase in the S/N ratio by a factor of
(N2 This method, combined with preliminary analogue
integration of the signal,*’ makes it possible to increase the
accuracy of the processing of the experimental data. Accu-
mulation and averaging of the signal are particularly easily
carried out in apparatus with microwave!?:'*+1% and laser?’
heating, since the excitation sources used in these methods
operate under frequency conditions. Using accumulation of
the data, it has been possible to achieve a sensitivity of 0.01%
in the microsecond time range and of 0.1% in the nanosecond
range.

The digital information is usually processed by the least-
squares method for non-linear curves, and various methods
for doing this on a computer have been described.®’%

11l. THE KINETICS OF CHEMICAL RELAXATION ON COMPLEX
FORMATION

In the general case, complex formation between metal ions
MM*(aq) and a ligand L' (aq) is a multi-stage reversible
reaction:

M+ (aq) L (aq) =ML -+ ( 1)

If the equilibrium constants of the reactions (1) depend on
temperature, heating displaces the equilibrium. If the system
is in equilibrium at an initial temperature T;, then a rapid
change (jump) in temperature by 8T leads to the production
of non-equilibrium conditions. The time taken to reach the
new equilibrium state corresponding to the final! temperature
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T, (the relaxation time 1) in general depends on the rate
constants of the stages of reaction (1) and on the equilibrium
concentrations of the reagents. The change in the equilib-
rium concentrations of the reagents (the relaxation amplitude),
reached at the moment when the new equilibrium state is estab-
lished, depends on the magnitude and sign of the enthalpy
changes of the separate stages of the reaction, and also on
the equilibrium constants and the equilibrium concentrations
of the reagents. Expressions for the relaxation times and
relaxation amplitudes in complex formation reactions with dif-
ferent degrees of complexity are given below.®%:5*

1. Relaxation Time and Relaxation Amplitudes in a Single-
Stage Reaction

In the simplest case, complex formation can be represented
as a single-stage reversible reaction:
k2
M™*(aq) + L (aq) == ML ™* (2)
kay
The expression for the relaxation time is obtained from the
equation describing the kinetics of the reaction after the tem-
perature jump (or after any other short-lived perturbation of
the system, leading to displacement of its equilibrium).®® The
expression for the rate of reaction (2)+

—d[M1/di=k.[M][L] -k [ML]

written in terms of the equilibrium (at the final temperature)
concentrations [M], [L], and [ML] and in terms of the small
changes in the concentrations § [M], & [L], and § [ML], due
to the displacement of the equilibrium, has the form:

d{M] __d8[M XTI T T

— O S8 — o, [T — oy [P + A8 [MI (L] +
+ kyy® [L][M] 4 kyod [M]8{L] — kO [ML] (3)

For small deviations from the equilibrium position, it is possi-
ble to neglect the term k,,6 [M]S[L] in Eqn.(3). The material
balance equation

§[M]+6[ML]1=0; §{L]+8[ML]==0 (4)
gives
— S8 — o, (] + [EDO[M] - ks [M] (5)
Thus the expression for the relaxation time has the form
T={ks ([M] + [t]) + ko3t (6)

The values of the rate constants k;, and k,; of the forward
and back reactions are found from the graphical plot of Tt
against [M] + [i]. Since the values of [M] + [i] are usually
unknown, kj, and k,; are determined by the widely used
technique in which one of the reagents, for example L, is
taken in excess. In this case

Tt=k[L] otk (7)

where [L]g is the initial concentration of the ligand, and
[Lly > [M]e.

To find k,, and k»,, it is also convenient to use the expres-
sion

T = K ((M]y — [L1)® + 2&oke ([M, + [L]) + & (8)

obtained from Eqn.(6). In this case, the values k;,k,; are
found from the graphical plot of 1”2 against [M], + [L1, for

+ For simplicity, the indices m+, n- and (m - n)+ for M,
L, and ML are omitted.
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a fixed value of the difference [M], - [L],. In the particular
case where [M], = [L],, expression (8) is simplified to

T2 = Ay ey [M], + &2 (9

and when [L], >> [M], it becomes Eqn. (7).

Eqn.(6) leads to an important conclusion about the condi-
tions for achieving the extremal value of 1(7 resonance).
Expressing the equilibrium concentrations [M] and [L] in
terms of the initial concentrations [M], and [L], and the equi-
librium constant K = k,,/k,, and using Eqn.(6) gives

thi={([M],—[L],+K")*+4K'[L]} "

From Eqn.(10) it follows that tk,, has a maximum value for
[M], = [L}, (Fig.1):

T max k1= (K=K~ [L]o) ~*

Eqn.(11) can also be obtained from Egn.(9), which is simpli-
fied when K™ << [M],, [L]; (for a strongly bonded complex)

1/ K \%
Tmuxkn:;([uo )

(10)

(11)

Tk, M
500 103T. M
1405
Jo0 +
10.25
100
g 0.5 1.0 1.5 [Ll/IM]o

Figure 1.
complex, K =

Resonance of 1 and T for a strongly bonded
10° litre mole™; [M], = 0.1 M.*

The relationship between the relaxation amplitude and the

parameters of reaction (2) can be established as follows. From
the expression for the equilibrium constant
K = [MLY/[M][L] (12)
it follows that
ol _ s _ ol an
£ 1¥] i

The material balance equation (4) and Eqn.(13) gives:

LS :‘55[1"“~](~1_—‘l“_—1 IT')
K [M] (L] [ML]

On the other hand, the Van't Hoff isobar equation

(31111() _AH
P

of |, RT
gives:

oK _ AH op

K RT?

