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Kinetics of aquation and anation reactions of [RuCl,(H,0),]™ (1), [RuCl3(H,0),] (2), [RuCl,(H;0),}* (3), and [RuCl(H,0);]**
(4) species were studied spectrophotometrically at 25 °C. The studies reported here include the effect of initial concentration
of these species, the hydrogen ion concentration (0.1-1 M), and potassium chloride concentration (0.01-1 M) on aquation and
anation rates. Species 1 exists in a protonated form 1a with a lower aquation rate than 1. An acid-catalyzed induced stability
for 2 and 4 is responsible for their lowered rates of decay with decreasing pH. Probable mechanisms for all the conversion steps
are proposed and the corresponding rate constants computed. With the help of the data obtained, it is concluded that species 2
is the stable product in 10 mM ruthenium(III) chloride in 1 M HCI stock solution.

Introduction

In the preceeding paper! we have reported the changes in
spectral and electrochemical behavior of a millimolar solution of
ruthenium(III) chloride in 0.1 M KCl in the pH range 0-2. In
these solutions, the chloro species present are [RuCl,(H,0),]~ (1),
[RuCly(H,0);] (2), [RuCl,(H,0),]* (3), and [RuCI(H,0)s]**
(4). Each of these species was characterized,? by assigning
individual ligand-to-metal charge-transfer absorption bands and
redox potentials. We have also reported the percentage content
of each chloro species existing in a freshly prepared millimolar
solution of ruthenium(III) chloride. The effect of aging of these
solutions on the species distribution was also investigated.

In the present paper, the kinetics of aquation or anation re-
actions of 1-4 in dilute aqueous solution is investigated at 25 °C
in the pH range 0-2 at p = 0.1 M KCI. The present data are
useful in identifying the type of chloro complexes that exist in
solution and their behavior in dilute hydrochloric acid under a
given set of experimental conditions. The observed rate data are
extrapolated to zero pH and the conversion rates for each species
in the complicated® multiion equilibria investigated. From these
data were calculated the half-lives for all these catalytically im-
portant species.®*'2 The most stable species in 1 M hydrochloric
acid was identified, and the probable mechanisms and rate laws
were proposed.

Experimental Section

Materials and Methods. The stock solution of ruthenium(III) (20
mM) was prepared in 1 M hydrochloric acid and estimated by the me-
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Table I. Characteristic Absorption and Reduction Potential Data for
Ruthenium(III) Chloro Complexes

-Eyj, Vs Amax, NM
chloro complex Ag/AgCl (&, M1 em™)
[RuCl,(H,0),]" 0.180 269 (37025)
[RuCl,(H,0),] 0.270 322 (6314)
[RuCl,(H,0),]* 0.355 376 (6928)
[RuCI(H,0),]%* 0.415 456 (32655)

thod described earlier.! The stock solution was stored in a standard flask
of Pyrex glass at 25 °C.

The physicochemical techniques used to measure solution pH and high
speed time-drive absorption data were reported! earlier.

Kinetic Measurements. In general, a kinetic run consists of measuring
absorbance data at 25 °C for each A, value (Table I) at an interval of
5 min for a total duration of 60 min. The absorption data are then
converted into species concentrations by employing molar extinction
coefficients and plotted against time to obtain initial rates of aquation,
anation, formation, or polymerization depending on the species and its
behavior. During these calculations, the decay in concentration of the
species, in general, is considered as aquation, anation, or polymerization,
while the increase in species concentration with time is considered as its
formation from other species. The total ruthenium(III) ion concentration
in all these experimental solutions was varied in the range of 1-0.1 mM.
The required pH of these solutions was adjusted by employing 1 M HCl
or 0.1 M carbonate-free sodium hydroxide!? solutions. Suitable amounts
of 1 M KCl were used to maintain the required ionic strength in solution.
Each of the kinetic runs was initiated by mixing thoroughly, made up to
a constant volume, an appropriate amount of ruthenium(III) stock so-
lution with a solution containing suitable amounts of KCl, acid/base, and
distilled water. The solution mixture was then immediately transferred
to the matched cuvet of 10-mm path length, and the kinetics was followed
by recording the characteristic absorption spectra of species 1-4 in the
range 200-500 nm.

