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Recent breakthroughs in low-dimensional nanostructures
have led to a renewal of interest in polymers composed of
platinum complexes. The surge of research into one-dimen-
sional platinum complexes in the 1970s and 1980s has given
way to a steady progression of investigations that have ex-
plored new ligands, characterization techniques and applica-
tions. The ongoing synthesis and characterization of new tet-
ra(cyano)platinate, bis(oxalato)platinate and other homolep-
tic platinum complexes has allowed examination of the influ-
ence of organic and inorganic cations on the Pt-Pt distance

and the importance of small molecules in stabilizing the
stacking interactions. In particular, complexes of [Pt-
(C=NR)4]** and [Pt!(bipy),]* show potential to display short
stacking interactions. This microreview focuses on the pro-
gress in the synthesis and characterization of homoleptic
complexes with short Pt-Pt distances and avenues for the de-
velopment of new classes of complexes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

It is remarkable to consider that although platinum-
based complexes that display one-dimensional polymer for-
mation were synthesized well over 150 years ago, their
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unique properties were not recognized until the middle of
the twentieth century. Bis(oxalato)platinate (BOP) com-
plexes have been known since the work of Dobereiner in
1835, but the ability of these complexes to form one-di-
mensional metal-linked polymers was not fully recognized
until the work of Krogmann in the late 1960s.’! More re-
cently, however, the unique properties of low dimensionality
materials have been recognized and utilized immediately.
After the observation of carbon nanotubes by lijima in
1991, these unique organic materials found application in
many diverse areas within a few years.>* Recent progress
in the synthesis of zero-dimensional quantum dots,>-®! one-
dimensional metal oxides,!”®] and two-dimensional “nano-
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mesh”P! suggests that unique properties and novel applica-
tions of new low-dimensional inorganic materials will con-
tinue to be discovered and developed. One-dimensional
polymers of iridium are well known and research into these
complexes is ongoing.['%!] One-dimensional structures of
rhodium,['? palladium,['*] and cobalt!'¥ are also the sub-
jects of considerable research interest.

A key feature contributing to the novel properties of
platinum complexes is the ability for direct Pt-Pt atom
overlap of the predominately d.. orbitals. It has been known
for some time that in solution and the solid state, this net
interaction between adjacent square-planar platinum com-
plexes leads to the formation of a columnar-stacked chain
structure.'>"17] In the 1960s Krogmann demonstrated that
partial oxidation of the platinum complexes could lead to
polymeric structures with Pt-Pt distances almost as short
as the bonds in platinum metal (ca. 2.77 A).[18-21]

Computational modelling along with the ongoing syn-
thesis and characterization of novel stacked platinum com-
plexes has given new insights into the factors influencing
the interaction between adjacent complexes.?> 2! The tech-
nological potential for platinum complexes with short Pt—
Pt bonds has been realized through the development of ma-
terials that act as sensors for the detection of volatile or-
ganic compounds.?° 3% There are a great number of hetero-
leptic platinum complexes with short Pt-Pt bond lengths
and there has been substantial work on the characterization
and spectroscopic properties of these platinum complexes
by Gray, Eisenberg, Schanze and others.[?”-3!-34 These sys-
tems provide a useful examination of the effect of combina-
tions of different ligand types. Many sulfur-containing
platinum complexes such as [Pt(mnt),]>~ (mnt = cis-1,2-di-
cyano-1,2-ethylenedithiolate) have been observed to form
columnar structures; however, in these examples bonding
also occurs from overlap of molecular orbitals of the sulfur,
phosphorus or other atoms on the ligands.[>* These systems
have recently been reviewed in detail by Kato,[*%! and are
not the focus of this review.

The intention of this review is to summarize progress made
in homoleptic platinum complexes with significant Pt—Pt
overlap (= 3.5 A) where the platinum metal overlap is the
primary bonding interaction. The Abbott group has long
been interested in platinum chemistry where understanding
and predicting the structure of square-planar platinum
complexes has been a prime objective.’”#!1 Over the last
twenty years, significant progress has been made by many
groups in understanding the factors that control the interac-
tion between platinum complexes; this review will also high-
light areas of research where additional advances may yet
be made.