Thus the relaxation amplitude is given by the expression
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. AH
SIML] =T - o7 (14)
where I' = (1/[M] + 1/[L]+ 1/[ML]™? is the transfer function
of reaction (2).

Thus the change in the concentration of the complex (or the
reagents) is directly proportional to the product of the
enthalpy of the reaction, the change in temperature as a
result of heating, and the value of the transfer function. The
values of the relaxation amplitudes are important for finding
the change in the enthalpy of the reaction. It follows from
Eqn.(14) that the enthalpy of the reaction can be determined
from direct measurements of § [ML] (or §[M], §[L], the quan-
tity 6T, and the value of T,

A knowledge of the value of T' is of considerable importance
for finding the optimum conditions for measuring the relax-
ation amplitude. Using Eqn.(12), it is possible to write the
expression for I' as:

re  KMIL

— = (15)
1+ K(IM] + [L])
In the particular case where [M] = [L], Eqn.(15) becomes
o KM (16)
1 -+ 2K [M]

Introducing the parameter a = [M]/[M], gives from Eqn.(16)

P=2 (1 —a)
2—a IMJO
from which the maximum value of I'/[M], = 0.173 fora = 0.586.
The transfer function I' can be expressed in terms of the
initial concentrations [M], and [L],. For this purpose, the
expression for I' is written in the form:

P IML]K7
(M) + [L1+ k1
obtained from Eqns.(12) and (15). Expressing [—M_I__.] in terms
of [M]g, [L]o and K gives:
! [M]o + [L]o + K™*

r=—L. - —1 (17)
2K 1([M)o — [Lo)* =+ 2K~1 (M) -+ [L]o) -+ K2}
Particular cases give the following results:
1) for [M],>[L], 1 ',
P=—[(M]+ K" —1] (18)
2K
M]=(L]#=K"
Dor ML=y sk —1] (19)
2K LK1 My + K%
for [M],=[L]e=K"*
3 for M,=[L1 T=06K-* 20)

Eqns. (18)—(20) can be used to calculate I', which is neces-
sary to find AH for the reaction.

It is of interest to examine the case where a strongly bonded
complex is formed, [M]y + [L], » K™*; in this case, from Eqn.
(17):

rzL( (Mo +[L]o _ ,)
2K\ [([M]o — [L]o)* + 2K~ (IM], + (L)%

If the initial concentrations are equal, [M], = [L], (resonance
of T'), it follows that:

P/, ([MI6/K) ™

It is obvious that the value of T' for [M], = [L], is much
greater than the limiting values of T for [M]o, >» [L], or

{Ll, >» [Mly, that is for a given value of [M]; the plot of T
against [L]o/[M], passes through a maximum, which is reached
at [L]o/[M], = 1 (see Fig.1).

Russian Chemical Reviews, 53 (10), 1984

2. Relaxation Times and Relaxation Amplitudes in Two-Stage
Reactions

A two-stage reaction (for example the formation of a uni-
dentate complex) is described by the equation:

kiz kr
Mnu— (aq) + Ln— (aq) k: Mvm (aq) Ln— :ﬁ ML(m -n)+ ( 21)

M am o

where MM*(aq)L"™ and ML{™™)* are the outer-sphere and
inner-sphere complexes. Stage (I) - (II) involves the loss
of a water molecule from the hydration layer of the ligand,
whereas stage (II)~ (III) involves the loss of a water molecule
from the hydration layer of the metal cation.

An approach to the derivation of an expression for the
relaxation times in the case where the rates of reactions
(I) = (I1) and (II) = (III) are close to one another®? is exam-
ined below. For small departures from the equilibrium posi-
tion, the rate of reaction (21) is described by the system of
equations #:

{ — LI MM + L) — e [M(aq) L]

[ ﬂd[:”ﬂ = &y [M (aq) L] — k4,5 [ML]
which with allowance for the material balance equation

8[M]+6{M(aq)L]+8[ML]=0 (22)

becomes
SR - Gl (0] + [T + e} O[M] + fid [ML] = 0
(23)

A2k [M] 4 (ks + ) O IML] = 0

The solution of this system of differential equations has the
form:

{«5|M]=6[Mjﬂe~m (24)

S[ML] =8 [ML]"e-#/r

Substituting Eqns.(24) in Eqns.(23) gives the relaxation times
T, and T,, T; € T,, in the form:

Tt = (S (SR — 4k i

Tt = (Sk— [(Sh — 4k (26)

where
Sk=1"+ 5" = klz([M] + [E])'*‘ ka1 - Ry + By
Mk = 7% = ki (kyy + fyo) ((M] + [C]) + korksy

The values of the rate constants of reaction (21) are found
graphically from the linear dependence of the sum T3} + T on
({M] + [L1) and the linear dependence of the product 171"
on ([M] + [LD).