Results and Discussion

The spectral behavior of a freshly prepared millimolar ruthe-
nium(III) chloride solution (pH 1.0) on heating to different
temperatures is shown in Figure 1. A new broad band at 322
nm and a band of low intensity at 377 nm appeared with the
simultaneous disappearance of the band at 269 nm, as shown in
Figure le. The broad band at 322 nm, which is masked! in the
minima between 269 and 377 nm, is probably due to a mixture
of two isomeric forms* of 2 in solution. On the basis of the data
from the earlier report’ and present observations, the characteristic
charge-transfer (LMCT) bands with the corresponding extinction
coefficients and the redox potentials for Ru(IIT) /Ru(II) couples
are summarized in Table I.

(13) Schwarzenbach, G.; Biederman, R. Helv. Chim. Acta 1948, 31, 337,
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Figure 1. Demonstration of absorption spectral changes in ruthenium(III) chloride (mM) (pH 1.0, x = 0.1 M (KCI), 25 °C) at different heating
conditions: (a) solution before heating; (b) solution after heating to 70 °C; (c) solution b heated to boil; (d) solution ¢ boiled for 10 min; (e) solution

d after 24 h.

Kinetics of aquation, anation, or polymerization reactions of
1-4 are thus followed by observing the changes in their charac-
teristic band intensities at 269, 322, 377, and 456 nm, respectively.
These reactions, in general are represented by the interdependent
equilibria (2)—(5), where the forward reaction represents aquation
and the reverse reaction, anation.

[RuCl,(H,0),]” + H* ,_—K: H[RuCl,(H,0),] 0}
1 1a

k
H[RuCl4(H,0),] + H,0 ‘k_—l‘ [RuCl;(H,0),] + CI- + H*
1a - 2
(2)

o
[RuCly(H,0),]" + H;0 == [RuCl;(H,0);] + CI" (3)
1 = 2

k&
[RUCl3(H20)31 + H20 ‘TL CRUCIZ(H20%T" + CI° (4
-2
2 3

kp«‘
polymeric species
k
[RuC12(3HzO)4]+ +H,0 k::‘ [Ruc1(1‘-‘120)5]2+ + CI (5)

Since the complex [RuCl(H,0))? exists in the presence of
a large concentration of HCI, >6 M, its presence is considered
negligible in the pH range investigated. The formation of [Ru-
(H,0)¢]** is likewise negligible in the said pH range. Accordingly,
the aquation reactions of the penta- and monochloro complexes
are negligible in the present investigation, and they have not been
taken into consideration. The influence of KCl in the range 0.01-1
M over the equilibria (2)—(5) was checked at a constant pH of

1.67. The studies indicate that none of the above equilibria were"

affected much. Thus KCl effects were considered as secondary;
i.e., it merely contributes to ionic strength of the medium. The
various rate constants so computed for reactions 2-5 at the said
pH are listed in Table II. Some of the species 1-4 exist as
different geometrical isomers.* It is difficult to assess their
amounts in solution. Therefore, each of the rate constants reported
here may be considered as the mean of the contribution of the
possible isomers to the rate.

Table I[I. Observed and Calculated? First-Order Rate Constants for
the Conversion of Ruthenium(III) Chloro Complexes at x = 0.1 M
(KCl) and ¢ = 25 °C

first-order

first-order

rate const pH  10%, s™ rate const pH  10%, s
ky 1.67 1.30 k., 1.67 0.29¢
k_y 1.67 0.43¢ ks 1.67 0.05¢
k, 080  0.12 ko 167 0.8
k. 080  0.03° kot 167 037
k, 167  0.34

