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The preparation and properties of a series of partially oxidised bis(oxalato) platinate saits of ammonium
and methyl-substituted ammonium cations are described. Their electrical conduction properties are related
to the value of the Fermi wave-vector determined from X-ray diffuse scattering experiments and the
presence of three-dimensional superstructures at room temperature.

Over the past few years a series of partially oxidised bis-
(oxalato)platinate salts containing many different bivalent
cations has been prepared and extensively studied.!™* It has
been observed that there are large differences in the solid-
state properties of these compounds depending on the cation.
On the other hand, studies of the partially oxidised bis(oxa-
lato)platinate salts of monovalent cations have been restricted
to those of potassium and rubidium although there are
several modifications of each of these salts.* We have now
extended the range of salts of monovalent cations to include
ammonium and methyl-substituted ammonium salts. This
series of salts is particularly important to the study of one-
dimensional metallic complexes since it has been shown that
in the series of compounds M,[Pt(CN),]Cl,.;'3H,O (M = K,
Rb, or NH,) the ammonium salt has markedly different
properties from the other salts.’ In particular the temperature
of the phase transition (T3p), which involves partial three-
dimensional ordering of the one-dimensional distorted plati-
num atom chains, and the electronic band width anisotropy
n = (W /W) are much greater than for the potassium or
rubidium salts. This is due to the additional hydrogen bond-
ing between the chains involving the ammonium cations. Thus
the ammonium and methyl-substituted ammonium bis-
(oxalato)platinate salts have been studied to determine if
similar effects are present in the bis(oxalato)platinate series of
compounds and to study any systematic change in properties
as hydrogen atoms are progressively replaced by methyl
groups. Preliminary results on two of the compounds discussed
here have appeared elsewhere.®

Experimental

Preparation of Platinum(1) Salts —[NH,L.[Pt(C,0.).]' xH,O.
The complex Ag,[Pt(C,0,),] (4 g) was suspended in water
(10 cm®) and heated to boiling. A solution of NH,CI (0.73 g
in 10 cm® water) was slowly added with continuous stirring
until the white precipitate of AgCl coagulated. Filtration
through a no. 4 sinta crucible yielded a clear yellow solution.
If the solution turned pale green-yellow due to aerial oxidation
then SO, gas was passed through the solution until it turned
dark yellow due to the formation of colloidal platinum.
Activated charcoal was then added to remove the platinum
metal and the mixture filtered to give a clear yellow solution.
The resulting yellow solution was evaporated to dryness on
a rotary evaporator to yield the yellow product [NH,l-
[Pt(C,04).)'xH,0.

The Complexes [NH3Me]z[Pt(CzO4)2]'tzo, [NH;Mez]z-
[Pt(C;0,).] xH, O, [NHMe;],[Pt(C,04).]'xH,0, and [NMe,],-
[Pt(C,0,).}xH,0 were obtained by similar procedures.

t Non-S.1. unit employed: 1 eV ~ 1.60 x 107 J,

Preparation of Partially Oxidised Salts.—[NH,]; ¢[Pt(C,-
04).JH,0 (1). Ammonium oxalate (0.82 g) was dissolved in
a saturated solution (26 cm?) of [NH,],[Pt(C,0,),1xH,0. The
solution was filtered through a 0.22-um Millipore filter and
placed in an H-shaped electrolytic cell fitted with 0.4-mm
diameter platinum wire electrodes. The cell was designed to
separate the crystals of the product which formed on the
anode from the precipitate which formed around the cathode.
The cell was fitted with air-tight caps to prevent aerial oxid-
ation. The solution was electrolysed at 0.4—0.5 V. After a
few days copper coloured needle-shaped crystals of the pro-
duct were obtained at the anode which were filtered off,
washed with ice-cold water, and air-dried {Found: C, 11.75;
H, 2.10; N, 5.75; Pt, 46.7. Calc. for [NH4]1_59[Pt(C204)2]'H202
C, 11.45; H, 2.10; N, 5.65; Pt, 46.5%}.