It is important to examine the expressions for 1 and T3
for the following particular cases:

1) k1o(IM] + [L] + kay > K3, K3,
that is reaction (I) = (II) is more rapid than reaction (II) = (III)
In this case the expression for the relaxation times have the
form

TII = km ([M] + [ED + k_‘l
Tz—1 = kza K1—([W‘]_Jr [EL*‘)_ + kaz

1+ K, ((M]+ L]
where K, = kip/ka1; B

2) kp1 + kg »> k(M1 + [L1), kj2,
that is the state of the complex M(aq)L can be regarded as

# For simplicity, the indices m+, n—, and (m — n)+ for M,

L, and ML are omitted.
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stationary. In this case,
= Ry kg
ot — _yoken (IM] -+ [T]) Farksn 27
N k21 >§' k23 k21 + kZCI

Eqn.(27) can also be obtained by the method of stationary
concentrations. It is simplified in the limiting cases where
Koy << k3 and kj; > kp3. For kj, << kj;, that is when the
formation of the inner-sphere complex ML is more rapid than
the dissociation of the outer-sphere complex M(aq)L to the
solvated ions,

k
In the opposite situation, when kj;; > k.3, Eqn.(27) becomes

Tt = by, (M) 4 [D)) + ez

Tt = kK ((M] 4 [T]) + sy

3) ko3 + kap > k1p([M] + [LD), ko,
that is reaction (II) = (III) is more rapid than reaction
(I) =(11). In this case,

= Ry + Ry,
T = kg ((M] 4 (L] + fearea/(las + fig)

Table 2 gives expressions for the relaxation times in two-
stage reactions taking place by different mechanisms. Thus
the reaction

Ry
LH* =L 4 H+
ke (A)
kay
L4+M = ML
[
corresponds to the typical case of complex formation involving
a ligand L present in equilibrium with the protonated form
LH*. In the reaction

[
J L2
fn . (B)
|L +M= ML
Feyy
the ligand is the reactive tautomer L, present in equilibrium
with the tautomer L' which does not form complexes. In the
reaction

M+L, o ML,
e (©)
ML, +L, f ML,L,
successive addition of the two ligands L; and L, takes place.
It is convenient to examine the expressions for the relax-
ation amplitudes for the example of the two-stage reaction (21)
with the condition that there is an excess concentration of one
of the reagents, for example the ligand ([L], > [M]g). 63 In
this case, from the expressions for the equilibrium constants,
defined as
ka _ M , oy

[ML]
[M (agq) L

Eullle  (M@)L] ~ % by

it follows that the maximum changes in the concentrations
§ [M]° and § [ML]° can be written as

8[M]° = K,8[M (aq) LJ” + 6K, [M)aq) L] (28)

8[ML] = K, [M (aq) L]’ + K [M @) L] (29)

The material balance equation (22) and Eqns.(28) and (29)
give the following expressions for the relaxation amplitudes

(30)

SIMP = [M] (14 Ky) - 8Ky/Ky — Ky - 8K, /Ky
L+ Ky + Ka
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(L--Ky) - 8Ko/Ky— Ky - 8K /Ky

d[ML)® =[ML
(ML = [ML] 14+ Ky + Ke

(31)

; s Ky - 8Ky/Ky + Ky - 5Ko/Ky
SIM 0 M L 1 FUAASY $ [N
O [Mg) L]’ = —[M(aq) L] ~— TR LK

(32)
Since the relative changes in the equilibrium constants K,
and K, are proportional to the enthalpies of the reactions

SK/K\=(AH,/RT*) 8T, 6 Ko/ K= (AH/RT*)0T

where AH, and AH, are the enthalpies of reactions (II) = (I)
and (II) = (III), it follows that the expressions for the relax-
ation amplitudes (30)—(32) represent essentially the depen-
dence of these amplitudes on the enthalpies AH; and AH,.

Table 2. Expressions for the relaxation times for the two-
stage reactions (A)—(C) for different relationships between
the rate constants of the separate stages; K, = ki,/kz;,
Kz = k32/k23.

Reactio! Conditions 1 T

L ([0 1540 = I . L
S kg (IL] 1 (M), by | P12 B (LER U s (“" T [E]+[ﬁ+])+
o - =k
A e (T2 R+ oS ba| o (1] + (M) T kg | Raz o -
ko (L] (1)) \,/([’u* (i J—"”j—“’:—)
‘ Ky + L]+ [M]
kio -t kg S e (IL) - . iy KM
. Cmp. kyy < ko ’im(“‘] 1K, )+k:,_,
s (IL) - [N]) - gy Sk, S L, e [l]
kay g (IL] - [M]) < kay kig + kay [\,2_"(‘;}4»[&”

R ([M] - [Lql) —+ &y ks ’[:“—LAJ“:‘“;' «

. AL ER A
© SR G )
ley ([T~ L))+ koo | as (1ML = (L)) aa £y (M) - [L,]) -

= kya ([ - [Ly])s Ry ML

™
[ML] - [Lel

Ky -+

-+ &y
+ Ry IR

In particular, if complex formation is conjugated with the
protonation of the ligand, then for a definite value of the
ratio AH,/AH,, a change in the sign of the relaxation ampli-
tudes (a bicipital phenomenon®°7%7) with change in the pH of
the medium is possible.

