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Linear Mixed-Valence Palladium(II, IV) Chains
Orthorhombic [Pd(C,H 8 N 2 ),Br 2 ][Pd(C 2 H 8 N 2 )][C10 4 ] 4 , C 8 H 3 2 Br 2 Cl 4 N 8 0 I 6 Pd 2 , M r = 890.42,
crystallizes in space group Iba2, a = 9.651(2), b = 13.951(8), c - 10.771(2) Ä, Z = 2,
V = 1412.80 Ä 3 , d c = 2.05 g e m - 3 , R = 0.0564 for 1545 unique reflections. Data collection:
MoK a , A = 0.71069 Ä, room temperature.
The structure is a typical Wolffram's Salt Analogue (WSA) with infinite stacks of planar
[Pd(en) 2 ] 2 + , 4 + complex cations bridged by bromides. The ligands are three-dimensionally ordered.
Intra-chain and inter-chain hydrogen bridges link the ligands with the Perchlorate counter ions
which occupy statistically two different orientations. Diffuse sheets appear together with Bragg
reflections for 1 odd layers indicating a thermally activated motion of the bromides in chain
direction. This model was confirmed with temperature dependent Weissenberg work.

Introduction
[Pt(en) 2 Br 2 ][Pt(en) 2 ](C10 4 )4 [en = 1,2-diaminoethane] and the mixed metal derivative
[Pt(en) 2 Br 2 ][Pd(en) 2 ](C10 4 ) 4 exist in two crystallographically distinct modifications [1, 2]. Reversible
transitions between a monoclinic and an orthorhombic
phase can be induced under certain conditions in the
latter material [2]. In order to gain more insight into
the relation between molecular and lattice structure
in Wolffram's Salt Analogues (WSAs) we elucidated
the structure of [Pd(en) 2 Br 2 ][Pd(en) 2 ]C10 4 ) 4 , which
turned out to be very similar to the one of the corresponding chloride [Pd(en) 2 Cl 2 ][Pd(en) 2 ](C10 4 ) 4 [3],
Experimental
Golden lustrous crystals of
[Pd(en) 2 Br 2 ][Pd(en) 2 ](C10 4 ) 4 were obtained from an
aqueous solution of white Pd(en) 2 Cl 2 containing a
few drops of 20% aqueous perchloric acid. This mixture was placed in an exsiccator together with a diluted aqueous solution of HBr and bromine. After
standing at 4 °C for a few days the golden lustrous
needles were collected by filtration.
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A crystal of this solid was mounted along the needle axis (crystal size 0.4 x 0.4 x 0.5 mm 3 ) and
characterized by rotating and Weissenberg photographs (Cu a -radiation): orthorhombic symmetry,
systematic absences hkliox h + k +1, hkOfox h + k =
2« + l corresponding to the space groups I b a 2 and
I bam. Data collection was carried out on a Nonius
CAD-4 diffractometer using MoK a -radiation. Orientation matrix and cell parameters were obtained
from 25 centered reflections. Three standard reflections per hour showed no systematic or significant
variation. Intensities were collected by w i l d scan
technique, 2 ° < 2 0 < 5 O ° , LP and absorption (V>-scan)
corrections have been applied to the data.
Atom positions were obtained from Patterson
synthesese except for H-atoms. The following calculations — assuming space group I b a 2 — were performed: Fourier maps showed split sites for two oxygen atom positions of the Perchlorate ion lying in the
same plane with chlorine at ylb = 1/4 to be split. The
position for the chain bromide which was located at
0, 0, 1/4 from the Patterson interpretation was also
split assuming thermal motion in chain direction.
The respective parameters were refined correlated to
each other with site occupation factors fixed to 50%.
A full-matrix least squares refinement was carried
out on F, with anisotropic temperature factors for all
non-hydrogen atoms. (Isotropic H-atoms in computed positions: bondlengths: 1.08 Ä), riding model,
118 parameters, Rw = 0.0483, R = 0564.
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We checked the correctness of the chosen space
group by a refinement in the centrosymmetric space
group I bam. This resulted in a higher Rw = 0.051,
R = 0.0580. The Perchlorate ion was fixed in the
mirror plane during this refinement.
As an additional check we used only the reflections of the k odd layers in our refinement, which
yielded Rw = 0.135 for I b a 2 and 0.291 for I bam. The
latter model was therefore discarded.
The "diffusive patterns" pose a m a j o r problem in
all X-ray investigations of these materials [1, 3, 4], In
order to clarify this problem a crystal was mounted
on a low temperature X-ray Weissenberg goniometer
[5, 6]. Varying the temperature from 340 K to 11 K a
series of rotation photographs around the c-(needle)
axis was taken using C u K a radiation of a 60 kV rotating anode focused on the crystal. At an exposure
time of 12 h strong modulated diffusions between the
Bragg layers could be observed starting with 340 K
becoming continuously weaker when the temperature is lowered. Compared with the photographs taken at 340 K the 11 K photo exhibits the same modulated texture for the diffusions but with an overall
intensity just above the film background. The Bragg
reflections behaved "normal" as a function of temperature. In particular no gain of intensity as well as
no hint for the occurrence of superreflections was
found down to 11 K.
Discussion
Atomic coordinates are listed in Table I, bond
lengths and angles in Tables II and III. The content
of the unit cell is shown in Fig. 1. [Pd(en) 2 ] 2 + cations
are bridged by bromide forming linear chains parallel
to the c axis. The repeat distance of 10.771 Ä in the