Complexes with Pt—C Bonds

The strength of Pt—C bonds is due in part to the ability
of the complex to engage in significant n-back-bonding in-
teractions.l??! Although the existence of one of the simplest
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complexes; tetramethylplatinum(IV), has been dis-
puted,>*3] numerous other platinum complexes with Pt—C
bound ligands have been reported (see Figure 1).
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Figure 1. Structure of tetra(cyano)platinate(Il) (TCP), tetra(isocya-
nide)platinum(Il) (TICP) and platinum double salt (PDS) complexes.

Cyanide Ligands

Knop and Schnedermann originally reported that the
oxidation of K,[Pt(CN),]-:3H,O with bromine gave copper-
coloured needles upon evaporation.*+#3! The later work of
Krogmann demonstrated these crystals to be polymers with
the formula K,[Pt(CN)4]Brg3:3H,0, and Krogmann and
co-workers demonstrated that partial oxidation could be
brought about by a range of cations and anions.[ 61 Miller
first codified the factors that favour the formation of one-
dimensional polymers.[*%>!l These criteria include: 1) Use
of third-row d® complexes to maximize the 5d_. orbital; 2)
Use of transition metals with smaller nuclear charge to pre-
vent contraction of the 5d.. orbital; 3) Use of a negatively
charged complex to prevent contraction of the 5d.. orbital;
4) Use of small non-bulky ligands to prevent steric repul-
sion between adjacent complexes; 5) Use of strong field li-
gands to enhance d-m* back bonding; and 6) hydrogen
bonding between individual complexes to stabilize the one-
dimensional system. Given these criteria the affinity of
platinum complexes, specifically tetra(cyano)platinate(IT)
(TCP) complexes, to form one-dimensional systems is not
unexpected. What is not incorporated in Miller’s criteria is
the effect of cations and other small molecules, including
solvent molecules. These small molecules are critical to sta-
bilizing the stacked structure, and loss of water molecules
in the case of K,[Pt(CN),]Bry 3:3H,0 leads to rapid loss of
structure and conductivity. The divalent complex
K,[Pt(CN)4]:3H,O has been well characterized with a Pt—
Pt distance of 3.478(1) A, but more recently Jansen and co-
workers have determined the crystal structures of anhy-
drous K,[Pt(CN)4] and the analogous monohydrated com-
plex K,[Pt(CN)4]-H,O (see Table 1).°% Surprisingly the Pt—
Pt distance changes only slightly between the two com-
plexes, despite water molecules in the monohydrated struc-
ture linking additional adjacent TCP units together. In the
analogous tetra(cyano)palladate(I) complexes, the Pd—Pd
bond length is notably longer in both the anhydrous
[4.3303(2) A] and hydrated [3.607(1) A] complexes.

Jansen and co-workers also recently reported the synthe-
sis of hydrogen peroxide adducts of alkali metal tetra-
(cyano)platinates A,[Pt(CN),]-H,O, (A = K, Rb, Cs).[53-34
This is an unexpected result due to the tendency for hydro-
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Table 1. Platinum—platinum bond lengths in tetra(cyano)platinate(II)
complexes.

Complex Pt--Pt distance [A]  Ref.
K,[Pt(CN),] 3.520(2) 521
K,[Pt(CN),]-H,O 3.579(1) ;521
K, [Pt(CN),4]-H,0, 3.2730 531
Rb,[Pt(CN),]-H,0, 3.2841 531
Cs,[Pt(CN)4]-H,0, 3.2928 531
RDb,[Pt(CN),] 3.719(0) 1571
Rb,Ba[Pt(CN)y], 3.389(3) 581
3.582(3)
Ery[Pt(CN),]5-21H,0 3.1891(3) 1591
(Red form) 3.1625(5)
Ery[Pt(CN),4]»*SO411.5H,0 3.2687(9) 1591
(Yellow form) 3.4003(9)
[1,1"-dimethyl-4,4'-bipyridinium][Pt(CN),] ~ 7.748 (601
[N-(nBu)4,[P(CN)4] 9.542 [60]
[4,4’-bipiperidinium][Pt(CN),]-H,O 7.980 o1l
[Ru(1,10-phenanthroline),(2,2 bipyridine)]- 13.134 621
[PYCN),]
[Cu(2,2'bipyridine),][Pt(CN),] 7.767 631
[Cu(en),J[Pt(CN),] 6.560 641
[Pt(2-aminopyridine)(2,2"bipyridine)]- 4.560, 5.203,7.297 63
[Pt(CN)4]‘2H20

