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The reactions leading to the fonnation of acetate complexes of palladium(l/) were srudied in aqueous ,and
non-aqueous media. Complexation apparently takes place in both cases. The fonnation of comple:lCes (acetato or mixed)
with an average number of ligands close to 4 is indicated for the aqueous solutions. The addition of a sodium acetate solUtion
to palladium acetate dissolved in glacial acetic acid leads to the fonnation ofdisodium hexaacetatodipalladium. The infrared
spectrum of the product obtained in this latter case is recorded.
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INTRODUCTION

Among the palladium compounds (both simple
and complex), the most numerous are those of pal-
ladium(II). As far as the complexes of palladium(II)
are concerned, the majority of the published studies
are devoted to compounds in which soft bases act as
ligands. It should be recalled that according to the
Pearson's [1-3] classification, the soft bases contain
easily oxidizable electron-donor atoms with lowelec-
tronegativity and high polarizability (e.g. Rl, R3As,
CN-, CO etc.). On the other hand, the hard bases
contain donor atoms which have high electronegativi-
ty, low polarizability and are difficult to oxidize.
Ligands such as Hp, OH-, CH3COO-, NH3, RNHz
etc. fall into this latter class.

Since the palladium cations are considered as soft
acids, the complexes with soft bases should be, accord-
ing to the Pearson's HSAB principle [1-3], more
stable than those with hard bases. This is, most
probably, the reason behind the considerably higher
number of investigated palladium complexes with soft
bases as compared with those containing hard bases as
ligands.

Nevertheless, complexes of palladium(II) with
hard bases are known, th(' complexeswith acetates as
ligands falling into this cat~gol)'. The study of such
complexes dates back to 196) wnen Stephenson et al.
[4] published a method for the preparation of pal-
ladium(II) acetate and a number of its adducts, mainly
of the [Pd(CH3COO)zLz] type where Lis triphenylar-
sine, triphenylphosphine, pyridine or 2,2' -bipyridine.
Complexes of the [Pd(CH3COO)zL]z type where Lis
phenyl phosphine or phenylarsine were also reported
[5].

The preliminary account of the determination of
the palladium(II) acetate crystal structure was publish-
ed by Skapski and Smart [6] who found that the com-
position and structure of the crystals studied by them
could be best described as 2[PdiCH3COO)6 . Hp.
The structures of other similar compounds (but con-
taining benzene or dichloromethane instead of water)
were later determined by Cotton and Han [7, 8] and
Barton et at. [9]. In these complexes, all acetate ions
(or, perhaps more preci~ely, all acetato ligands) have a
bridging function.

Brandon and Claridge [10] synthesized complex-
es of the Mz[Pd(CH3COO)4]' x HP, yCH3COOH
type (where MZ+is a cation of metals such as Ca, Cu,
Ni or Ba). These complexes are soluble in water but,
undergoing hydrolysis reactions, decompose, leaving
Pd(OH)z as the final product. Pandey and Henry [11]
reported that Mz[PdiCH3COO\] and Mz[Pd(CH3
COO)4] complexes (M = Na or Li) are formed in a
glacial acetic acid medium, but failed to isolate them.

A large part of our own work in the last two
decades or so has been devoted to the study of
palladium acetate complexes. Our first attempts in this
field were directed towards the preparation of tetra-
acetatopalladium(II) complexes and, as far as possible,
the estimation of their stability constants [12-14].

The results obtained later on and devoted to the

synthesis of acetato complexes from palladium(II)
perchlorate in aqueous solutions and from trimeric
palladium(II) acetate in glacial acetic acid will be
summarized in the present paper. Some of them have
been briefly reported [15-16].
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EXPERIMENTAL

Solutions and reagents

The solution of palladium(II) perchlorate was
prepared using the method described by Tempelton et
al. [17] and was standardized according to Vogel [18].

Solid palladium(II) acetate was prepared follow-
ing the method of Stephenson et al. [4].

The solutions of sodium aceta te and of acetic acid
were standardized by potentiometric methods.

