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The reactions leading to the formation of acetate complexes of palladium(Il) were sudied in aqueous and
non-aqueous media. Complexation apparently takes place in both cases. The formation of complexes (acetato or mixed)
with an average number of ligands close to 4 is indicated for the aqueous solutions. The addition of; sodium acetate solution
to palladivum acetate dissolved in glacial acetic acid leads to the formation of disodium 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 low elec-
tronegativity and high polarizability (e.g. R,P, R,As,
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 H,0, OH’, CH,COO, NH,, RNH
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(Il) with
hard bases are known, the complexes with acetates as
ligands falling into this catzgory. The study of such
complexes dates back to 1965 woen 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(CH,COO),L,] type where L is triphenylar-
sine, triphenylphosphine, pyridine or 2,2’-bipyridine.
Complexes of the [Pd(CH,COO),L], type where L is
phenylphosphine or phenylarsine were also reported

[5]-
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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[Pd,(CH,COO), - H,O.
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 er al. [9]. In these complexes, all acetate ions
(or, perhaps more precisely, all acetato ligands) have a
bridging function.

Brandon and Claridge [10] synthesized complex-
es of the M,[Pd(CH,COO),]- x H,O- yCH,COOH
type (where M** 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), as the final product. Pandey and Henry [11]
reported that M,[Pd,(CH,COO),] and M,[Pd(CH,
COO0),] 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(1I) 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 ez
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 acetate and ofaceticacid
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) perchlnrdu, and of acetic acid in 1hf,
solution were 9.98-10™ mol dm™ and 8.0 mol dm™
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 lhc. solute concentration was initially 4.43-107
mol dm), 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 ™,

In glacial acetic acid medium, the initial solutions
were those of palladium(II) acetate [with ¢(Pd) =
2.0.10”° mol dm ] and of sodlum acetate (the acetate
concentration was 4.0 mol dm ™). A series of solutions
was prepared in which the palladium concentration
was constant and the Pd : OAc mole ratios varied from
1:2to1:500.

The ultraviolet spectra of all solutions containing
palladium and acetates were recorded 10 minutes 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,), solutions containing a variable quantity
of an acetate buffer solution was prepared. The solute
concentration was 5.7+ 107 mol dm * and 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].

Onslow evaporation of the solventin 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 againsta saturated
calomel electrode used as a reference. The repro-
ducibility was + 0.2 mV, i.e. 0.002 pH units.

RESULTS AND DISCUSSION

Formation of complexes in aqueous solution

The UV-VIS spectrum of a Pd(ClO ), solution in
pcrchlom acid (the salt concentration being 9.98-10™
mol dm™) 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™), 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 (cf. Fig. 1, curve 2).

On addition of NaOH to the Pd(ClO,), solutions
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),
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
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Fig. 2 - UV-VIS spectra of an aqueous solution of Pd(ClO,),
(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™ mol-dm™

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), 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

400 AET—
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Fig. 2 - UV-VIS spectra of an aqueous solution of Pd(CIO ),
(curve 1) and of solutions with varying concentrations

I'nac. xem. TexHon. MakeoHHja, 11, 1-2, e1p, 11-17 (1952)

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 UV-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-
phoreticstudies [15] lent additional support to such an
assumption, since the complex containing palladium
again migrated towards the anode.

\\: srzersdiai o) : Honckn ogHoc
TR S b g Pdf s OAc L]

: 43

Fig. 3 — UV-VIS spectra of aqueous of Pd(ClO,),
in which pH = 3, ¢(Pd) = 4.43-10 mol-dm™ and
the Pd: OAc™ mole ratios vary from1:45 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 Leden [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),]”, [Pd(OAc),0H]",
[Pd(OAc)Z(OH)z]"“ or [Pd(OAc)(OH),]*. 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 UV-VIS spectrum of palladium(IT) acetate in
The situation is better defined and the results are glacial acetic agid is shown in Fig. 4. [t consists, as seen,
easier to interpret in the case of the complexes formed of two absorption bands : pne, weakgr, at aroun_d 399
from palladium(Il) acetate and sodium acetate in a nm and another, more tntep§e, with 4 maximum
glacial acetic acid medium since, in addition to the around 253 nm (th‘e exact position of {hlS latter max-
sodium cations, only "suitable" (palladium and ace- imum was_determmed in solutions with a very low
tate) ions or their combinations are present in this concentration of palladium(lI) acetate). The band at
case. It should be recalled that palladium(Il) acetate lower frequencies had already been registered by
crystals are trinuclear and, as shown by Stephenson e Stephenson ez al. [4] and Brandon and Claridge [10]
al. [4], the trimers persist in glacial acetic acid solution and attributed to-a charge-transfer transition, whereas
as well.
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the band at higher frequencies was only predicted [4] to Henry [11], as briefly mentioned above, also postu-

exist at wavelengths shorter than 280 nm. lated the formation of M,[Pd,(OAc),] complexes but
The changes in the UV-VIS spectra taking place did not isolate them.