gen peroxide to convert the divalent tetracyanoplatinates to
the known partially oxidized analogues.’> The tetra-
(cyano)platinate units all rotated relative to adjacent units
by approximately 45° as observed in other TCP com-
plexes.5¢ The new series of complexes have Pt—Pt distances
in the range of 3.27 to 3.52 A, with the H,O, molecules
engaged in hydrogen bonding to the cyano ligands. The crit-
ical factor in the growth of the crystals is to use a solution
pH close to 7, preventing the formation of the partially oxi-
dized complexes.>4!

Mubhle et al. were able to synthesize the anhydrous mixed
cation complex Rb,Ba[Pt(CN),] which possesses two dis-
tinct Pt-Pt distances of 3.389(3) A and 3.582(3) A. These
differing Pt-Pt distances correspond to the alternating ru-
bidium and barium ions, respectively. In the unit cell, the
cations form primitive cubic polyhedra with eight nitrogen
atoms on adjacent cyanide ligands bound to either the ru-
bidium [Rb-N distance: 3.33(1) A] or barium cations [Ba—
N distance = 2.90(2) A]. The presence of the divalent bar-
ium cation is also of interest because few examples of TCP
complexes containing divalent cations have been iso-
lated.[®6-671 TCP complexes that possess mixed monovalent
and divalent cations including K,Sr[Pt(CN)4],-2H,O and
K,St[Pt(CN),),-6H,O have been reported previously with
short Pt-Pt distances.[*”) Nevertheless, none of these new
complexes exhibit Pt—Pt distances as short as those in the
analogous partially oxidized TCP systems. Tetracyanoplati-
nate polymers incorporating metal cations from the lantha-
nide and actinide series have given important insight into
energy transfer between the platinum chain and the metal
cation. Examples of tetracyanoplatinate chains with all of
the trivalent lanthanide counterions have been charac-
terized with the exception of Pm3* due to its rarity and
short half-life.l®! Loosli et al. have recently crystallized the
red and yellow forms of erbium tetracyanoplatinate that
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correspond to Er[Pt(CN)4J3:21H,O and Er,[Pt(CN)4l»e
SO4:11.5H,0 respectively.® These two complexes display
two different Pt-Pt distances due to the ratio of cation to
anion packing. Despite the increase in the numbers of
waters of hydration from 11.5 to 21 the red Ery[Pt(CN)4]5
21H,0 complex shows shorter Pt—Pt distances [3.1891(3) A]
than the yellow Ery[Pt(CN)4»°SO411.5H,O complex
[3.2687(9) A] due to incorporation of a single sulfate mole-
cule into the unit cell of the latter. Replacement of metal
cations with organic cations in TCP systems does not lead
to retention of short Pt—Pt distances.[®”] Despite the planar
nature of the methyl viologen cation (1,1’-dimethyl-4,4’-bi-
pyridinium), this and other organic cations lead to struc-
tures with Pt-Pt distances >5 A.[%0 Despite the lack of
close Pt—Pt interactions, this complex exhibits intense, pola-
rized luminescence at 545 nm due to a charge transfer inter-
action between the cations and anions. Maynard and
Skyora have characterized the related complex [4,4'-bipiper-
idinium][Pt(CN),4]-H,O which adopts a similar structure
with no short Pt-Pt interactions due to the alternating cat-
ion-anion pairs.’!l Although the luminescent properties
were not studied in this complex, the lack of a n-delocalized
system in the 4,4’-bipiperidinium cation is likely to prevent
charge-transfer interactions. Several examples of TCP com-
pounds with sulfur-containing organic conductors such as
tetrathiafulvalene have been studied.’® 7% Single-crystal
studies of this family of complexes demonstrate that the
TCP units do not have any direct Pt-Pt overlap and con-
duction occurs purely through the organic cations.!”3-76]

