Acta Chemica Scandinavica, 1998: 52: 897-902
Printed in UK - all rights reserved

Copyright © Acta Chemica Scandinavica 1998

ACTA
CHEMICA SCANDINAVICA
ISSN 0904-213X

Equilibria, Kinetics and Mechanism for Complex
Formation Between Hydrogen Sulfate/Sulfate and
Palladium(ll). Hydrolysis of Tetraaquapalladium(ll)

Tiesheng Shi and Lars I. Elding*

inorganic Chemistry 1, Chemical Centre, Lund University, PO Box 124, S{221 00 Lund, Sweden

Shi, T. and Elding, L. 1., 1998. Equilibria, Kinetics and Mechanism for Complex
Formation Between Hydrogen Sulfate/Sulfate and Palladium(II). Hydrolysis of
Tetraaquapalladium(II). — Acta Chem. Scand. 52: 897-902. © Acta Chemica
Scandinavica 1998.

Spectrophotometric equilibrium measurements indicate formation of the com-
plexes [Pd(H,0);HSO,]* and [Pd(H,0);SO,] in the reaction between
[Pd(H,0),]** and hydrogen sulfate/sulfate in the region: 0.10<[H*]<0.80 M.
The stability constants are 0.7+0.2 and 194+6 M ™, respectively, at 25°C and
1.00 M ionic strength. The protolysis constant for coordinated hydrogen sulfate,
ie. the equilibrium constant for the reaction [Pd(H,0);HSO,]*
+H,0=[Pd(H,0);S0,]+H;0%, is 2.5+1.0 M. The stability constant for
[Pd(H,0);HSO,]* and the protolysis constant for coordinated HSO,~ are also
derived from kinetic measurements as 0.64+0.2 M~ !and 2.3+ 1.3 M, respectively.
The kinetics for the reversible complex formation reaction, studied by use of
stopped-flow spectrophotometry, is first order with respect to palladium complex
and total concentration of sulfate, [S(VI)], with an observed pseudo-first-order
rate constant k,p.q=k[S(VI)]+k, for excess sulfate. Here k; and k, denote
observed forward second-order and reverse first-order rate constants, respectively.
The kinetic data are interpreted in terms of a reaction mechanism which involves
parallel and reversible reactions between [Pd(H,0),)** and HSO,™ and SO,%",
respectively, and between [Pd(H,0);OH]* and HSO,~. Forward and reverse
rate constants for complex formation between [Pd(H,0),]** and HSO,™ are
11946 M~1s™ ! and 210+ 60 s ! at 25°C, indicating that HSO,~ has a similar
nucleophilicity as other oxygen-donor ligands. The rate constants for the reactions
of [Pd(H,0),]*" with SO,*~ and of [Pd(H,0);OH]* with HSO,~ cannot be
resolved because of a proton ambiguity. The mononuclear protolysis constant
of [Pd(H,0),** is pK,=3.040.1 at 25°C and 1.00 M ionic strength as
determined from rapid spectrophotometric equilibrium measurements.

Preparation of tetraaquapalladium(II) perchlorate has
been described and various preparative methods discus-
sed.! Some of these?”’ give rise to formation of poly-
nuclear hydrolysis products or even colloidal species.!”’
Solutions of [Pd(H,0),]** with [HCIO,] >0.50 M are
stable without disturbing polynuclear hydrolysis,!
whereas sluggish and irreversible spectral changes due to
formation of polynuclear species can be observed in the
timescale of hours in solutions with [H*]<0.01 M.3-*!
A few investigations of the hydrolysis of [Pd(H,0),]**,
including equilibrium (1), by use of pH-titrations,® spec-
trophotometry,® solubility® and kinetic measurements,'°
have appeared. However, the results of these studies are
discordant, with values of the protolysis constant Kj
ranging from 7.5 x 1073 to 0.1 M.3-!° In the equilibrium
studies, the palladium solutions were usually aged for
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several hours in order to get observed values constant
with time. In this timescale, however, formation of
polynuclear complexes is extensive, and this will influence
the determination of K;. Bugarcic!! showed by means of
potentiometric titrations that when palladium solutions
are aged for a sufficiently long time in the pH region
1.5<pH<3.0, di- and tetranuclear complexes are
formed, whereas the concentration of the monomeric
complex [Pd(H,0);OH]" is negligibly small. Thus, most
of the K, values reported in the literature®!° are not
reliable. One purpose of the present work was to deter-
mine a more accurate value of Kj,, which can be used to
rationalise the kinetic data for complex formation
between palladium(II) and weakly coordinated proto-
lytic ligands.