Table I. Fractional coordinates (xlO 4 ) of the non-hydrogen atoms of [Pd(en) 2 Br 2 ][Pd(en) 2 ](C10 4 ) 4 .
Atom

X

Pd
Br(l)
Br(2)
Cl
N(l)
N(2)
C(l)
C(2)
O(l)
0(2)
0(3)
0(4)
0 ( 3 A)
0 ( 4 A)

0
0
0
4207(2)
1573(12)
1607(15)
2974(14)
2792(14)
4790(17)
4869(11)
3440(21)
2823(14)
4647(14)
3006(16)

y
0
0
0
2017(2)
-1027(7)
967(8)
- 497(15)
476(13)
2344(13)
2368(8)
1190(12)
2035(15)
952(9)
2846(15)

z
0
-2295(2)
2295(2)
2477(6)
- 140(8)
93(8)
306(14)
- 348(13)
1474(12)
3668(10)
2373(19)
2308(25)
2354(13)
2346(24)

Table II. Selected bond distances in Ä with estimated
standard deviations.
Pd-N(l)
Pd—N(2)

2.068(8)
2.035(8)

N(l)-C(l)
N(2)-C(2)

1.606(10)
1.352(10)

C(l)-C(2)

1.509(15)

Pd-Br(l)
Pd—Br'(l)
Pd—Br(2)
Pd—Br'(2)

2.472(2)
2.914(2)
2.472(2)
2.914(2)

Cl-O(l)
Cl—0(2)
Cl—0(3)
C l - 0 ( 3 A)
Cl—0(4)
Cl—0(4 A)

1.297(6)
1.510(6)
1.350(10)
1.514(6)
1.339(10)
1.623(12)

Table III. Bond angles in degrees with estimated standard
deviations.
N(2)—Pd—N'(2)
N(2)—Pd—N(l)
N(2)—Pd—N'(l)
N(l)—Pd—N'(l)

174.4(4)
82.7(4)
96.9(4)
171.6(4)

C(l)-N(l)-Pd
C(2)-N(2)-Pd
C(2)-C(l)-N(l)
C(l)-C(2)-N(2)

107.1(5)
109.6(5)
99.0(6)
115.9(6)

O(l)—Cl—0(4)
O(l)—Cl—0(3)
O(l)—Cl—0(2)
O(l)—Cl—0(3 A)
O(l) —Cl—0(4 A)
0(4) —Cl—0(3)
0(4)—Cl—0(2)
0(4)—Cl —0(3 A)
0(4)—Cl—0(4 A)
0(3)—Cl—0(2)
0(3)—Cl—0(3 A)
0(3) —Cl—0(4)
0(2) —Cl —0(3 A)
0(2)—Cl—0(4 A)
0 ( 3 A) —Cl—0(4A)