The inability to incorporate diverse ligands severely re-
stricts the potential for molecular diversity in TCP systems.
Replacement of small inorganic cations with coordinated
metal complexes also disrupts the packing of the TCP
stacking interaction. Tetrahedral cations such as [Cu(2,2'bi-
pyridine),]** and [Cu(en),]>* lead to Pt—Pt distance
>5 A.163.641 The incorporation of the bulky octahedral li-
gand [Ru(1,10-phenanthroline),(2,2' bipyridine)]** also pre-
vents close approach of the TCP units. The X-ray crystal
structure  of  [Pt(2-aminopyridine)(2,2’-bipyridine)][Pt-
(CN)4]-2H,0 has been reported with an alternating cation-
anion structure.l’s The Pt-Pt separation is 4.560 A and
5.203 A between the platinum atoms of the anion and cat-
ion and 7.297 A between individual TCP centres. The inter-
action of the 2-amino group on the cation prevents closer
approach of the cation-anion units, suggesting that short
Pt-Pt distances may be possible with appropriate ligand
substitution. Hydrogen bonding of water molecules and hy-
drogen ions within the complex may also play a role in sta-
bilizing the overall structure.

In addition to the synthesis of new complexes, new in-
strumental techniques have allowed for a detailed examina-
tion of the underlying physical properties of TCP systems.
Scanning tunnelling microscopy (STM) has been used to
observe the structure of K, ;5[Pt(CN)4-1.5H,O and the
stacked TCP units are clearly visible.’”] Atomic force mi-
croscopy (AFM) observations confirmed the columnar
structure of electrochemically oxidized K,[Pt(CN)4]-
Bry 3-3H,O with a Pt—Pt spacing of 2.89 A, comparable
3043
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with the dimensions determined by single-crystal X-ray dif-
fraction.”8] These studies indicate that growth occurs pri-
marily along the crystallographic c-axis, corresponding to
the terminal TCP unit via a layer spreading mechanism.
The AFM probe tip allowed for deformation of the surface
of the TCP crystal and an examination of freshly exposed
surface to a depth of several nanometers.””) Importantly
AFM measurements allowed for the observation of the hy-
dration-dehydration of TCP single crystals. Upon slow de-
hydration of the crystal, the average Pt-Pt distance length-
ens by approximately 30% with notable disordering along
the Pt—Pt axis. Recovery was observed almost immediately
upon rehumidification of the dry crystal. Several authors
have suggested the technological potential of TCP com-
plexes to act as vapochromic or humidity sensors.[80-81]

Platinum(IT) complexes with cyanide ligands have histor-
ically received significant attention due to their straightfor-
ward synthesis, relative stability, and novel conduction and
luminescent properties. Nevertheless, engineering of these
properties is impeded by the inability to systematically
modify these complexes. Introduction of metal cations has
allowed for structure-property relationships to be eluci-
dated, but introduction of structurally diverse organic li-
gands disrupts the critical Pt-Pt interaction. In addition,
the loss of waters of crystallization leads to a disordering
of the crystalline structure and loss of the unique material
properties.

Isocyanide Ligands

The criteria suggested by Miller favour the formation of
TCP-based polymers, but the formation of polymers of
homoleptic tetra(isocyanide)platinum (TICP) complexes is
not observed despite the similarities in electronic structure
between the TCP and TICP systems.!®?! Greater steric inter-
action between the ligands, the electropositive charge on the
TICP complexes and the weaker m-acceptor character of
the isocyanide ligand all serve to decrease the tendency for
these platinum complexes to form columnar structures. A
search of the Cambridge Structural Database (CSD) pro-
duced only 17 structures of general formula [Pt(CNR),]**
with the majority being heteroleptic “platinum double
salts” (PDS) of formula [Pt(CNR),][PtCl,].83-3¢ Single
crystal X-ray analyses of [M(CNCH3)4][PF¢], (M = Pt and
Pd) reveal the unit cells to be isostructural with individual
square planar units arranged perpendicular to one another
with metal-metal distances >5 A (see Figure 2). The Pt—Pt
bond lengths in platinum isocyanide complexes can be
highly variable as evidenced in cis-[Pt(4-CNCgH4-C>H5),-
(CN),] where the average Pt-Pt distance is 3.2905(2) A,
compared to cis-[Pt(CNC,Hs),(CN),] where the Pt-Pt dis-
tance is at least 5 A.[87:88]