The complex [NH3Me]; -, [Pt(C,0,).]'H,O (2) was prepared
by a similar procedure {Found: C, 15.4; H, 2.80; N, 5.35;
Pt, 43.0. Calc. for [NH;3;Mel, -1[Pt(C,0,4),)'H,O: C, 15.45;
H, 2.80; N, 5.40; Pt, 43.99,}.

[NH,Me,];.6:1[Pt(C,0.).] (3). This complex was prepared in
a similar way to the ammonium salt after adjusting the pH
of the electrolytic solution to 5—6 by the addition of either
[NH,Me,]JOH or oxalic acid {Found: C, 19.40; H, 2.00;
N, 5.05; Pt, 42.3. Calc. for [NH,Me,], :[Pt(C,04).]1: C,
19.45; H, 2.90; N, 5.05; Pt, 43.8%}.

[NMe,);.6s[Pt(C,0.),] (4). A saturated solution of [NMe,],-
[Pt(C,04),] in water was filtered through a 0.22-um Millipore
filter. The pH was adjusted to ca. 1 by the addition of H,SO,
or HNO;. Lath-shaped copper-coloured crystals slowly
grew as the solution evaporated on exposure to air. The
crystals were filtered off, washed with ice-cold water and air
dried. The analysis of the compound will be discussed in the
Results section. The complex [NHMes),; so[Pt(C,0,).] (5) was
prepared by an analogous procedure {Found: C, 20.9; H,
2.9; N, 4.5; Pt, 39.9. Calc. for [NHMe;l, 5[Pt(C,0,).]: C,
22.55; H, 3.45; N, 4.75; Pt, 41.80%}.

Analysis.—Platinum analyses were carried out by Dr. F.
Pascher, Mikroanalytisches Laboratorium, Bonn, Germany.
Carbon, hydrogen, and nitrogen were determined micro-
analytically.

Physical Measurements.—Electrical conductivity studies
were carried out using a 4-probe d.c. technique with aquadag
as the contact material between the crystal and the gold wire
leads. Details of the apparatus have been published else-
where.® All crystals gave ohmic behaviour under the condi-
tions of measurement.

Single-crystal X-ray diffraction measurements were made
using a Stoe Weissenberg camera and Cu-K, radiation (A =
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Table 1. Structural data

Crystal —

Unit-cell dimensions (A)

D -3
/g cm e/

Compound

(1) [NHgls.6o[Pt(C.04),]'H,O (o)
(2) [NH;Mel, 7:[Pt(C,0,).}-H,O M
(3) [NH Me,l;.6:[Pt(C,0,).] 8
O

system “ a

11.12(1)
9.01(2)
9.71(5)

13.62(1)

15.75

(5) [INHMe;l,.50[Pt(C;04).1
@) [NMeyli.ss[Pt(C;0,).]

b c Obs. Calc.
16.72(3) 11.31(3) 2.68 2.65
11.04(2) 11.57(4) 2.61 2.56
21.18(3) 5.62(2) 255 2.56
18.36(5) 14.014) 2.26 2.24
15.83 11.24 2.37 2.40

ndt

1.69°
1.71 ¢
1.61°
1.59 ¢
1.654

%0 = Orthorhombic; M = monoclinic (y = 83.6°). ® Ref. 10. ¢ Ref. 11. ¢ Ref. 13.

1.542 42 A) to determine lattice parameters. A special fixed-
film apparatus was used to measure diffuse scattering.