Thus the following reaction can be considered:

AH,
M+L = ML

L +H* < LH- 39
Assuming that the stage involving the protonation of the
ligand L is more rapid than the stage involving the formation
of the complex ML, and also that complex formation takes place
in an excess concentration of the metal, [M1, > [L],, it
follows that the relaxation amplitudes § [H*]?, §[L1°, and
§[ML1° can be expressed as follows in terms of the transfer
function  of reaction (33), where I'* = [L]7} + [HT]7! +
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[LH*]"!, and the enthalpies AH, and AH,:
ST e s
S[H*)" =1 ey 7

SIMLI _ SIL]' _ AH, 4
[ML] i RT

The material balance equation
S[L]+6[ML}+8[LH*]1=0

gives
MML]I':M(AH— A”*)-”— (34)
[0+ M\ 1+p/) RT*
where
_ ) [E] — [T H*yI g+
ﬁ—K[m] TR K = [CH*|/|L][H*] (35)

It follows from Eqns.(34) and (35) that if AH,/AH, > 1, then
the relaxation amplitude § [ML1° changes sign when

(f] = K4 [T
AH o/ AH  —1

Eqns. (30)—(32) represent the total changes in the concen-
trations of M, ML, and M(aq)L in reaction (21). Expressions
are given below for the relaxation amplitudes in the stages
(I) = (I1) (provisionally taken as fast, subscript A) and
(I1) = (III) (provisionally taken as slow, subscript B) of
reaction (21):

STMIS = [M 1 . 8K,y
[ = 181 L
S[M (aq) L] = — [M (aq) L] —— %4
(M ) LI = — (WG L] 2 2
§[M]g:[ﬁ] Ka(Ky - 8K1/Ky — 8Ko/Ky — Ky - 0Ko/Ka) (36)

(L-+ Ky (14 K+ Ko)

5[M (aq)L]° — [W] Ka(Ky - 8K1/Ky — 8Ky/Kg— K, - 6Ko/Ka)

37
(1K) (1 + Ky -+ Kq) (37)

The amplitude § [ML]}OB = §[ML1° is given by Eqn.(31).

It follows from Eqns.(31), (36), and (37) that to observe
stage (II) = (III) by the temperature jump method it is not
necessary that the enthalpy of this stage have a finite value
(AH, ~ §K;/K, # 0). It follows from Eqn.(31) that for AH, = 0,

S[ML] = — [ML] Ko 0KJ/Ky
1 ’?’ Kl ’|‘K2

that is the relaxation amplitude § [ML]° is determined essen-
tially by the enthalpy AH; of the stage (I) = (II). This
feature is of considerable practical importance; small relax-
ation amplitudes can be increased considerably by selecting
a stage (I) = (II) with a high rate of establishment of equi-
librium and a high enthalpy value.

3. Relaxation Times in Multi-Stage Reactions

In the general case, the kinetics of multi-stage reactions
involving n + 1 states can be described by a system of n
linear differential equations®®

dlx} s .
= —l—j%la,-,-[x,-]:O,wherer,]:l,2, .. n (38)

Here, [x;] = 6[01-] = [c]-] - [Ej] is the change in the concentration
of the jth state for a small displacement of the equilibrium,
and qj; is a parameter which depends on the rate constants
and the equilibrium concentrations of the states of the multi-
stage reaction.
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The solution of the system of equations (38) is a set of n
exponents of the form:
(6] =3 [xlje™ i, where i, j=1,2, ..., n (39)

i=1

The relaxation times (relaxation spectrum) are found by
solving the system of algebraic equations obtained by sub-
stituting Eqn.(39) in Eqn.(38).

The most general example of a reaction involving more than
two stages is the three-stage reaction of complex formation
with a bidentate ligand:

kig hay kag .
Mm+ (aq) + Ln— (aq) = M/n+ (ﬁq) Ln~ = ML(IVL<N)\‘ = M =L(m——n)‘
ka1 Y R

avy A V1) v

(40)

which compared with reaction (21) includes the additional
stage (VI) = (VII) involving the formation of the bidentate
complex M:L(m“””, associated with the loss of a second
water molecule from the hydration layer of the metal cation.
In accordance with the scheme for the solution of Eqns. (38)
and (39), the three values of the relaxation times character-
ising the three-stage reaction (40) are the roots of the cubic
equation

(1/1)*+A, (1/1)*=A, (/1) +A,=0
where

Al = k12 (['\7‘] + [—LJ) + kzl ‘I’ kza + k:lz + ka4 + k“
Ay == (kgy + kug (M 4 L) (s + kg + (g - Eso) (g -+ bogs) +
+ (kzl + k12 ([M] + [t])) (k34 + kd:i) - kzlkz:; - k.’mk:u
Ag = (kar + Ryy (R] 4 [L])) (ko & kan) (ag - Bg5) —
— (ko feay (TM] + [T1)) Ruokny — (kg -+ s Borkesg

The corresponding concentration dependence of the relax-
ation times 7, T1,, and T3, obtained experimentally, and the
relationships

A=t 4w 1
Ay =G 4
Ay = 15"
can now be used to determine the values of all six rate con-
stants of reaction (40).