Methods

In order to establish the conditions under which

the acetato complexes of palladium are formed, a
series of solutions with a constant palladium(II) con-
centration and a varying concentration of the acetate
ligands were prepared.

In aqueous medium the initial concentrations of
palladium(II) perchlorate and of acetic acid in the
solution were 9.98'1O~4 mol dm~3and 8.0 mol dm-3

respectively. Solid sodium acetate was added to por-
tions of such a solution and this caused the pH value
of the system to change from 0.41 to 5.76. Alternative-
ly, to aliquots of a palladium perchlorate solution (in
which the solute concentration was initially 4.43.10-5
mol dm-3), portions of a sodium acetate solution were
added so that the palladium-to-acetate mole ratio
varied from 1 : 45 to 1 : 1800 and the pH values were
close to 3. The initial concentration of sodium acetate
in its solution was 1.0 mol dm-3.

In glacial acetic acid medium, the initial solutions
were those of palladium(II) acetate [with c(Pd) =
2.0.10-3mol dm-3] and of sodium acetate (the acetate
concentration was 4.0 mol dm-3).A series of solutions
was prepared in which the palladium concentration
was constant and the Pd : OAc mole ratios varied from
1 : 2 to 1 : 500.

The ultraviolet spectra of all solutions containing
palladium and acetates were recorded 10minutes after
the aliquots of the initial solutions were mixed and
then at 30 min intervals up to a period of twelve hours.

In the following seven days the spectra were recorded
at 48 hr intervals and then once per week, until the end
of a total period of three months.

In order to determine the average number of
acetate ligands using the Leden's method [19], a series
of Pd(ClO 4)2 solutions containing a variable quantity
of an acetate buffer solution was prepared. The solute
concentration was 5.7 .10-4mol dm-3and the Pd : OAc-
mole ratio varied from 1 : 100 to 1 : 1450.

The charge of the complex ions formed in the
course of the reaction in glacial acetic acid medium was
determined by high-voltage paper electrophoresis.
The results have been published [15].

On slow evaporation of the solvent in vacuo, from
the solution in glacial acetic acid in which the pal-
ladium-to-acetate mole ratio was 1 : 100, colorless
crystals of sodium acetate separated first, to be cover-
ed, later on, by dark orange crystals of the formed
complex. The sharp difference in the color made it
possible to separate them mechanically and to obtain
crystals of the reaction product with satisfactory purity.

The complexes formed in the course of the
reaction carried out in aqueous medium were impos-
sible to isolate as pure solids.

Apparatus

The UV-VIS spectra were recorded using a Per-
kin-Elmer 137UV and a Beckman DB-GT instrument,
whereas the infrared spectra were obtained on a
Perkin-Elmer 521 spectrophotometer.

The potentiometric measurements were per-
formed on a Radiometer PHM 26 instrument. For the
measurements of the palladium(2+) ion concentra-
tions, the pH-meter was provided with a palladium
working electrode, whereas in the case of the pH
measurements a glass electrode was used. All poten-
tiometric measurements were done against a saturated
calomel electrode used as a reference. The repro-
ducibility was :t 0.2 mV, Le. 0.002 pH units.

RESULTS AND DISCUSSION

Formation of complexes in aqueous solution

The UV-VIS spectrum of a Pd(ClO 4)2solution in
perchloric acid (the salt concentration being 9.98 '1O~4
mol dm-3) is shown in Fig. 1 (curve 1). As seen, it
consists of only two rather ill-defined bands. Rather
dramatic changes occur on addition of an aqueous
acetic acid solution (the concentration of the acid in
this solution was 8.0 mol dm-3), although the pH value
changes only negligibly (from 0.41 to 0.47). Namely,
the band at shorter wavelengths, disappears, whereas
that at longer wavelengths gains in intensity and

becomes much better defined, its maximum being close
to 380 nm (et Fig. 1, curve 2).

On addition ofNaOH to the Pd(ClO 4)2solutions
in acetic acid, the pH value increases, reaching 5.76
and, simultaneously, the concentration of the acetate
ions also goes up. It should be pointed out that, despite
the high pH values in some of the solutions, Pd(OH)2
does not separate, although the formation of a pre-
cipitate could have been expected [20].