Results and Discussion

It was found that two different methods of preparation had to
be used for these compounds to obtain single crystals of
suitable size for solid-state measurements. The complexes
[NH,];.6[Pt(C.04),]’'H,O (1), [NH;Me], 7:[Pt(C;0.),}H,O
(2), and [NH,Me,]; 6:[Pt(C,0,),] (3) have a relatively low
solubility in water and preparations involving aerial oxidation
resulted in a matt of very fine crystals. These compounds were
therefore prepared by the electrolytic method. Conversely,
because of the high solubility of [NMe,], ¢[Pt(C.0,),] (4) and
[NHMe;]; so[Pt(C,0s).] (5) a combination of aerial oxidation
and slow evaporation of the solution proved a better method
for the preparation of single crystals of these compounds.
Recently (1) and (3) have been prepared using H,0, oxidation
of acidified aqueous solutions of the platinum(r) salts at
47 °C in connection with experiments to be carried out in the
European Space Agency Spacelab.’

It can be seen that whereas (1) and (2) are obtained with one
molecule of water of crystallisation the remaining compounds
are all anhydrous. These are the first anhydrous partially
oxidised bis(oxalato)platinate salts to be obtained although a
number of anhydrous anion-deficient tetracyanoplatinate
salts have been obtained previously.®

Although all the cations in this series of compounds are
chemically closely related the compounds themselves show
marked differences in both their chemical compositions and
in their solid-state properties. Thus first each compound
will be discussed individually and then they will be compared
with each other and with other related compounds.

[NH,):.6[Pt(C,0.),]’'H,O (1).—The single-crystal X-ray
studies on this compound indicate that the platinum atom
chain lies along the ¢ axis of the unit cell which contains four
platinum atoms (see Table 1). The average intra-chain planar
anion separation (dy) is 2.83 A. Ammonium and rubidium
cations have very similar ionic radii and it is interesting to
note that a modification of the partially oxidised rubidium
bis(oxalato)platinum has been reported with very similar
unit-cell dimensions.” X-Ray diffuse scattering (x.d.s.) studies
carried out at room temperature revealed the presence of
diffuse lines around the Bragg reflection-layer lines of non-
zero order.!® This indicates the existence of the Peierls
instability in this compound and from the position of the
diffuse lines the value of 2kr (where k¢ is the Fermi wave-
vector) is 1.69 (in units of n/dy). Weak spots are observed both
on the diffuse lines and midway between the diffuse lines and
the Bragg reflection-layer lines indicating the presence of a
three-dimensional superstructure in this compound. These
superstructures have been termed ‘ non-Peierls superstructures
(nP) * because they give rise to distinct spots in X-ray scatter-

1 1 1
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Figure 1. Variation of In oy with inverse temperature for a crystal
of [NH.]x.6s[Pt(C,04),]'H-O (1)

ing experiments and not to diffuse lines or modulated streaks
characteristic of the Peierls distortion.!>* The nP superstruc-
ture may, in part, be associated with cation ordering. The
presence of spots on the diffuse lines indicates that the Peierls
and non-Peierls superstructures are commensurate along this
conducting axis and the presence of spots midway between the
diffuse lines and the Bragg reflection-layer line indicates that
the nP distortion has a wavelength along ¢ twice that of the
Peierls distortion.

The room-temperature electrical conductivity of 11 crystals
of (1) was measured in the platinum-atom chain direction
(oy). The spread of the values obtained, 5—54 Q™! cm™, is
not unusual for compounds of this type.* The average value
of oy was 14 Q' cm™.,

The variation of oy with inverse temperature is shown in
Figure 1. Above 260 K the conductivity appears almost
independent of temperature and without a pronounced
maximum, whereas below 260 K the conductivity falls with
decreasing temperature. Between 190 and 240 K all the crystals
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Figure 2. Variation of In o) with inverse temperature for a crystal
of [NH;Me], .7([Pt(C,04).I'H,0 (2)

show a pronounced anomaly in the temperature dependence
of the conductivity. In this region the variation of conductivity
with temperature is different from crystal to crystal. This
may signify that some form of phase change is taking place.
Between 145 and 60 K complex (1) behaves as a semiconductor
with an average activation energy of 72 meV.