In complex formation, the stages of the reaction often differ
considerably in the rates at which equilibrium is established.
In this case, the analysis of the relaxation spectrum is much
easier. Table 3 gives expressions for three relaxation times,
corresponding to fast, medium, and slow stages in the reac-
tion.

A frequently encountered particular case is complex forma-
tion (A) (R.p.1612) not accompanied by spectral changes.
The kinetics of the establishment of equilibrium can then be
followed using an acid—base indicator added to the system.
The set of coupled equilibria is represented by the scheme:?

[N
M4 L <= ML
kot
(VIII) IX)
H*-+L==LH*
Ht+Ind==Ind H*

If the formation of ML is slow compared with the rapid pro-
tonation of the ligand L and the indicator Ind, the estab-
lishment of equilibrium (VIII) = (IX) after the temperature
jump is followed from the change ir the colour of the indicator.
The relaxation time is given by the expression

[M]

mﬂu) + by

T =k, (
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where
N Y ey Ky +[H] .
K #2000 77 Kpgye +(H) - [Tnd)
Kie = [H*)\LPTH ], Kpage == [H*]{Ind)/[Ind H

If the values of Ky g+ and Ky,gy+ are known, the value of v
can be calculated for any value of the pH of the solution, and
this in turn makes it possible to determine graphically the
values of k;, and k,, from the experimentally determined value
of r.

Table 3. Expressions for the relaxation times in the system

& kay
M (ag) 4-L(ag) = M (ag) L = ML = M{L
by Iy ks

for different ratios of the reaction rate constants®*.

7-11 (fast

Conditions r}i Gmedium stage) r'-‘l Gslow stage)
stage) - -
km(@k LD, kM4 K@M (E) |, KM LD K,
o kanzkon) LD K, (M) LD | R (R (LK)
° T + ko - ks
ko (IM] };1{]), ap,lsee Lign. (25) | sec Eqn. (26) ot (18] - L) Ke
ko e fay, g K (Y - (LN R

kg

LAY

51 R

(L), kor,| Bao ((M] + | Ras - Aug

2 sy | LDk

K (M) D
M K (M - (LD
1

- Raz 17‘54\'3‘

R Rl Ka s hasllaz, Rs = Ray'Ras

IV. THE APPLICATION OF THE TEMPERATURE JUMP METHOD
IN THE STUDY OF COMPLEX FORMATION

Studies of the kinetics of complex formation carried out in
the early stages of the development of the chemistry of com-
plex compounds made possible an arbitrary division into inert
and labile complexes.®®®? For inert complexes, substitution
takes place in minutes or longer, whereas for labile complexes
the half-reaction time is much less than one second.®® A very
large number of labile complexes, formed by the ions of the
alkali, alkaline earth, and transition metals with various inor-
ganic and organic ligands, are now known.> 7”77 The study
of labile complexes has become possible only with the develop-
ment of methods for studying fast reactions, in particular the
temperature jump method.

A large number of studies have been devoted to complex
formation between a hydrated metal ion MM*(aq) and a uni-
dentate ligand L™ (aq). The most general scheme for a
reaction of this kind is given below:®* ©*

fre ks ka
Rt (aq) + L (aq) — M (a3) (aq) LY — M (34) LY e ML ( 41)
kot ks ki
(X) (XI) (X1I) (X111
The initially solvated (hydrated) ions of the metal and the

ligand, as a result of diffusion, form an encounter complex
(XI), or an ion pair, in which the ions are separated from
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one another by not more than two monolayers of solvent mol-
ecules. The stage of ion pair formation is diffusion controlled.
and therefore very fast. The rate constant k;, of the diffu-
sion approach of the ions can be calculated from the expres-
.3 64,78
sion®**
. 4aNa
" 1000

O+ D) (F57)
mneg [
- Ta/x}" (’ﬁ: za /
( SneN/ ')’fz

L 1000:5T

where D, and D_ are the diffusion coefficients of the cation
and the anion, N Avogadro's number, a the distance of closest
approach in the encounter complex: e the charge of the
electron, ¢ the dielectric constant of the medium, I the ionic
strength, and k the Boltzmann constant.

The value of k;, for an encounter complex, for example with
the 1:1 composition and a = 0.7 nm in an aqueous solution at
I = 0.01 and 25 °C, is 1.1 x 10'° litre mole™ ! s~ 1.