The lack of structurally characterized, homoleptic TICP
complexes prevents more detailed comparisons. The small
number of homoleptic TICP complexes found in the litera-
ture was unexpected given the structural diversity that sub-
stituted isocyanide ligands could introduce. Although the
3044
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Figure 2. ORTEP plot of [Pt(CNCH;),][PF¢], at 30% probability
level generated from the data deposited with the CSD. Anions not
shown.

positively charged complex may cause contraction of the
5d.. orbitals, this remains an area of significant potential.
Although PDS complexes are outside the scope of this re-
view the observation that crystals of [Pt(CNCgHs)4][PtCly]
are blue-violet in colour is suggestive of interaction between
the 5d.. orbitals with short Pt-Pt distances, and a rein-
vestigation of this salt and its homoleptic analogue
[Pt(CNCgHs),]** may be warranted.[8%-°01

Acetylide Ligands

Homoleptic acetylide complexes of the general formula
K,[Pt(C=CR)4] (R = H, Me, Ph) were first reported by
Nast and Heinz.®'! No information is given regarding the
Pt-Pt distances, but the description of K,[Pt(C=CPh),] as
an ochre solid suggests a UV/Vis absorption that may be
attributed to short Pt-Pt interactions. The instability of
these complexes prompted Moreno and co-workers to syn-
thesize a similar series of complexes with bulky substituents
to prevent nucleophilic attack.®?! These substituted plati-
num acetylides were stable in air, but the use of bulky sub-
stituents disrupted the platinum stacking interactions. More
recently, Zhang et al. have synthesized a bidentate acetylide
ligand that forms a strained square planar structure upon
coordination to platinum.3! In this case, the enforced plan-
arity of the arene rings assists in minimizing steric interac-
tions, however the use of the [NBuy]* cation prevents close
Pt-Pt packing due to steric interactions.

Forniés and co-workers have produced a series of plati-
num acetylide complexes in which the stacking interactions
are modulated by the presence of small metal ions such as
Cd?*, Ag* and TI*.P4%1 The crystal structure of
[PtrAgy(C=CCgHy-3-OMe)g].. is typical of this class of
complexes (see Figure 3). The two Pt-Pt distances are
3.1458(8) A and 4.291 A, and the close Pt—Pt interactions
give rise to significant fluorescent and phosphorescent be-
haviour.!””l Each [Pt,Ag,(C=CC¢H,-3-OMe)g] cluster is ro-
tated 43.8(5)° along the chain; however, this is most likely
due to the steric interactions of the bulky ligands rather
than from orbital interactions between adjacent ligands as
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observed in the TCP complexes. The small metal ions in-
tercalate between parallel acetylide ligands on adjacent
platinum complexes and play an important role in charge
balance and the stabilization of the stacking interaction.
The small metal cations therefore serve a similar stabilizing
role to that of small molecules in the TCP and BOP com-
plexes. Synthesis of unsupported platinum acetylide com-
plexes has been accomplished, but the use of nBuy,N™* cat-
ions prevents close Pt—Pt interaction.”®%°! Acetylide ligands
with multiple alkyne bonds such as [Pt(C=C-C=C-R),]*
in conjunction with small cations may allow for closer
metal-metal interactions and the formation of stacked
polymers.

7@
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Figure 3. Structure of [Pt,Agy(C=CC4H4-3-OMe)g].. as viewed along
the a (left) and b axes (right).