[NHsMe];‘71[Pt(C204)2]'H20 (2).——C0mplex (2) is the only
compound in this series not to crystallise in an orthorhombic
unit cell. There are again four platinum atoms per chain
within the unit cell and the average dj of 2.89 A is the largest
in the series.

X-Ray diffuse scattering studies at room temperature
revealed diffuse lines corresponding to 2k = 1.71. There was
little indication of superstructure spots between the Bragg
reflection-layer lines and the diffuse lines and no indication
of superstructure spots on the diffuse lines.!

The room temperature values for oy for 12 crystals of (2)
lie in the range 0.5—16 Q™' cm™ with an average value of
5 Q' cm™, only slightly less than that of complex (1) in
spite of a large increase in average dj. The variation of
oy with inverse temperature is shown in Figure 2 and it can
be seen that the conductivity is at a maximum at around 310 K.
Below 250 K the conductivity falls rapidly with decreasing
temperature and over the temperature range 170—80 K it
behaves as a semiconductor with an average activation
energy of 92 meV.

[NH,Me, 1, .6:[Pt(C,04),] (3).—This complex was the first
anhydrous partially oxidised bis(oxalato)platinate to be
prepared. From the unit-cell dimensions given in Table 1 it
can be seen that (3) has an orthorhombic unit cell containing
just two platinum atoms. The average intra-chain planar anion
separation of 2.81 A is one of the shortest values so far
reported for a partially oxidised bis(oxalato)platinate. X-Ray
diffuse scattering experiments at room temperature again
revealed the presence of diffuse lines indicating the existence
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Figure 3. Variation of In o) with inverse temperature for a crystal
of [NH;Mezh_m[Pt(CzOA)Z] (3)

of the Peierls instability in this compound.!® From the position
of the diffuse lines, 2ky is calculated to be 1.61. Most un-
usually for partially oxidised bis(oxalato)platinate compounds
there are no weak spots observed in the photograph indicating
the absence of a non-Peierls superstructure at room temper-
ature,

The value of oy was determined for 10 crystals and was
found to lie in the range 1—20 Q™ cm™ with an average
value of 2.5 Q! cm™. The variation of o) with inverse
temperature is shown in Figure 3 and it is apparent that there
is a very smooth variation of conductivity with temperature.
At low temperatures (3) behaves as a semiconductor with an
average activation energy of 84 meV. Above 160 K there is a
gradual decrease in the temperature dependence of the con-
ductivity but no maximum is observed below 295 K. From
the conductivity study there is no indication of the develop-
ment of a non-Peierls superstructure above 70 K.

[NHMe;l, so[Pt(C;0,),] (5).—Complex (5) was obtained
by aerial oxidation and forms purple-red needle-shaped
crystals with a hexagonal cross-section. Preliminary X-ray
studies indicate an orthorhombic unit cell with five platinum
atoms in the chain along the ¢ axis of the unit cell. The
average d) (2.80 A) is the shortest so far reported for a bis-
(oxalato)platinate complex.

X-Ray diffuse scattering studies at room temperature show
diffuse lines corresponding to 2kr = 1.59.1! This indicates that,
within experimental error, the Peierls distortion is commen-
surate and complex (5) therefore corresponds to a % filled
band system. Thus the Peierls distortion should have a wave-
length corresponding to five Pt—Pt repeat distances thus ex-
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Table 2. Electrical conduction studies

o)/Q* em™

A . AE/meV

Compd. dj/A Range Average (average)
) 2.83 5—54 14 72
(03] 2.89 0.5—16 5 92
A3) 2.81 1—20 2.5 84
®) 2.80 5 x 1073—7 x 1072 2 x 1072 85
@) 2.81 4 x 102—9 0.2 93
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Figure 4. Variation of In oy with inverse temperature for a crystal
of [NHMes]y.s5[Pt(C,04).] (5)

plaining the unusual unit cell containing five platinum atoms.
The X-ray photographs show the presence of spots on the
diffuse lines but none between the diffuse lines and the Bragg
reflection-layer lines. This is in agreement with a unit cell with
a commensurate Peierls distortion. Complex (5) therefore
appears to be analogous to Rb, ¢[Pt(C,0,).]1.5H,0 but with
a five-fold repeat instead of the six-fold repeat platinum chain
found for the rubidium salt.!?