[Pd(H,0),]2" + H,0 < [Pd(H,0),0H]* + H,0*
(1)
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Complex formation between the platinum(II) complex
[Pt(H,0),]1** and some simple anions, including sulfate,
has been observed by use of '*>Pt NMR spectroscopy.!?
For [Pd(H,0),)**, quantitative information about the
stabilities of the weak complexes formed with sulfate is
not available.!3* Nor are there any data for kinetics of
formation and aquation of palladium(Il) sulfato com-
plexes, in spite of the fact that palladium(II) sulfate has
occasionally been used as a starting material for kinetic
studies. %13

Experimental

Chemicals  and  solutions.  Stock  solutions of
tetraaquapalladium(II) perchlorate (ca. S0 mM) in
1.00 M perchloric acid were prepared from palladium
sponge (Johnson and Matthey, Specpure) as described
previously.! The concentrations were determined spectro-
photometrically from the absorbance at 380 nm (¢3%°=
82.8 M ~tcm™1).! Stock solutions of 1.000 and 2.000 M
perchloric acid were prepared from concentrated per-
chloric acid (Merck, p.a.). Stock solutions of 1.000 M
sodium perchlorate were prepared from NaClO,-H,O
(Merck, p.a.). Anhydrous sodium sulfate (Fluka-
Garantie, p.a., >99.5%) was used without further puri-
fication. The ionic strength was adjusted to 1.00 M with
1.000 M perchloric acid and sodium perchlorate. Water
was doubly distilled from quartz.

Apparatus. Spectra were recorded by use of a Milton
Roy 3000 diode array spectrophotometer and thermo-
statted 1.00 cm quartz Suprasil cells. The kinetics was
followed at 25.04+0.1°C by use of an Applied
Photophysics Bio Sequential SX-17 MX stopped-flow
ASVD spectrofluorimeter, and rate constants were evalu-
ated by the Applied Photophysics software.'® Non-linear
least-squares curve fittings of experimental data were
performed with the KaleidaGraph program for
Macintosh.

Hydrolysis of [Pd(H,0),]**. To avoid disturbance from
polynuclear complex formation, spectra of a series palla-
dium solutions were recorded as follows: Solutions of
1.000 M HCIO, and NaClO, and a ca. 25 mM stock
solution of [Pd(H,0),]** in 1.00 M HCIO, were thermo-
statted at 25°C. Palladium solutions with 1.0 x 1073
M<[H"]<0.04 M were prepared by rapid dilution of
the stock solution of [Pd(H,0),]** with the HCIO, and
NaClO, solutions. A small volume of the palladium
solution was rapidly injected into a calculated volume of
ionic (Na,H)CIO, medium by means of a Wheaton
micropipette, and the spectrum in the region 200-400 nm
was recorded immediately, using a corresponding solu-
tion without palladium as a reference. By use of the
diode-array instrument, this manipulation required less
than 2 min. Formation of polynuclear complexes is insig-
nificant in this short interval of time for the low total
concentrations of palladium used. Absorbance values

898

were read between 210 and 230 nm. Palladium concentra-
tions after dilution varied between 2.465 x 107> and
493 x 1074 M.

Spectrophotometric equilibrium measurements. The equi-
librium constant for the protolysis of hydrogen sulfate
in water, HSO,~ + H,0=S0,2" +H;0", has a value of
pK,=1.1040.08 at 25°C and ionic strength 1.00 M.!7
The total concentrations of sulfate are denoted by
[S(VD)]=[HSO, 1+[SO,*]. Spectra of solutions with
260mM [Pd(H,0),]** and with 0.10 M<[H"]
<0.80 M and 0.025 M <[S(VI1)]<0.200 M, equilibrated
for ca. 30 min at 25°C were recorded. A corresponding
solution without palladium was used as a reference.
Polynuclear hydrolysis of palladium is negligible in the
presence of sulfate in this pH region during the time of
the experiments. Absorbance values were read at 250 nm.