111.5(4)
117.0(4)
114.6(3)
97.7(4)
90.0(5)
57.6(5)
118.5(4)
106.9(4)
43.0(6)
124.4(4)
49.5(4)
100.3(6)
104.9(3)
99.0(5)
148.9(5)

chain direction comprises two cations. The structure
contains both enantiomers of the complex units. The
Perchlorate counterions are placed between the
stacks at nearly z/c = 1 / 4 and z/c = 3/4. Hydrogen
bonds can be assumed between ligand N—H groups
and Perchlorate O-atoms. The interactions link
ligands of adjacent chains and neighbouring cations
within a stack (Fig. 2). The structure is fully threedimensionally ordered with exception of the chain
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Fig. 1. Content of the unit cell, viewed down the stacking
(c) axis. N — H-- - 0 hydrogen bridges with a N —H ---0
distances < 2 . 3 Ä are indicated by thicker lines.
C

T

bromides and the two O-atoms of the counterions.
The latter are found on split positions nearly at z/c = 1/4
and z/c = 3/4.
These split O-positions lead to two orientations of
the Perchlorate counterions. In contrast to the recently published structure of the chloride analogue of
the title compound [3] no close van der Waals contacts between "split" O-atoms of adjacent counterions are found. Instead of a short range order of
C10 4 ~ counterions proposed for the chloride species
[3] statistical disorder of the severely distorted Perchlorate ions in the title compound has to be assumed.
The results of the temperature dependent investigation of the diffuse pattern in the Weissenberg
X-ray photographs of the title compound call for a
thermally activated dynamic model [1]. This interpretation of the diffusive X-ray diffusive patterns
is at variance with the "static picture" used in the
elucidation of the "chloride" structure [3]. Nevertheless the warning of these authors "to take special care
to search for diffuse scattering" [3] should be repeated: Besides the recently published structures [1, 4]
we have reinvestigated many WSAs (prepared and
characterized earlier by other groups [7]) with a
rotating anode in a setting described above. In all of
the samples more or less intense diffusive patterns
have been found in Weissenberg photos. This is true
also for different compounds which have been described earlier [8] without noting the observable diffusive absorptions in the X-ray pictures.
Table IV. Interatomic distances (Ä) of atoms involved in
hydrogen bridges.

intrastack hydrogen bridges with N - H - O distances below 2.3 Ä. The unconnected lines link other stacks not
shown in the Figure.

N—O

H—O

N(l)- - H ( N 1 A ) - - 0 1
N(2)-- H ( N l ) - - - 0 1

3.107
3.346

2.075
2.670

intra*
intra

N(l)- - H ( N l ) - - 0 2
N(l)- - H ( N l A ) - - 0 2
N(2)-- H ( N 2 A ) - - - 0 2

3.019
2.989

2.560
2.731
2.053

intra
intra
intra*

N(2)-- H ( N 2 ) - - - 0 4
N(l)- - H ( N l ) - - - 0 4

3.190
3.300

2.176
2.304

inter*
inter*

N(2)-- H ( N 2 ) - - 0 3
N(l)- - H ( N l ) - 0 3

3.206
3.236

2.406
2.378

inter
inter

N(2)-- H ( N 2 A ) - - 0 4 a 3.218
N(l)- - H ( N l A ) - - - 0 4 a 3.112

2.240
2.249

intra*
intra*

"Intra" and "inter" means type of hydrogen bonding:
intrachain for strong interactions within the same chain,
interchain hydrogen bridges between adjacent chains;
* drawn as thick lines in Fig. 1 and 2.
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This structure of the title compound is also closely
related to the one of the orthorhombic "pure"
platinum derivative [2]. All the discussed order and
disorder phenomena are consistent with those found
in the pure platinum derivative of this WS A [2], The
main difference concerns the modification of the title
compound: a monoclinic phase could not be prepared nor be produced by X-ray irradiation. The different hydrogen bonding system of the title com-
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pound showing two extra N — H - O bridged
(Table IV) besides six others also found in the orthorhombic platinum derivative should be responsible for this fact.
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