4 Calculated by using equilibrium constants reported in ref 1 and
rate constants observed in present studies.

Kinetics of Aquation of [RuCl,(H,0),I" (1). The aquation
reaction of 1 was studied by following the decrease in the intensity
of the characteristic absorption band at 269 nm at various initial
concentrations of species 1 in solution. The concentration of 1
in these studies was varied from 0.038 to 0.126 mM with the pH
at 1.67, u at 0.1 M (KCl), and temperature at 25°. The initial
rate —d[1]/dt was calculated by considering the least-squares curve
fitting for the initial 60 min of the plot of concentrations of 1 versus
time (Figure 2A). The log-log plot of initial rates, —d[1]/d¢,
versus initial concentrations of 1 is depicted in Figure 2B. It shows
a linear first-order dependence on initial concentration of 1. The
first-order rate constant k,” obtained from the slope of the
least-squares fit of the plot —d[1]/dr versus [1] is 1.3 X 10™ 7L,

It is evident from the log-log plot (Figure 2B) that the decay
rates at higher (>0.126 mM) and lower (< 0.038 mM) concen-
trations of 1 deviate from the average first-order plot. In dilute
solutions, however, the deviation can be attributed to the weak-
ening of hydrogen bonding! between the identical species of 1.

The effect of hydrogen ion concentration in the pH range
0.27-2.05 on rate of aquation of 1 was studied by keeping the total
ruthenium(III) concentration at 0.4 mM in 0.1 M KCl. The
results are listed in Table IIIA. The corrected pH versus log
(-d[1]/d¢) profile is shown in Figure 3. It is evident from this
plot that the rate of aquation of 1 follows an inverse first-order
dependence on hydrogen ion concentration in the pH range 0.7-1.8
and is independent on either side of these pH limits.

The inverted S-type pH-logarithmic rate profile (Figure 3) is
explained on the basis of the assumption that complex 1 exists
in the protonated and normal forms 1a and 1, respectively (eq
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Table III. Kinetic Data at ¢ = 25 °C and x = 0.1 M (KCI) for (A) the pH Dependence on ~d[1]/d¢ ([Ru(II)]1 = 0.4 mM), (B) the
Concentration Dependence of 2 on —d{2]/d¢ (pH 1.67), and (C) the Concentration Dependence of 3 on d[3]/dr and &, (pH 1.67)
A B C
107(—d[1]/dt) 10%[2], 107(~d[2]/dD), 104[3], 107(d[3}/dp), 107k,
pH M min™! M M min™! M M min™! M min-!
0.27 0.31 0.79 1.32 0.84 0.62 1.10
0.79 0.43 1.79 2.46 1.84 0.65 1.86
0.83 0.67 1.84 3.59 1.93 0.81 2.70
1.29 1.55 2.10 4,18 2.20 1.00 3.41
1.67 4.83 2.41 4.72 2.51 3.47 4.15
1.69 4,36 3.30 5.63 3.41 8.21 498
2.05 4.47 4.06 8.21 4,38 9.29 10.66
—
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Figure 2. (A) Effect of initial concentration of [RuCl,(H,0),]™ on rate
of its aquation (pH 1.67; [KCl] = 0.1 M, 25 °C). 10* [[RuCl(H,0),]}:
(a) 1.264 M; (b) 1.264 M; (c) 1.016 M; (d) 0.866 M; (e) 0.845 M; (f)
0.376 M. (B) Plot of ~log (-d([1]/d¢) vs ~log [1] (25 °C, p = 0.1 M
(KC), pH 1.67).
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Figure 3. Plot of the logarithm of the rate of aquation of [RuCl,(H,0),]”
vs pH (25 °C, p = 0.1 M (KQC1), [Ru(II)}; = 0.4 mM).