When acetate ions are present, the changes in the
appearance of the UV-VIS spectra parallel those in the

Bull. Chem. Technol. Macedonia, 11, 1-2, pp. 11-17 (1992)
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Fig. 2 - UV-VIS spectra of an aqueous solution of Pd(CI04h
(curve 1); of an analogous solution containing acetic acid

(curve 2) and of solutions with varying concentrations of NaOH
(curves 3-7). In all cases c(Pd) = 9.98 '10-4 mol'dm-3

pH values (Fig. 1, curves 3-7), the band at around 380
nm gaining in intensity and shifting towards shorter
wavelengths. Contrary to that, in the absence of acetate
ions, the analogous changes in the pH values of the
solution not only result in spectra (Fig. 2) which are
different from those shown in Fig. 1,but (in accordance
with the expectations [20]) Pd(OH)z precipitates at pH
values higher than 1.54.

In the solutions containing acetates, some sort of
complexation reaction between the palladium(2+)
and acetate ions is thus likely to occur. Is not entirely
clear whether such a reaction leads to the formation of
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Fig. 2 - UV-VIS spectra of an aqueous solution of Pd(ClO 4h
(curve 1) and of solutions with varying concentrations

rJIac. xeM. TeXHOJI. MaKe,i:\oHHja, 11, 1-2, CTp, B-17 (1992)

complexes containing only acetato ligands or of mixed
complexes containing acetato and hydroxo ligands.
That complexes are indeed formed and that they are
negatively charged was proven by our high-voltage
electrophoresis studies [15]

An alternative course of study was also followed.
As mentioned above, instead of changing the pH
values, the palladium-to-acetate mole ratios were
varied, keeping the pH values close to 3. The changes
in the appearance of the DV-VIS spectra (shown in Fig.
3) are quite similar to those represented in Fig. 1, so
that reactions leading to similar equilibria are ex-
pected to take place in the two cases. The electro-
phoretic studies [15] lent additional support to such an
assumption, since the complex containing palladium
again migrated towards the anode.
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Fig.3 - UV-VISspectra of aqueous of Pd(CI04)z
in which pH = 3, c(Pd) = 4.43 '10-4 mol, dm-3 and

the Pd: OAc- mole ratios vary from 1 : 45 to 1 : 1800

The results' of the electrophoretic studies were
further corroborated by the determination of the
average number of acetato ligands per palladium
cation. The graphical method of Led en [19], namely, a
value of 3.8 for this number, fully in line with the
negative charge of the complex ion containing pal-
ladium as found by electrophoresis.

Since the above value for the average number of
ligands is close to 4 and since the only available anions
are the acetate (OAc-) and the hydroxide (OH-) ones,
the composition of the complex ions formed in aque-
ous solution (if they are mononuclear) could be
represented as [Pd(OAc)J2-, [Pd(OAc)PHt,
[Pd(OAcMOH)t- or [Pd(OAc) (OH)3t. It is, of
course, also possible that more than one species is
formed and/or that the complexes are polynuclear.
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Formation of complexes in glacial acetic acid
The situation is better defined and the results are

easier to interpret in the case of the complexes formed
from palladium(II) acetate and sodium acetate in a
glacial acetic acid medium since, in addition to the
sodium cations, only "suitable" (palladium and ace-
tate) ions or their combinations are present in this
case. It should be recalled that palladium(II) acetate
crystals are trinuc/ear and, as shown by Stephenson et
al. [4], the trimers persist in glacial acetic acid solution
as well.
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The DV-VISspectrum ofpalladium(II) acetate in
glacial acetic acid is shown in Fig. 4. It consists, as seen,
of two absorption bands: one, weaker, at around 399
nm and another, more intense, with a maximum
around 253 nm (the exact position of this latter max-
imum was determined in solutions with a very low
concentration of palladium(II) acetate). The band at
lower frequencies had already been registered by
Stephenson et al. [4] and Brandon and Claridge [10]
and attributed to'a charge-transfer transition, whereas
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Fig. 4 - UV-VIS spectrum ofPd(OAc)2 in glacial acetic acid [c(Pd) = 4.0.10-4 mol d'3]
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Fig. 5 - UV-VISspectra of Pd(OAc)2and NaOH in glacialacid
(the Pd : OAc' mole ratios vary from 1 : 2 to 1 : 500)
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the band at higher frequencies was onlypredicted [4] to
exist at wavelengths shorter than 280 nm.