The rate constant k,, for the diffusion separation of an

encounter complex is given by the expression:’®>’°

(. --D rp®
by o B D)

a? e 1

The value of k;, for the same conditions is 6 x 10% 7%,

The next stage (XI) = (XII) reflects the formation of the
outer-sphere complex (XII), in which two ions are separated
by only one monolayer of solvent molecules. Since the inter-
action between the ligand anion and the water molecule is
weaker than that between the metal cation and the water mol-
ecule, the formation of the outer-sphere complex is accom-
panied by the loss of a water molecule from the hydration
layer of the ligand. The stage (XI) = (XII) is also fast (k;;,
ki, = 10°-10° s7!), The temperature jump method cannot
distinguish stages (X) = (XI) and (XI) = (XII). Their exis-
tence follows from ultrasonic absorption data: three relax-
ation processes have been established for aqueous solutions
of CoS0,, NiSO,, and ZnSO,.*%°

The final stage (XII) = (XIII), that is the replacement of a
water molecule from the inner coordination sphere of the metal
ion by a molecule (ion) of the ligand, is the slowest stage,
and gives the inner-sphere complex (XIII). Thus the stage
(X1II) = (XIII) is the limiting stage, and this makes it possible
to simplify the reaction scheme (41) to the form given by
scheme (21). The applicability of scheme (21) is confirmed
by the experimental detection of two relaxation times. Thus
the slow relaxation time is given by the expression

{M] +[T)

1= Dayy e e
ER e T

+ ke

which can be used to find the value of k3, and the product
K;.ks3. The values of the product K,.k,; obtained in this
way for complex formation by Ni?* with various unidentate
ligands (CH,PO,2”, CH;CO0™, NCS™. F~, HF, NH,, CsHN,
etc.) have been published.’® If K, is known, the rate con-
stant for the formation of the inner-sphere complex k,; can
also be determined.

The equilibrium constant K; can be estimated from the
expression®:®?

_ taNa

2
3000 (42)

1
For some reactions, independent estimates of the values of K
have been obtained from spectral, polarometric, NMR, and
EPR measurements.®®7*® These estimates show fairly good
agreement with the values calculated from Eqn. (42) (see
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Table 4), if it is assumed that a = 4-5 K as in the estima-
tion of the distance of the closest approach in an encounter
complex. ™

Table 4. Values of the equilibrium constant K; for the
formation of the outer-sphere complex in the system
M(aq)™* + L(aq)"".

K. litre mole™!
System
calculation experiment
Ni(H,0);" + CH;PO;~ 14[69] 4 (Refs. 84, 85)
Ni(H,0);" -- NHg 0.15[69] 0.15 (Ref.69)
Ni(Hz0)2" 4- CH;CO0~ 3731
Ni(H40)2 + C5H;N 0.45[73] —
Cr(H,0)3* + CI- 13 [75] —

Thus the temperature jump method and other methods for
studying fast reactions can be used to find the values of the
rate constants for the formation and dissociation of an inner-
sphere complex.

1. Complex Formation With Unidentate Ligands

The extensive experimental material obtained in the study
of the mechanism of fast reactions of complex formation has
made it possible to separate the metals studied into three
groups, depending on the magnitude of the rate constant of
the inner-sphere replacement of a water molecule for different
metal aquo-ions.”? Fig.2 gives characteristic values of the
rate constants for this reaction. The first group consists of
the alkali and alkaline earth metals (Ca®*, Sr?*, and Ba®").
For the ions of these metals, the value of the rate constant
for the exchange of coordinated water is greater than
107571, ®  In this case the limiting stage of the 1eaction is
the attack by the ligand, and the observed reaction rate
constant for complex formation is close to the diffusion value.

Table 5 gives the values of the rate constant of the replace-
ment of coordinated water for the aquo-ions of the alkali
metals, and shows that the rate of replacement depends on
the nature of the ligand. The difference in the rates of
substitution observed in each series can be explained simply
by the difference in the electrostatic potentials (that is the
charge/size ratios) of the metal ions.

The ions Zn?*, cd?*, and ng+ react at the same high rates
as Ca?" (Fig.2), but the rates do not depend significantly on
the nature of the ligand. Thus for example for the Zn*" ion
the rate constant k,; for the replacement of water by SO} is
3 x 107 s71,87:88% gnd is close to the value 3.2 x 107 s™! cor-
responding to complex formation by Zn?* with oxalic acid.”

The second group contains the ions Fe**, A1**, and Be?”,
for which the rate of the exchange of a water molecule from
the inner coordination sphere of the metal ion is lower than
the rate of hydrolysis. The following mechanism of complex
formation has been proposed for these ions. After the forma-
tion of the outer-sphere complex, hydrolysis takes place,
followed by the formation of the inner-sphere complex, involv-
ing attack by a protonated ligand molecule:”®

Fe** (aq) +L-(aq) == (H.0) Fe** (H,O) L-=
== (H.0) ;FeOH**HL==(H,0) ;FeL**+H,0
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According to this mechanism, the rate of complex formation
depends on the nature of the ligand, and in particular on its
basic strength. The mechanism of complex formation by Fe®*
with various ligands has been confirmed by the pressure jump
method®® and other methods for studying fast reactions.®®™ %2

Lit Najk Ry
NN D +
L
Be g Dt
A" g™ RN (R TR
T 6d ]
WD Y smce
CLE
v O A AT e
P I Sl T
| [ 1] 1]
w0 gt o’ oY gt ot o’ 1wt ot w”
-1 -1
T ,8
Figure 2. Characteristic rate constants (s™') of the inner-

sphere replacement of a water molecule for various aguo-
5 72
ions.