Stopped-flow  measurements. Reaction  between
[Pd(H,0),]** and hydrogen sulfate/sulfate was moni-
tored as an increase of absorbance at 250 nm due to
complex formation. [S(VI)] was always kept in a large
excess compared to palladium. Kinetic traces could be
described by a single exponential. The observed pseudo-
first-order rate constants, k,pq, are given as average
values from five to seven independent runs. Complex
formation was studied as a function of excess [S(VI)]
and [H'] using 0.98M<Cp<4.93mM, 0.016 M
<[S(VD)]<0.50 M, and 0.10 M<[H*]<0.70 M. For
experiments in the region 0.10 M<[H*]<0.50 M only
freshly prepared palladium solutions were used, in order
to avoid disturbance from slow polynuclear complex
formation. Values of k.4 as a function of [S(VI)] and
[H™*] are summarized in Table 1.

Results and discussion

Hydrolysis of [Pd(H,0),]*". Assuming that the second
protolysis step can be neglected for [H*]>1.0 mM, the
total concentration of palladium, Cpyq, can be written as
Cpa=[Pd(H,0)2" 1+ [Pd(H,0);OH*]. The measured
absorbances, A4.,q, as a function of Cpq and [H*] can
be derived as eqn. (2), where / denotes the path length

Aopsa/Cra = (Epal[H ']+ €paon!Kn)/([H™] + K) (2)

and gpy and gpgoy the molar absorptivities of
[Pd(H,0),]** and [Pd(H,0);OH]", respectively. The
molar absorptivities of [Pd(H,0),]*" at different wave-
lengths were determined by measuring the absorbances
of three palladium solutions with [H*]=1.00 M, where
hydrolysis can be neglected. Equation (2) was used to fit
the experimental data by a non-linear least-squares
method with gpgoy and Kj, as adjustable parameters.
Figure 1 shows the fitting at 210 nm; fittings at 220 and
230 nm are similar. Calculated values of gpgoy and K,
together with measured gpq are given in Table 2. The K-
values are independent of wavelength, and the agreement
between them is satisfactory, giving an average value of



Table 1. Observed pseudo-first-order rate constants for the
reaction between [Pd(H,0)41>* and HSO, /SO,2~ at 25°C
and ionic strength 1.0 M.?

[H*/M  [S(VDIM  kgpea/s™ ' /M7 's™)  k/s7!
0.10 0.010 89+2 438+ 19 86+1
0.10 0.020 95+ 1

0.10 0.025 96+1

0.10 0.0375 105+2

0.10 0.050 107 +1

0.10 0.075 119+1

0.10 0.100 129+1

0.20 0.020 98+2 321+4 92+1
0.20 0.025 100+1

0.20 0.050 109+ 1

0.20 0.100 125+1

0.20 0.150 139+1

0.20 0.200 156+ 1

0.20 0.250 173+2

0.35 0.025 103+2 257+8 98+1
0.35 0.050 11242

0.35 0.100 125+1

0.35 0.150 13741

0.35 0.200 15111

0.35 0.250 161+2

0.50 0.025 108+2 211+6 104+1
0.50 0.050 16+2

0.50 0.100 125+2

0.50 0.150 137+2

0.50 0.200 147 +2

0.50 0.250 156+2

0.70 0.025 17+4 194+4 11241
0.70 0.050 122+2

0.70 0.100 132+2

0.70 0.125 137+2

0.70 0.150 14142

2Cpy=1(0.98-1.9) x 1073 M. The reaction was monitored at
250 nm. The values of k and k, were derived from plots of
kobsd vs. [S(VI)].
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Fig. 1. Aopsa/Crq as a function of [H*] at 210 nm, 25°C and
jonic strength 1.00 M. Cpq was varied between 2.465 x 1073
and 4.93 x 107* M. The solid line represents the best fit of
eqn. (2) to the experimental data.
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Table 2. Molar absorptivities and hydrolysis constant at 25 °C
and ionic strength 1.00 M.