Overall, experimental studies have demonstrated that or-
ganometallic platinum complexes possess short Pt—Pt dis-
tances which may be attributed in part to the strong m-acid-
ity of the acetylide, isocyanide, and cyanide ligands.[*?]
While the presence of small molecules may assist in stabiliz-
ing the columnar structure, the inability to incorporate
more diverse counterions without disrupting the Pt-Pt
bonding suggests that combinations of the above ligands in
heteroleptic or platinum double salt (PDS) configurations
offers the best opportunities to engineer the material prop-
erties. Significant progress in the use of PDS systems for
sensors has been accomplished by Mann and co-
workers,[100-103]

Complexes with Pt—N Bonds

Platinum complexes with nitrogen bound ligands are one
of the most common classes of platinum compounds. The
use of Cisplatin™ in cancer therapies has led to a large li-
brary of heteroleptic platinum complexes based on analo-
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gous motifs. Homoleptic [Pt—-N4] complexes have also been
well studied; however, many of these complexes form di-
meric systems rather than polymeric structures.['%4103 Poly-
mers of ([Pt(en),][Pt(en),X5]))* (X = CI, Br, I) have also
been extensively studied, but do not possess short Pt-Pt
distances.['%6-198] Caseri and co-workers have done signifi-
cant work on the functionalization of Magnus’ green salts
[Pt(NH,—R),][PtCl.l1%- 1111 These studies have signifi-
cantly improved the solubility and optical properties of
these complexes whilst retaining short Pt-Pt distances;
however, these platinum double salt (PDS) systems are out-
side the scope of this review.

Glyoximato and Quinone Dioximato Ligands

Platinum(II) complexes with glyoximato and quinone di-
oximato ligands are an informative contrast to the TCP
based complexes. The absence of significant inter-chain hy-
drogen bonding and the lack of charge balancing cations
or anions permit a simpler study of the steric and other
contributions of the ligands to the Pt-Pt stacking. The X-
ray crystal structure of bis(glyoximato)platinum(Il) [Pt-
(gly),] was first reported by Ferraris and Viterbo and dis-
played a Pt-Pt distance indicative of little interaction be-
tween the platinum centres (3.5039 A) (see Figure 4 and
Table 2).[''%] By contrast, the crystal structure of [Pt(dmg)-]
(dmg = dimethylglyoximato) was determined by Frasson et
al. and the Pt-Pt distance is substantially shorter
[3.23(1) A]. Schlemper and co-workers reported the metal—
metal distance of [Pt(dmg),] to be 3.25 A.['13-114 Replace-
ment of dimethylglyoximate with diethylglyoximate ligands
leads to a greater Pt-Pt separation with steric interactions
between the bulky ethyl groups preventing closer ap-
proach.[!13]

The ability to prepare thin films of [Pt(dmg),] and other
glyoximate derivatives by sublimation has allowed the mate-
rial and spectroscopic properties of these complexes to be
studied in significant detail.l''®118] Structural characteriza-
tion of a series of platinum glyoximato complexes demon-
strates the relationship between the UV/Vis spectra and the
Pt-Pt distance, which is consistent with the correlation pre-
viously noted by Yersin and Gliemann.[''”! Shorter Pt—Pt
distances give rise to a red shift in the absorption maxima,
analogous to that observed for the TCP complexes. Kamata
et al. have reported a similar correlation between the metal—
metal distances and the third order nonlinear optical bulk
susceptibility values () in thin films of a series of platinum
glyoximato complexes.['?-121] This effect can be attributed
to electron delocalization under the laser irradiation. The
diversity of the bulk material can be enhanced by the co-
evaporation of more than one platinum glyoximato com-
plex. Co-evaporation of differing ratios of [Pt(dmg),] and
[Pt(deg),] gave rise to thin films with new absorption max-
ima in proportion to the relative ratio of the precur-
sors.[1221231 The measured UV/Vis absorptions and y* val-
ues correspond to the ratio of [Pt(dmg),] to [Pt(deg),] and
3045
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Figure 4. Structure of bis(dimethylglyoximato)platinum(Il) (DMG), bis(diethylglyoximato)platinum(Il) (DEG), bis(diphenylglyoximato)-
platinum(Il) (DPG), and bis(1,2-benzoquinone dioximato)platinum(II) (BQD) complexes.

Table 2. Platinum-platinum bond lengths in glyoximato and diox-

imato complexes.