The changes in the UV-VIS spectra taking place
when the palladium-to-acetate mole ratio increases
from 1 : 2 to 1 : 90, whilst the palladium concentration
is kept constant are shown in Fig. 5. As can be seen, the
band whose maximum is originally at around 399 nm
becomes progressively more intense and shifts towards
shorter wavelengths (down to 365 nm). The band
found around 253 nm does not seem to change its
position, but becomes gradually weaker. The further
increase of the palladium-to-acetate mole ratio (from
1:90 to 1 :500) does not further change the appearance
of the UV-VIS spectra.

From Fig. 5 it is clear that all spectral curves pass
through a common (isobestic) point located around
322 nm. The existence of such a point suggests that in
the investigated solutions an equilibrium is established
between two molecular species capable of absorbing the
electromagnetic radiation in the studied region. The
first of these two species is undoubtedly the original
palladium(II) acetate compound, whereas the second
one is, apparently the product of the reaction between
palladium(II) acetate and sodium acetate. That this is
indeed the case was again shown by the electrophoretic
measurements, the palladium containing compound
migrating towards the anode [15].

Thking into account the data presented above, a
reasonable assumption would be that the reaction
between hexaacetatotripalladium molecules and ace-
tate ions leads to the formation of hexaacetatodipal-
ladium(2-) ions. The results of the elemental analysis
of the mechanically separated reaction product sup-
port such an assumption, Le. it was found that the mass
fractions of carbon, hydrogen and oxygen were w(C) =
23.39 %, w(H) = 3.03 % and w(O) = 30.98 %, whereas
the corresponding values calculated for Naz[Pdz
(OAc)J were 23.509,2.959 and 31.316 % for C, Hand
0 respectively. It should be noted that Pandey and
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Henry [11], as briefly mentioned above, also postu-
lated the formation of Mz[Pd/OAc).] complexes but
did not isolate them.

In view of the usual tendency of palladium(II) to
form square-planar complexes, the probable structure
of these ions could be represented by the formula:

H3C .,.
~o ~3 0,C C C

""""'0 o~.. '~o 0/
",/ ",/

Pd Pd
,/" ,/"

0 0.. ..0 0
,/ ~..y .........

c C #c
~o hH3 o~

- CH3

- CH3

H3C-

If our assumptions are correct, then both mono-
dentate and bridging acetates would be present in the
structure of the complex ions formed and this could be
reflected in the appearance of its infrared spectrum.

Such would be the case especially if the pal-
ladium-to-oxygen bonds involving the oxygens from
the monodentate acetates are strong, Le. under such
circumstances the orders of the two CO bonds within

a given acetato ligand would significantly differ from
each other, the antisymmetric COO stretching vibra-
tion being more properly described as a C=O stretch,
whereas the symmetric COO stretch would approxi-
mate a C-O motion with little contributions from the

rest of the molecule. The frequency separation be-
tween these two modes would, correspondingly, be
larger than that in the bridging acetates or, for that
matter, in the ionic ones [21]. Since the presumed
structure contains twice as many monodentate as
bridging acetates, the bands originating from the
vibrations of the former type of ligands should be
appreciably stronger than those which are due to the
modes of the bridging acetates.



16 L. Soptrajanova, L Spirevska

As mentioned, the differences between the car-
boxylicvibrations of the two types of acetates would be
more pronounced if the strength of the Pd-Om bonds
exceeds appreciably that of the Pd-Ob ones (the sub-
scripts m and b stand for monodentate and bridging
respectively, the attributes being related to the acetates
and their bonding function and not to the oxygen
atoms themselves). The differences in the strength of
the Pd-O bonds, on the other hand, would be reflected
in the appearance of the spectra in the M-O stretching
region. In fact, if these strengths are appreciably
different from each other, two of the four stretching
vibrations of the Pd04 fragment would be better
described as predominantly Pd-Om stretches, the
remaining two being mostly Pd-Ob in character. The
former pair would have higher frequencies than the
latter, the frequency difference whithin each pair being
difficult to estimate a priori.