-1

Table 5. Values of the rate constants (1077 t7*, s-!) of sub-
stitution for alkali metal ions in water.”®

Cation EDTA% | NTA3" | DA

Li+ 4.8 4.7 25

Na* 4.7 8.8 25

K* 7.5 15 —

Rb* 14 23 —_

Cs* 21 35 —
Notation: NTA = nitrilotriacetate, IDA = iminodiacetate.

The third group consists of the ions of transition metals,
and also metals of the main sub-groups of the periodic system,
for which the rate constant for the exchange of coordinated
water is less than 10’ s™>. A primary characteristic of these
ions is that the rate constant for complex formation kgsr is
practically independent of the nature of the ligand. Table 6
gives the values of keff obtained by the temperature jump
method. A more complete summary of keff values obtained by
other methods for studying fast reactions has been pub-
lished.”™ The fact that ke is independent of the nature of
the ligand is related to the fact that the limiting stage of the
reaction is the removal of water molecules from the inner
coordination sphere of the metal ion. The values of kgpp
obtained experimentally and the values of K; calculated from
Eqgn.(42) can be used to determine k,;. For example, for
complex formation by Ni?' with CH,COO~, NH,, and Cs;HN,
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ko3 = 3 x 10" s71.7% On the other hand, the value of k3
practically coincides with the value of the rate constant for
the exchange of coordinated water in metal aquo-ions.”*

Table 6. Values of the rate constant kypp for complex
formation.
off i
Metal jon Ligand ke k‘{‘l' _‘IUE Refs.
mole™"s
Mg?! 4,5-dihydroxybenzene-1,3-disulphonic acid 6.5 {93]
Mgt 8-quinolinol 5.5 [94]
A% SCN - 1.2 [95]
Fe?* SO 3.6 [96]
Fetr Fe(CN);~ 3.2 [97]
Co?*r S()"; 5.3 196
Co2* NH, 5.0 [98
Co*+ L-carnosine 5.6 (99
Co2* a-alanine 5.8 [too
Co®* g-alanine 4.8 [100
Co?t 4,5-dihydroxybenzene-1 3-disulphonic acid 6.0—06.6 93
Ni2t NH3 3.2 [08
Niz* a-alanine 4.3 [100
Niz* «a-aminobutyrate 4.0 101
Niz*- Murexide 3.5 [102
Ni(en)?* | NH3 4.4 [103
Cu?* L-carnosine 6.5 {104
Cu?t Murexide 7.7 105
Zng* Murexide 6.9 105
Cdz* pyridine-2-azodimethylaniline 7 [106
Cdz+ Murexide 8.1 1102

Thus the results of kinetic measurements carried out chiefly
by the temperature jump method, together with thermodynamic
data (entropy and enthalpy of activation),'®’ indicate that
complex formation takes place by a dissociative mutual
exchange mechanism (Id mechanism).®®"’® A large number of
kinetic measurements have shown that the rate constant k,;
depends markedly on the size and charge of the cation and
other factors.’? On the whole, the rate of replacement is
lower, the greater the charge of the ion and the smaller its
size. For example, the rate of complex formation by Mg?"(aq)
with CrOZ~, ATP*, and ADP?™ is lower by 10°—10° than
that for Ca’*(aq).”?

2. Complex Formation With Bidentate Ligands

The mechanism of complex formation by metal ions with
bidentate ligands on the whole is analogous to the mechanism
examined above for unidentate ligands. For bidentate ligands
there is an additional stage of ring closure. The reaction
scheme is given below:

kia kas sy
M (aq) -+ L (aq) = Mmc— (aq) Ln— = [\‘_L(V!AAVI)Q- =M :L(nx<n)t-
L2 k ks

(XIV) (XV) (XVI) (XVI)

where the stages (XV) = (XVI) and (XVI) = (XVII) describe
the formation of unidentate and bidentate inner-sphere com-
plexes respectively. The last stage involves the replacement
of a second water molecule from the inner coordination sphere
of the metal ion and closure of the ring.

In complex formation involving a bidentate ligand, two
cases are possible: 1) ring closure takes place at a higher
rate than the formation of the encounter complex from the
unidentate complex, that is k3, > kj,; this case corresponds
to "normal” substitution;’®%® 2) the stage of ring closure is
slower, and is therefore the limiting stage in complex forma-
tion. These substitution reactions belong to the class of
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"sterically controlled" reactions.'®® The study of complex

formation involving bidentate ligands by the temperature jump
method has made it possible to observe two stages (two values
of the relaxation time), corresponding to the replacement of
two water molecules. Table 7 gives the values of the rate
constants for different stages of complex formation by Ni%*
with various bidentate ligands.