1) whose aquation rates are different in solution. The protonated
complex 1a is stable at lower pH (<0.7) and is totally converted
to the normal form 1 at higher pH (>1.8) with an equilibrium
between 1 and 1a in the pH range 0.7-1.8. Thus, the midpoint
of the inflection in the log-log plot (Figure 3) at pH 1.1, where
these two chloro complexes are 50% interconverted, is approxi-
mately considered to be the acid dissociation constant (K, = 1/K)
of H[RuCl,(H,0),] (1a). The minimum dissociation rate —d-

[1]/dr (~3.2 X 10®* M min™') can be attributed to the protonated
complex la (reaction 2), while the maximum rate —d[1]/dt (~4.7
X 107 M min™) is assigned to the normal complex 1 (reaction
3). Therefore, the net rate of aquation of 1 can be written as

-d[1]/dr = (k,K[H*] + &/)(1] (6)

The plot of (—d[1]/dr)/[1] versus [H*] is shown in Figure 4.
It is evident from this plot that eq 6 is valid only within the limits
of hydrogen ion concentrations 0.02-0.16 M (pH 1.7-0.8), beyond
which the rate becomes independent of [H*]. At lower hydrogen
ion concentrations, the term k; K[H*] < k,’; hence, the rate —d-
[1]/dr is governed by reaction 3. Under this approximation, the
rate (~d[1]/dr)/[1] gives the rate constant k;". At a value of [HY]
= 1.6 X 10°2 M, the value of k" is 1.04 X 10~ 57!, However, at
hydrogen ion concentrations between 0.04 and 0.17 M where
k K[H*] =~ k', the rate —d[1]/d¢ is considered as the net con-
tribution of reactions 2 and 3. From K, (107!!) and the slope of
the tangent drawn at the points of [H*], 0.09-0.17 M, the rate
constant k, was calculated as 1.16 X 1075 s, The rate constants
k_, and k,’ were calculated with the help of equilibrium data!
reported earlier.

Kinetics of Aquation and Anation of [RuCl;(H,0);] (2). The
kinetics of aquation and anation of 2 was followed by observing
the increase (formation) and the decrease (aquation or anation)
in intensity of the band at 322 nm at regular intervals of time as
a function of its concentration, pH, and KCl concentration. Table
I1IB presents the rate of decay in concentration of 2 as a function
of its initial concentrations at pH 1.67 and u = 0.1 M (KCl). Since
the formation of 1 was not seen in these experimental conditions,
the decay in concentration of 2 is considered for its aquation
(reaction 4). The data in Table I1IB show a first-order dependence
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Figure 5. (A) Effect of the acidity on the rates of aquation and formation
of [RuCl3(H,0),] (25 °C, ¢ = 0.1 M (KCI), [Ru(II)]; = 0.4 mM. pH:
(a) 0.27; (b) 0.79; (c) 0.83; (d) 1.29; (e) 1.67; () 1.69; (g) 2.05. (B) Plots
of log (d[2]/d¢) and log (-d[2]/d¢f) vs pH (25 °C, u = 0.1 M (KCl,
[Ru(Ill)} = 0.4 mM).

of rate of aquation (-d[2]/d¢) of 2 on its initial concentrations.
The first-order rate constant, k,, determined from the plot of rate
(=d[1]/d?) versus initial concentration of 2 is 3.40 X 107% s71,

The effect of hydrogen ion concentration on the rate of aquation
of 2 was observed in the pH range 0.27-2.05. During these studies,
the total metal ion concentration [Ru(III] and KCl concentrations
were maintained constant at 0.4 mM and 0.1 M, respectively. The
experimental results are plotted as the changes in concentration
of 2 as a function of time; the curves are depicted in Figure SA.
The figure shows that the formation of 2 is facilitated at lower
pH (<1.3) and aquation at higher pH (>1.3). The rates of
formation, d[2]/d¢, were thus evaluated from the points of as-
cending concentrations, while the aquation rates were evaluated
from the points of descending concentrations of the plots of Figure
5A. The log-log plots of initial rates d[2]/d¢ and —d[2]/d¢ versus
pH are shown in Figure 5B. It is observed from Figure 5B that
the aquation rate, —d[2]/d¢, tends to level off (6.6 X 10”7 M min™)
at pH ~2 and decreases drastically below pH 1.7. The rate of
formation, d[2]/d¢, on the other hand is independent of pH in
the range 0.7-1.3 and decreases as pH decreases below 0.7. The
rate of formation of 2, d[2]/dt, can be calculated by the rate
expression (7), which is the algebraic sum of the rates of aquation
of 1 or 1a (reactions 2 and 3) and anation of 3 into 2 (reaction
4).