The infrared spectrum of the crystals isolated
from the solutions in glacial acetic acid in which
negatively chargedcomplexeswere shown to be for-
med is given in Fig. 6. Although the spectrum is
certainly not of the desired high quality, it is not
inconsistent with the proposed structure. That is, as
can be seen, in the region where the Pd-O bands are
expected to appear, at least two bands could be
attributed to palladium-oxygen stretches. The first of
these is the band appearing around 450 cm-\ the other
one lying below 300 cm-I. If this assignment is correct,

then the frequency difference is in agreement with the
expectations outlined above. It should be noted that
the frequency of the 450 cm-I band is comparable to
that of the corresponding band in the spectrum of
palladium acetylacetonate (464 cm-I) [22, 23] and
appreciably higher than that in the trimeric palladium
acetate (378 cm-I) [24], implying the presence ofstron-
ger Pd-O bonds than in 2[Pd3(CH3COO)J' Hp.

The spectral picture in the region of the carboxy-
late stretching vibrations also fits the expectations.
That is broad and intense bands are, found around
1685 and 1290 cm-I and they can be attributed to the
carboxylate stretching vibrations of the monodentate
acetates, the former frequency being higher and the
latter lower than in the spectrum of the trimeric
palladium(II) acetate [24]. On the other hand, addi-
tional bands are present at intermediate frequencies
and these bands can be attributed to the vibrations of

the carboxylate groups of the bridging acetates (and/or
to the methyl bending vibrations which are also ex-
pected to appear in this region).

Althought the assignments presented above
should not be considered as indisputable, taken to-
gether with all other relevant data, they seem to show
that the formula presented above is likely to reflect
correctly the structure of the complex formed in acetic
acid.
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Pe3HM.e

CIIOPMHP MbE HA AL(EJ' ATIJH KOMIIJJEKC" HA JIAJIA)J,HYM(II)
BO BOJU:HA H "0 HEBO,lJ;EHA CPE,lJ;HIJA

JIu.a:uja IDonTpajaHQBa J1 MJrUHKa CnUpeBCKa

I1HCTI1TYT3a xeMHja, OpI1POLlHO-MareMaTI1QKl-Iq,aKYJlTeT, YHI1Bep311TeT "CB. Kl1pl1J1 11MeToLll1j",
nOWT. qJax 162,91001 CKonje, MaKeLloHl1ja

KJJY"HH 36opOBH: OaJlaLlI1YMj al\eTaTI1; KOMnJleKCl1jrJlal\l1jaJIHa KI1.CeJII1l-ta;nOTeHl\110MeTpl1ja.

I1cmiTaHI1 ce, BOBOAeHa11Bq H,eBoLleJ;la.cpeAI1Ha,peaKU,l1li-

re !:laq,opMl1pal-be aQeTaTHJ:!'ioMmieKCI1!:1a n'a.naAI1YM(U). 3a6e-
neIKaHo.e LleKa BOBOLleHaCpeAI1.Hace q,°pMl1paar al\era;fHl1 (liJlI1

MepJ;,t!:lI1)KOMnJleKCI1 co npOCeQeH 6poj .JIl1raHAli 6;]1130K .110

QeTl1pl1. 80 rJlal\HjaJIHa Ol\eTHa KI1CeJII1HaLloata .110q,opMl1pal-be

Ha Naz[Pdz(OAc) 6] Kora KOH naJIaLlI1YM(II) al\eraT ce LlOAaBa

HaTP,I1YMal\eraT. CHI1MeH.e I1Hq,pal\pBeHI10T cneKTap Ha Ll0611e-
J:loio .KOMn~eKcHo COeLlI1HeHl1e.
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