k/nm Spd/M71 cm™! SdeH/M_1 cm™! 104Kh/M
210 2165 (7.34+0.5) x 10° 10.0+1.4
220 698 (4.9+0.4) x 10° 9.9+1.4
230 167 (2.2+0.2) x 10° 9.7+1.6

Average 9.9+1.4

K,=(994+1.4) x 107* M or pK,=3.040.1. Absorbance
changes as a function of [H*] at wavelengths >230 nm
are too small to allow an accurate evaluation of K,
and €pgoy-

The present experiments were designed to circumvent
polynuclear complex formation, affording a more accur-
ate (and much smaller) value of K, than those reported
in previous studies, ranging between 7.5 x 1073 and
0.10 M.%*° Hydrolysis of the analogous platinum com-
plex [Pt(H,0),]** has been studied qualitatively, and its
pKy-value has been estimated to be >2.5.'® This is in
good agreement with the present result, since
tetraaquapalladium(1I) and -platinum(Il) are expected
to have similar pKj-values due to their similar charge
and bond distances.

Recently, [Pd(H,0);OH]* has been used as a promo-
tor for selective hydrolysis of peptides.'®2! In these
studies, the palladium(II) perchlorate solutions
with pH 1.0 were supposed to contain mainly
[Pd(H,0);OH]" based on the literature value®® of K, =
0.1 M. The present results indicate that such solutions
only contain ca. 1 mol% of the monohydroxo complex,
as long as polynuclear complex formation can be
neglected.

Sulfate complex formation equilibria. Complex formation
between tetraaquapalladium(II) and sulfate in strongly
acidic solutions has been observed qualitatively.!34 The
equilibrium constant for reaction (3) has been repor-
ted to be 0.30+0.01 M~! at 25°C as determined by
spectrophotometry.’* In the present pH region
0.10 M <[H*]<0.80 M, the mol% of HSO,~ varies from
91 to 56% and that of SO,>~ from 9 to 44%, respectively.
It follows that the complex [Pd(H,0);HSO,]* as well
as [Pd(H,0);S0,] has to be taken into account in the
equilibrium data treatment. The equilibria involved can
be expressed as eqns. (3) and (4), if only 1:1 complexes
are assumed to be formed under the experimental condi-
tions used.

[Pd(H,0),** + HSO,~ < [Pd(H,0),HSO,]* +H,0

(3)
[Pd(H,0),HSO,]* + H,0 = [Pd(H,0),50,] + H,0 *
(4)

The measured absorbances of equilibrated solutions,
Agpsa, as functions of Cpyq and of [S(VI)], are expressed
as eqn. (5) by introducing K, /[H*]<0.01 in the present
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pH region. Here A, denotes the absorbance at [S(VI)]
=0 and at various acidities, ¢, and ¢, are the molar
absorptivities of [Pd(H,0);HSO,]* and [Pd(H,0);S0,],
respectively, and the total concentration of palladium is

Cpa = [Pd(H,0),*"] + [Pd(H,0);0H]
+ [Pd(H,0); HSO,*] +[Pd(H,0);S0,].
As before, [ denotes path length.

A+ my ICpg[S(VI)]

Aopsa = 1 +m2[S(VI)] (5)

Here, the parameters m, and m, are defined as
my = (e, K [H'] + &, K, K)/(K, + [H]) (6)
my = (K, [H"] + K K)/(K, + [H']) (7

Equation (5) was used to analyse the measured
absorbances as a function of [S(VI)] at different acidities
by a non-linear least-squares routine with m, and m, as
adjustable parameters. The fits are shown in Fig. 2,
giving the values of m, and m, listed in Table 3. The
good fits also imply that the assumption of formation of
only 1:1 complexes is reasonable. This is further sup-
ported by the fact that the kinetic experiments give no
indication of formation of higher complexes, since all
kinetic traces are well described by single exponentials.
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Fig. 2. Observed absorbances at 250 nm, Asq4. as a function
of [S(VI)] at 25°C and ionic strength 1.00 M. The solid lines
represent the best fit of eqn. (5) to the experimental data.
[H*1=0.10 (a), 0.20 (b), 0.30 (c), 0.40 (d), 0.60 (e) and
0.80 M (f).