when the palladium-to-acetate mole ratio increases In view of the usual tendency of palladium(II) to

from 1:2 to 1: 90, whilst the palladium concentration form square-planar complexes, the probable structure

is kept constant are shown in Fig. 5. As can be seen, the of these ions could be represented by the formula:

band whose maximum is originally at around 399 nm

becomes progressively more intense and shifts towards r .

shorter wavelengths (down to 365 nm). The band »° & 9

found around 253 nm does not seem to change its s meh /_F_\ C = CH,

position, but becomes gradually weaker. The further Bt 10t T, »©

increase of the palladium-to-acetate mole ratio (from Bd Pd

1:90t0 1:500) does not further change the appearance sy LN )

of the UV-VIS spectra. HsC - 8% Al W 25 CH
From Fig. 5 it is clear that all spectral curves pass \0 c':H 4 o/ J

through a common (isobestic) point located around 3
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

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.

palladium(II) acetate compound, whereas the second ~ Such would be the case especially if the pal-
one is, apparently the product of the reaction between ladium-to-oxygen bonds involving the oxygens from

palladium(II) acetate and sodium acetate. That this is tt'ie monodentate acetates are strong, i.e. under f;ucfh
indeed the case was again shown by the electrophoretic circumstances the orders of the two CO bonds within

measurements, the palladium containing compound a given acetato ligand would significantly differ from
migrating towards the anode [15]. each other, the antisymmetric COO stretching vibra-

tion being more properly described as a C=0O 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.

Taking 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-
portsuch an assumption, i.e. 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 Na,[Pd,
(OAc),] were 23.509, 2.959 and 31.316 % for C, H and
O respectively. It should be noted that Pandey and
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As mentioned, the differences between the car-
boxylic vibrations of the two types of acetates would be
more pronounced if the strength of the Pd-O_ bonds
exceeds appreciably that of the Pd-O, ones (the sub-
scripts m and b stand for monodentate and bridging
respectively, the attributes being related to the acerates
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 PdO, fragment would be better
described as predominantly Pd-O_ stretches, the
remaining two being mostly Pd-O, 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 charged complexes were 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™". 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™ band is comparable to
that of the corresponding band in the spectrum of
palladium acetylacetonate (464 cm™) [22, 23] and
appreciably higher than that in the trimeric palladium
acetate (378 cm ') [24], implying the presence of stron-
ger Pd-O bonds than in 2[Pd,(CH,COO),]-H,O.

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™ 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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Peanme

DOPMHPAILE HA ALIETATHH KOMILJIEKCH HA ITAJIA JHYM(II)
BO BOJIEHA U BO HEBO/IEHA CPE/IMHA

JInmuja IlonTpajanosa v Mommka Cnupescka

HMHeTUTYT 3a xeMuja, [IpHpoaHo-MaTeMaTHYKK (akyaTeT, YHUBepanuTeT ,,CB. KHpua v MeToamj”,
notuT. dax 162, 91001 Cxonje, MakeaoHHja

Kuryunu 36oposu: [TanaguyM; aleTaTh; KOMIJIEKCH; MALHjaHA KUCeTTMHA; NOTeHLIHOMETpHja.

4eTHpH. Bo riauMjaiHa oleTHa KMcesiMHa foara 1o popMuparse
Te Ha (POPMHParLE ALeTATHH KOMIJIeKeH Ha nanaauym(IT). 3aGe- Ha Na,[Pd,(OAc)] kora kon nanaamym(ll) auerar ce jonasa
JIeHAHO € IeKa BO BOJieHa cpe/IHHA ce (JOPMHPAAT ALeTaTHH (MJIH HATPHYM aueTaT. CHUMEH € HH(PALPBEHHOT cnekTap Ha 100He-
MELAHH) KOMIUIEKCH co MnpocedeH Bpoj JuvranHav 6aM3ok o HOTO KOMIIJIEKCHO COEJJHHEHHE.

HendTaHu ce, Bo BOJeHA H BO HEBOJEHA cpelHHA, peaKLIHH-

I'nac. xem. TexHon. MakegoHHja, 11, 1-2, ¢Tp, 11-17 (1992)