Complex Pt---Pt distance [A]  Reference
[Pt(gly),] 3.5039 [12]
[Pt(dmg),] 3.23(1) 3.256(3) [13,114]
[Pt(deg)-] 3.55 [115]
[Pt(mgl), ] 3.24 [133)
[Pt(emg),]®! 3.4 [134]
[Pt(dpg),] (red form) 3.50 [123]
[Pt(dpg),] (green form) =33 [125]

a form [Pt(bqd),] 3.173 [133]

B form [Pt(bqd),] 3.69 [136]

vy form [Pt(bqd),) 3.28 [136]

[a] mgl = 3-methylglyoximato. [b] emg = ethylmethylglyoximato.

indicated that a new material with a combination of Pt—
Pt distances was being prepared. The epitaxial growth of a
mixture of [Pt(dmg),] and [Pd(dmg),] has also been demon-
strated to give rise to a homogeneous film.!">:124 In this
system the UV/Vis absorption maxima could be varied be-
tween that of pure [Pd(dmg),] (443 nm) and [Pt(dmg),]
(599 nm). Powder X-ray diffraction demonstrated that the
films were homogeneous as opposed to “islands” of
[Pt(dmg),] and [Pd(dmg),]. Multiple alternating layers of
[Pt(dmg),] and [Pd(dmg),] could also be synthesized, lead-
ing to the possibility of creating heterojunctions. In certain
cases the molecular structure can be modified in situ, with
the orthorhombic crystalline structure of [Pt(dmg),] con-
verted to an amorphous state upon treatment with iodine
vapour and subsequently regenerated upon heat treat-
ment.[>31 This provides for a method for control over the
material properties.

The complex [Pt(dpg),] (dpg = diphenylglyoximato) has
a relatively long Pt-Pt distance of 3.50 A in the stable “red
form”.l'26] This effect is understandable given the greater
degree of steric interactions between the bulky phenyl
groups. By control of the deposition rates, Kamata and co-
workers were able to synthesize thin films of a metastable
“green form” of [Pt(dpg),] on alkali-halide substrates.[!?7]
The green form is orientated by interaction with the sub-
strate into a tetragonal structure which permits closer
stacking of the individual complexes, and may be converted
into the orthorhombic red form upon heat treatment.[!>!]
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This shift in the absorption maxima and the observation of
third order nonlinear susceptibilities enhanced by two or-
ders of magnitude are indicative of shorter Pt—Pt distances
and single area electron diffraction (SAED) measurements
indicate a platinum-platinum distance of about
3.3 A.[120.125] Comparable changes in the Pt—Pt stacking on
different substrates have not been observed for [Pt(dmg),].
Powder X-ray diffraction studies of [Pt(dpg),] at pressures
of up to 10 GPa have been carried out and show a mono-
tonic relation between the applied pressure and the Pt-Pt
distance along the stacking axis. At 10 GPa, the Pt-—Pt dis-
tance of [Pt(dpg),] decreased significantly to 2.80 A.
Changes in the electrical conductivity and UV/Vis and Ra-
man spectra properties all correlated with the applied pres-
sure.l'28-139 Similar effects are observed for [Pt(dmg),].['3!]
The relationship between the prominent UV/Vis absorption
maxima and applied pressure has led to the possibility of
platinum glyoximato complexes being employed as baro-
chromic sensors. Ohta et al. have extended this concept by
synthesizing a series of [Pt(dpg),] complexes with long alk-
oxy chains (n = 4-14) to produce a series of liquid crystals
that display temperature-dependent colour changes.'3? Al-
though the Pt-Pt distances could not be measured by sin-
gle-crystal X-ray diffraction, the complexes showed strong
thermochromic dependencies that were considered indica-
tive of changes in the stacking interactions. The interactions
between neighbouring platinum complexes are modulated
by the van der Waals interaction between neighbouring alk-
oxy chains that decrease with increasing temperature.