Table 3. Values of the parameters my and m, of eqns. (5)-(7)
evaluated at 250 nm and 25 °C from the plots in Fig. 2.

H* /M my/M~2 my/M~1
0.10 (1.61+0.03) x 10* 9.4405
0.20 (1.124+0.01) x 10* 6.7+0.1
0.30 (8.7+0.2) x 10° 5.3+0.2
0.40 (6.9+0.1) x 10° 4.0+0.2
0.60 (4.90+0.05) x 103 2.940.1
0.80 (3.78+0.05) x 10° 2.3+0.1
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Equation (7) was fitted to the values of m, as a
function of [H*] by use of the literature value of K, =
0.079 M.'7 The fit is shown in Fig. 3a, affording K, =
0.740.2M7! and K,;=2.5+1.0 M, respectively. After
substitution of these values into eqn. (6), m, as a function
of [H*] was accordingly fitted and is shown in Fig. 3b.
Subsequently, the values of g, =(1.4+0.4) x 103 and &, =
(1.6+0.4) x 10>M ™' ecm ™! at 250 nm were derived.

Kinetics. Plots of the observed rate constants in Table 1
vs. excess [S(VI)] at different acidities are linear with
non-zero intercepts, corresponding to the rate expression
of eqn. (8), where k; and &, denote the observed forward
second-order and reverse first-order rate constants,
respectively. Values of k¢ and k, as a function of [H¥]
calculated from the experimental data are given in
Table 1 also.

Kobsa = ke[S(VD)] + &, (8)

Reaction mechanism. By taking into account the proto-
lytic equilibria of both the metal ion and hydrogen
sulfate. the reaction mechanism can be described as in
Scheme 1, involving eqns. (9)-(12).

According to this mechanism and by use of K, « [H*]
and K « [H™], expressions for k¢ and k, in eqn. (8) are
derived as eqns. (13) and (14).
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Fig. 3. (a) Plot of m, as a function of [H*] according to
eqn. (7). (b) Plot of m, vs. [H*] according to eqn. (6). Solid
lines represent the best fit of the equations to the data.



HSO, ===L== [Pd(H,0);HSO4]* + H,0 (9

[PA(H,0), 1% + 1Ka K,
k
1 $0,> —-—kz——~ [Pd(H,0);80,]  + H,0  (10)
2
Ky
: ks
HSO, ===== [Pd(H,0);50,]  + H,0 ()

ks
[PA(H,0);0H]" + LKa 1Lth
.k i
50, s (PA(H,0),(OH)SO,) + H0  (12)
-4

Scheme 1.

ki(K, +[H™)) = ki [H'] + (k, K, + k3 Ky) + ko K Ky /[H™]

(13)
ke ={k_[H"]
ks +k_3)K, + kKK [H (K, + [H'])
(14)

A plot of k¢(K, +[H™*]) as a function of [H*] according
to eqn. (13) is displayed in Fig. 4a by use of the data in
Table 1. The good linearity indicates that the ks -term in
eqn. (13) does not contribute significantly to the overall
kinetics; it can thus be neglected. The values of k,=
119+6 M~ 's™! and (k,K,+k3K,)=66+2s"! can be
evaluated by a linear least-squares fitting. According to
the principle of microscopic reversibility, the k_,-term
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Fig. 4. (a) k(K,+[H*]) as a function of [H*] according to
eqn. (13). (b) Plot of k. vs. [H*] according to eqn. (14) after
neglect of the k_,-term. The solid lines represent the best fit
of the equations to the experimental data.
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in eqn. (14) can also be neglected. Analysis of &, as a
function of [H*] was performed according to eqn. (14)
after excluding the k_,-term. The fitting, displayed
in Fig. 4b, gives k_,;=212+58s71, (k_,+k_3)=
81+1s7 !, and K,=2.3+1.3 M.