The room temperature oy has been determined for 6
crystals and lies in the range 7 x 1072—5 x 102 Q! ¢cm™
with an average value of 2 x 1072 3! cm™. This is the lowest
value for any member of the series in spite of (5) having the
shortest average dj. However, on Rb, ¢[Pt(C,0,),]'1.5H,O
in which the average dj is ca. 2.85 also exhibits o of
7 X 1073 presumably because one of the Pt—Pt intra-chain
separations is 3.015 A.»2 The very low conductivity observed
for (5) may indicate that it too possesses very disparate
intra-chain Pt—Pt separations.

The variation of o with inverse temperature is shown in
Figure 4. The conductivity of (5) falls steeply with decreasing
temperature. Figure 4 shows that (5) behaves as a semi-
conductor with a change in activation energy from ca. 212
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Figure 5. Variation of In o)) with inverse temperature for a crystal
of [NMey]1.6s[Pt(C,04),1 (4)

to 95 meV at around 250 K. The complex Rb, ¢[Pt(C,0,),)
1.5H,0 has also been shown to behave as a semiconductor
below room temperature.!?

[NMe,];.s5[Pt(C.0,).] (4).—The characterisation of (4) has
presented problems and there are still discrepancies in the
various results. Complex (4) is obtained by aerial oxidation
of an acidic solution of [NMe,),[Pt(C;0,),]. Some 14 pre-~
parations have been carried out and the products analysed.
One of the main problems is that the chemical analysis of the
products varies from preparation to preparation and it is
impossible to reconcile the percentage composition with
those expected for the compound based on the well established
nature of the other compounds in the series. However the
results of the x.d.s. and density measurements lead to a
reasonable stoicheiometry for the product.

X-Ray diffuse scattering experiments indicate the presence
of the Peierls instability with a value of 2k of 1.65 suggesting
a formula of [NMe,l; ¢s[Pt(C,04),]."* The molecular weight
can also be deduced from the unit-cell dimensions determined
from X-ray studies and density measurement. The molecular
weight calculated in this way is 482, in reasonable agreement
with that based on the formula proposed from the x.d.s. ex-
periment (M = 505).

The unit cell of (4) contains 4 platinum atoms in the chain
with an average d; of 2.81 A. The value of o; at room
temperature was found to vary from 4 x 1072.t0 9 Qt cm™.
This is a greater variation than that observed for any other
compound in the series again suggesting that there is a vari-
ation in the product from preparation to preparation. The
variation of conductivity with inverse temperature is shown in
Figure 5.
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General Discussion.—The series of compounds described
in this paper represents one in which there is a regular and
progressive change in the cation. The change from [NH,]* to
[NMe,]* is one of increasing size and a decreasing capacity
for hydrogen bonding to water or oxalate ions. However, the
observation of simple trends in the properties of the com-
pounds in this series cannot be expected because the X-ray
studies have shown that the compounds do not possess a
common structure. Whereas complexes (1), (2), and (4)
possess structures with four platinum atoms per chain, (3)
contains two and (5) five platinum atoms per chain within
the unit cell. Structures consisting of four [Pt(C,0,),] anions
stacked along one axis of the unit cell are quite common for
partially oxidised bis(oxalato)platinate salts of monovalent
cations. This arrangement is found in both K, [Pt(C,0,),]
2H,0 and K, g[Pt(C,0,).]'2H,O where detailed structural
studies have revealed the presence of zigzag chains of plati-
num atoms.'* In K, g[Pt(C,04),]'2H,O0 two intra-chain
Pt-Pt distances of 2.837 and 2.868 A were observed.!* It
seems likely that more detailed structural studies of the present
series of compounds will reveal the existence of similar non-
linear chains of platinum atoms. In addition (1) and (2) are
obtained with one molecule of water of crystallisation whereas
complexes (3)—(5) are anhydrous. In the anion-deficient
tetracyanoplatinates it was also observed that the salts of
small cations were hydrated whereas the salts of large cations
were anhydrous.? Thus a correlation between cation size and
dy for the whole series should not be expected. There is an
increase in d) with cation size for the hydrated compounds
but for the anhydrous compounds, d; is approximately con-
stant and represents a very short intra-chain anion separation.