d[2]/de = (K K[H'] + k) [1] + k,[3] (M

A steady-state concentration of 2 may be assumed at pH 1.3
(Figure 5B), where the rate of formation of 2, d[2]/d¢, equals
the rate of aquation, —d[2]/d¢. Since the rate of aquation, ~d-
[2]/dt, has a first-order dependence in [2] and inverse dependence
in [H?*], it can be written as

-d[2]/d: = k,(2]/[H"] ®)

The rate of formation (5.9 X 10”7 M min™) calculated from
eq 7 was found to be comparable with the aquation rate (4.1 X
10”7 M min™!) calculated from eq 8 by using the observed data
at pH 1.3. This verified the validity of the rate expressions (7)
and (8) and supports the proposed steps. The rate constant k.,
is calculated as discussed in the latter part of this section.
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Figure 7. (A) Effect of acidity on the rates of formation and polymer-
ization of [RuCl,(H,0)4]* (25 °C, g = 0.1 M (KCl), [Ru(IIT)]1 = 0.4
mM; pH (a)~(g) as described in the caption of Figure 5). (B) Plots of
log (d[3]/dr), log (-d[3]/d¢), and k, vs pH (25 °C, p = 0.1 M (KCI),
[Ru(IIT)]1 = 0.4 mM).

Kinetics of Aquation and Anation of [RuCl,(H,0),]* (3). The
changes in the concentrations of complex 3 with time were followed
by observing absorption band at 377 nm under a given set of
experimental conditions. The results at different initial concen-
trations of 3 at pH 1.67 and 0.1 M KCl indicate initially an
increase in [3] followed by its decay. According to the earlier
findings,! the decay of 3 is accounted for by its polymerization.
The initial rates of formation of 3 (d[3]/d¢) were thus measured
by considering the points of the ascending concentrations and the
rates of polymerization, k,, measured from the points of the
descending concentrations. The rate data are presented in Table
ITIC. The logarithmic plots of initial rates, d[3]/dt, versus initial
concentrations of 3 and k, as a function of 3 are shown in Figure
6. The rate k, shows a linear first-order dependence on [3], while
d[3]/dt has no dependence on its concentration except a break
in the curve in the concentration range of 3 of (2.0-3.2) X 10~
M. The reason for this break is the domination of k, over the
rates of formation, d[3]/d¢, at lower concentrations of 3 (<3.0
X 107 M) and vice versa at higher concentrations. The first-order
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Table IV, Kinetic Data at £ = 25 °C and u = 0.1 M (KCl) for (A)
the Concentration Dependence of [4] (pH 1.67) and (B) the pH
Dependence on —d[4]/d¢ ([Ru(IID)]y = 0.4 mM)

Taqui Khan et al.

Table V. Rate Data and Half-Lives for the Conversion of
Ruthenium(II) Chloro Complexes in 1 M HCI to the Stable Species
{RuCl;(H,0);] at 25 °C

A B

10°d),  107(-d[4]/ds), 107(~d[4]/ds),
M M min™! pH M min™!
1.20 7.35 0.79 0.15
0.98 5.62 0.83 0.29
0.72 4.94 1.29 0.97
0.65 3.48 1.67 3.24
0.57 3.25 1.69 3.38
0.53 3.24 2.05 3.39
0.24 1.43

polymerization rate constant k,,, obtained from the plot of k, versus
[3]is 3.72 X 10~ 571,