Table 7. Rate constants for complex formation by Ni?*, 73108

: Kjk23, litre -1 -1 -1
: Ligand k32 K34.
Aquo-ion igans mole'ls‘l © 32.8 34.8 k43,8

Ni(H0);" diaminoethylene 4.0-10° 4.5-10 9102 1.4-107!

Ni(H0);" bipyridyl 1.5-103% 4.5-10 3-103 3,4-1073

Ni(HRO):" maleate 8.5.10° 3.5.103 4.5-10% 1-102

Ni(en), (H;0)2*| diaminoethylene 5.5.408 1.2.10° 2.2.105 | 8.7.10

Ni(HzO)? pyridine-2-azodimethyl- 1.5-103 1.4-10¢ 2.9-10¢ 3.1071

aniline

An experimental criterion for distinguishing "normal" and
"sterically controlled" substitution reactions is the magnitude
of the volume of activation AV#.1%® Values of AV® equal to
5—-8 cm® mole™? indicate that the reaction is a "normal" substi-
tution reaction. For '"sterically controlled" reactions, the
values of AV™ are ~3 cm® mole™. The values of AV™ for com-
plex formation by Nilll. with pyridine-2-azodimethylaniline
(PAA) have been determined.'!® The measurements were
made by the laser temperature jump method at pressures of up
to 3 kbar. The reaction took place by the "normal" substitu-
tion mechanism when the ligand L was nitrilotriacetate, ethyl-
enediaminediacetate, and diethylene-triamine, and by the
"sterically controlled" reaction mechanism when L was 2,2',2" -~
triaminotriethylamine and triethylene-tetramine. The volumes
of activation have also been determined for the reactions of
coll, cull ana zn!l with NHj;, PAA, glycinate, and Murexide.”
In all cases the values of AV® were positive, as is character-
istic of the exchange-dissociative mechanism of complex forma-
tiOn.l7’109’111

Convincing evidence in support of the "normal” substitution
mechanism was obtained by complex formation by Ni** with
PAA.1"%,112 The laser photo-excitation method made it possible
to observe directly the fast stage of five-membered ring clo-
sure.

In complex formation by Nill and co!! with a-alanine, the
limiting stage is the loss of the first water molecule from the
inner coordination sphere of the metal ion, whereas for com-
plex formation with B-alanine, the limiting stage is the ring
closure.!'® The stage of ring closure probably also limits the
rate of complex formation by the lanthanides of the cerium
sub-group with the dye Xylenol Orange.*!* The values of the
reaction rate constants given in Ref.114 are appreciably lower
than the rate constants for the exchange of water in lantha-
nide ions.” It is suggested that the low rate of formation of
the chelate compound compared with the rate of formation of
the unidentate inner-sphere complex is related to the diffi-
culty of the formation of six- and seven-membered chelate
compounds.

Complex formation in micellar solutions has been studie
For the reaction of Nill with PAA in the presence of sodium
dodecylsulphate, the maximum reaction rate is achieved close
to the critical micelle concentration, and the reaction takes
place by an Id mechanism.

4,115,116
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The ions of transition metals and other multivalent cations
can form complexes with more than one ligand. On the whole,
the rate of complex formation by a metal with a second and
subsequent ligands is greater than that with the first ligand.
Since the ligands are generally stronger electron donors than
the water molecule, it follows that on complex formation with
the first ligand, the effective charge of the metal cation is
decreased, and the radius increases, and there is an overall
increase in the exchange rate.””

The study of the kinetics of complex formation in non-
aqueous media has established that reactions with unidentate
ligands take place by an Id mechanism. For bidentate ligands,
the organic solvent has a specific influence,'®? in that com-
plex formation is either slower or faster than normal substi-
tution in aqueous solutions. The study of the role of the
solvent has shown that for bidentate ligands, for which inthe
case of the normal substitution reaction in water the relation-
ship kefp = Kikos applies, the ratio kgpp/K ik, deviates con-
siderably from unity. This deviation is due to the influence
of the solvent on all three stages of complex formation repre-
sented by scheme (43). The nature of the solvent influences
the stability of the outer-sphere complex and the orientation
of the ligand in the outer sphere.’’ These factors are also
influenced by ion—dipole interaction and the formation of
H-bonds.''” For example, the mechanism of the formation of
BeSO, in a water—dimethyl sulphoxide mixture is much more
complex than that in aqueous solution,*!® as indicated by the
experimental observation of five values of the relaxation times.

-—-00o—--

Thus the temperature jump method has proved to be
extremely promising for the study of the kinetics and mecha-
nism of complex formation. The further development of experi-
mental technique should create the conditions for the develop-
ment of this method and its extensive introduction in the study
of various types of chemical transformation, and the temper-
ature jump method will occupy an important place among other
physical methods for studying fast reactions.
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