General conclusions. Equilibrium and rate constants
defined by Scheme | are summarized in Table 4. The
values of K; and K calculated from the kinetic measure-
ments are in good agreement with those derived from
the equilibrium study, supporting the mechanism pro-
posed. The value of the stability constant K; for the
complex [Pd(H,0);HSO,]* obtained from the present
work is about twice that reported by Rudakov et al
based on spectrophotometric measurements.'* The dis-
crepancy is probably due to the fact that these authors
neglected [Pd(H,0);S0,] as one of the reaction prod-
ucts. The large error associated with K; is due to the
relatively small percentage of [Pd(H,0);HSO,]* pre-
sent in the solutions used; it amounts to less than 25%
of the total concentration of the 1:1 complexes.
Noteworthy, the protolysis constant of hydrogen sulfate
increases about 30 times when it is coordinated to the
divalent metal center (from 0.079 for the free ion to
2.5M for the ligated one). From the derived values of
K, and K., the stability constant K, for the sulfate
complex [Pd(H,0);SO,] can be calculated as
KK, /K,=19+6 M1,

Substitution of HSO,~ into [Pd(H,0),]** is about
5-10 times faster than complex formation with a series
of neutral carboxylic acids.?>"2° The reaction between
hydrogen maleate (through the carboxylate group) and
[Pd(H,0),]** proceeds with a comparable rate constant
(510440 M ~1s71).25 If the effect of ion pair forma-
tion is considered (K,;=0.93M~! for Z,Zz=—2 at
25°C and 1.0 M ionic strength according to the Fuoss
equation,?® while K,,=0.1-0.15M~! for uncharged
ligands?”2®), the rate constants for complex formation
with HSO,~ and hydrogen maleate are close to those

Table 4. Rate and equilibrium constants according the reac-
tion mechanism in Scheme 1 at 25°C and ionic strength
1.00 M.

Parameter Value Method/Ref.
kM1 119+6 Fig. 4a
k_q/s7? (2.1+0.6) x 102 Fig. 4b
(ko Ko+ ks Ky ) /7! 66+2 Fig. 4a
(k_p+k_3)/s™" 81+1 Fig. 4b
Ky/M (9.9+1.4) x 107* Fig. 1, eqn. (2)
K. /M (79+1.3) x 1072 Ref. 17
Ka/M 2.3+1.3° Fig. 4b
25+1.0° Fig. 3a
KyMm~? 0.6+0.2¢ kq/k_q
0.7+0.2° Fig. 3a
Ky/M™? 19+6 KiKa/Ka
Ky/M~? (1.6+0.5) x 103 KiKa/Kn

2Derived from kinetis. °From spectrophotometric equilibrium
measurements.
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observed for carboxylic acids,???% O-bonded dimethyl
sulfoxide?® and for water exchange at palladium(II).3°
Thus, as expected, all these oxygen-bonded nucleophiles
show a similar reactivity towards the palladium(II)
center.

There is a proton ambiguity involved in the reaction
mechanism of Scheme 1. The pathways described by
eqns. (10) and (11) in Scheme 1 have a similar proton
concentration dependence, i.e. the terms of (k, K, + k3 Kj)
and (k_,+k_3) in eqns. (13) and (14), respectively.
From the values of the two terms, two limiting cases can
be examined. (i) If k3=k_3=0, k,=830 M~ !s ! and
k_,=81s"'. The rate constant of 830 M !s~! seems
reasonable, since substitution at [Pd(H,0),]*" takes
place by an associative  mechanism ??2429-31
Alternatively, if k,=k_,=0, then k;=6.6 x 10* M 157!
and k_;=81s"' There are so far no kinetic data for
[Pd(H,0);OH]" reactions available for comparison, in
contrast to the well known fact that [Fe(H,0)sOH]**
is about three orders of magnitude more reactive than
[Fe(H,0)¢]**.3% At least, reaction of [Pd(H,0);0H]*
with HSO,™ could not a priori be excluded at present.
In this regard. more kinetic data for reactions of square-
planar hydroxo complexes are needed.

Acknowledgement. Financial support from the Swedish
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