The range of degree of partial oxidation (d.p.o.) found in
this series of compounds [0.41—0.29 for (5)—(2)] lies within
the range reported previously for partially oxidised bis-
(oxalato)platinates.* Within this series of compounds, and
unlike the partially oxidised anion-deficient tetracyano-
platinates, there is not a good correlation between the d.p.o.
and dj. This is probably a consequence of the much larger
unit cells and hence more complicated and diverse structures
found for the present series of compounds. This does however
make a general understanding of the series of compounds
difficult.

It might be expected, and has been observed for the anion-
deficient partially oxidised tetracyanoplatinates, that there
will be a correlation between the average d and the room-
temperature electrical conductivity.>''* No such correlation
is evident in the series of compounds under discussion. Again
this is presumably because of the possible presence of zigzag
chains of platinum atoms and unequal intra-chain Pt-Pt
distances both of which will adversely affect the electrical
conduction properties of the chain. The presence of a non-
Peierls superstructure has also been detected at room temper-
ature in some of these compounds and this too may depress
the conductivity.

All the compounds exhibit semiconductor behaviour at
low temperatures with activation energies, AE, in the range
70—100 meV. These are similar to those observed for Rb; ¢;-
[Pt(C204)2]'1.5H20 (77 meV) and Kl.ﬁz[Pt(Czo,g)z]'szo
(100 meV).!2-'¢ However, the temperature dependence of the
conductivity between the semiconducting region and room
temperature varies from compound to compound. These
differences are probably due to differences in the structural
changes taking place in the individual compounds over the
temperature range. A detailed understanding of this behaviour
must await variable-temperature structural studies.

The contrast in the properties of (3) and (5) is most interest-
ing. For both compounds x.d.s. studies indicate that 2&kr =
1.60 =/d|, within experimental error, and therefore that both
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should possess a % filled band leading to a commensurate
Peierls distortion with a repeat unit containing five platinum
atoms. This is observed for (5) and the value of o) at room
temperature is correspondingly low. Complex (3) however,
has a relatively simple unit cell with only a two-platinum-atom
chain repeat unit. The smooth temperature dependence of the
conductivity of this compound is reminiscent of K,[Pt(CN),]-
Br, 3°3H,0 and quite different from that of most of the other
partially oxidised bis(oxalato)platinates studied so far.** The
differences observed between (5) and (3) could be due to
random occupation and/or orientation of the [NH,Me,]*
ions in the cation sites of the lattice of (3) as opposed to an
ordered arrangement of [NHMe;]* ions in (5). However, a
further discussion must await the results of more detailed
structural studies which are in progress.

In the series of anion-deficient tetracyanoplatinates the
substitution of ammonium cations for potassium produced a
large change in AE.5 However, the results discussed above
show that the substitution of ammonium or methyl-sub-
stituted ammonium ions in the bis(oxalato)platinate series of
salts produces only a relatively small change in AE. There is
however some indication of the expected effect on the dimen-
sionality of these compounds when T3, (as determined from
the steepest slope in Figures 1—5) is compared with AE since
the ratio T3p/AE varies within a factor of 2. This indicates a
significant change in the inter-chain parameter 1.
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