Figure 7A represents the effect of hydrogen ion concentration
on the rates k, and d[3]/d¢ of the dichloro complex 3. The data
show that the formation of 3 in terms of the increase in concen-
tration of 3 appeared at higher pH (>1.0). Figure 7A also shows
the decay of the concentration of 3, due to its polymerization,
decreased from pH 2.05 to pH 1.30. However, the decay of the
concentration of 3 started to increase over its rates of polymer-
ization or formation as pH decreased further from 1.3, because
of its predominant anation (the back-reaction in eq 4). The rates
of anation of 3 (—d[3]/dt) at pH 0.27-1.3 were determined from
the points of descending concentration of 3. The log-log plots
of k, versus pH, d[3}/d¢ versus pH, and —d[3]/d¢ versus pH are
given in Figure 7B. It is evident from Figure 7B that the formation
of 3 is maximum at pH 1.8 and decreases drastically on either
side of this pH value. Also, the k, profile indicates that species
3 has a greater tendency toward polymerization at pH >2.0. The
decrease in d[3]/dz at pH <1.8 is mostly accounted for by the
induced stability in 1 and 2, while at pH >2.0, it is accounted
for by its predominant polymerization over its formation. The
lowered rates of polymerization, k,, of 3 are considered to be due
to its induced stability during acid-catalyzed addition!*16 of
chloride ions.

The rate expression for the formation of 3 from species 2 and
4 is given by

d[3]/dt = k(2] + k_;[4] ®)

The rate of formation, d[3]/dz, thus calculated from eq 9 by
substituting the rate data for conversion of 2 and 4 to 3 at pH

(14) McBryde, W. A,; Yeo, J. H. Anal. Chem. 1948, 20, 1094.

(15) Sandell, E. B. Colorimetric Determination of Trace Metals, 2nd ed.;
Interscience: New York, 1950; p 527.

(16) Wehner, P.; Hindman, J. C. J. Phys. Chem. 1952, 56, 10.

rate X 1084 2,
species M min™! days
[RuCl,(H;0),]" 2.985 13
[RuCl,(H,0),] 437
[RuCl,(H,0),]* 33.11 0.24
[RuCI{(H,0)]2* 0.11 225

2 Anation or aquation obtained by extrapolation to pH 0.

1.67 is 1.03 X 10 M min~!. Similarly, the rate of decrease in
concentration of 3, —d[3]/d¢, is also calculated with the help of
eq 10 and found to be 1.00 X 10 M min~! at pH 1.67.

—d[3]/dr = k(3] + k.,[3] (10)

Kinetics of Anation of [RuCI{H,0)]** (4). The decay in the
concentration of 4 with time was measured by monitoring the
absorption band at 465 nm as a function of initial concentration,
pH, and KCI concentration. Under these experimental conditions,
the decay of 4 is due to its conversion to 3 or to polymeric products
as reported earlier.! Here we have considered only the decay of
4 mainly by its anation. The observed rate data, ~d[4]/d¢, at
various initial concentrations and pH are given in Table IV. The
rate, —d[4]/d¢, has a linear first-order dependence on the initial
concentrations of 4. The rates are independent of H* ions at pH
>1.7 and dependent below pH 1.7. It is possible that the mo-
nochloro complex is stabilized at lower pH by protonation from
HCI, which leads to the acid-catalyzed formation!!4-! of various
chloro complexes. The first-order rate constant k_; for the anation
of 4 (reaction 5) calculated from the plot of —d[4] /d? versus initial
concentrations of 4 is 1.82 X 107% 571,

Conclusion

It may be concluded from the rate data in Table II that the
forward reactions of (3) and (4) and the backward reaction of
(5) are more favorable in dilute solutions than their corresponding
reverse reactions. Because of this reason, species 1, 2, and 4 revert
to 3 in dilute solutions at pH >1.0. The rates —d[1a]/dz, d[2]/d,
—d[3]/dt, and —d[4]/dt obtained by extrapolation to pH 0 are
given in Table V. It is obvious from these data that the aquation
of 1 to 2 and anation of 4 to 3 to give species 2 in 1 M HCI stocks
of ruthenium chloride are very favorable. It means that species
2 is the most stable chloro complex of ruthenium(III) if the stock
solutions of ruthenium chloride possessed with complicated
multiion equilibria are allowed to age. Hence, the present in-
vestigation quantitatively supports the long time for ruthenium(III)
chloride to reach thermodynamic equilibrium as predicted*”’
earlier.