The complex [Pt(bqd),] (bqd = 1,2-benzoquinone dioxi-
mato) possesses a shorter Pt-Pt distance than any of the
glyoximato complexes (3.173 A).[35 The bqd ligand not
only demonstrated less steric interaction, but is a stronger
n-acid than the glyoximato ligands, favouring Pt-Pt bond
formation. Thin films of [Pt(bqd),] formed by vacuum de-
position have been investigated by a number of different
methodologies.['37-138 Anomalous absorption peaks in the
spectra of [Pt(bqd),] were observed for thin epitaxially
grown films on an NaCl substrate; however, the expected
absorption spectra could be obtained upon heating the
films to 170 °C.['3% Growth of [Pt(bqd),] on a variety of
alkali halide substrates in conjunction with high-resolution
tunnelling electron microscopy (HRTEM) and SAED ob-
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servations indicated the formation of a new B phase of
[Pt(bqd),] with a Pt—Pt distance of 3.69 A. A novel y phase
with an interplanar spacing of 3.28 A was also observed on
a KI substrate with the molecular planes oriented perpen-
dicular to the film surface.['3¢! Scanning probe and scanning
tunnelling microscopy techniques have also been used to
characterize the thermal transformation of the B form of
[Pt(bqd),] to the o form,'* which occurs due to the lower
“misfit value” of the o form on the KCI substrate.['4!1 Scan-
ning tunnelling spectroscopy (STS) and STM have also
been used to characterize very thin films (< 10 nm) of
[Pt(bqd),].l'"4%1 The individual platinum units of the a form
are visible, and the resistivity values are comparable to that
of the bulk material.l'¥”] As with [Pt(dpg),], increasing pres-
sure leads to a decrease in resistivity with an insulator to
metal transition at around 0.8 GPa as individual platinum
units overlap to a greater extent.l'>!] Powder X-ray diffrac-
tion studies as well as observations of the absorption and
polarized reflectance spectra at high pressures confirmed
this transition.['43-1441 At room temperature and pressure,
Sakai et al. have constructed n-type field-effect transistors
(FETs) with large mobilities from single crystals of [Pt-
(bqd),].['*31 [Pd(bqd),] also contains relatively short metal—
metal interactions (3.189 A) and may form homogeneous
thin films upon co-evaporation with [Pt(bqd),], although
this has not yet been reported in the literature.

Materials based upon platinum phthalocyanine com-
plexes have a rich history, including the first electron micro-
scope observations of lattice defects and induced radiation
damage.[146-147] Although these materials display interesting
non-linear optical properties,['48] the large Pt-Pt distance (u
phase: 3.81 A, y phase: 3.969 A) suggest minimal overlap of
adjacent d.» orbitals.'*-15% Future studies involving substi-
tution on the phthalocyanine ring may allow for increased
solubility and reduction of the Pt—Pt distance.

Unlike the TCP complexes the glyoximato- and (quinone
dioximato)platinum complexes do not possess substantial
intermolecular hydrogen bonding, nor do these complexes
contain ions or solvent molecules that influence the stack-
ing interactions. These relatively uncomplicated polymeric
structures may simplify the understanding of the effect of
ligands on the platinum stacking interactions. It is therefore
surprising to observe a relative lack of structural diversity,
with studies focusing on the well known [Pt(dmg),] and
[Pt(bqd),] complexes. The synthesis of dioximato ligands
with phenanthrene or phenanthroline moieties is one poten-
tial example (see Figure 5). Other quinone complexes that

H
| X HO | X % | ol’ \c|> | X
(e] X Na X X /N\Pt/N\ X
sl eIty
7 HO % X o_ 0 7

H

Figure 5. Synthetic route for bis(1,2-phenanthrenequinone dioxim-
ato)platinum(II) (X = C) and bis(1,10-phenanthroline-5,6-quinone di-
oximato)platinum(II) (X = N).
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may give rise to unique quinone dioxime ligands with posi-
tive ligand orbital overlap include 1,2-acenaphthylenequi-
none and 1,2-naphthoquinone. Combining these materials
via sublimation may potentially lead to new devices.

Phenylenediamine, Bipyridyl and Phenanthroline Ligands

The synthesis of homoleptic d® metal complexes with the
1,2-phenylenediamine has played an important role in the
understanding of the electron transfer in transition metal
complexes.'>!1 Oxidation of the bis(phenylenediamine)-
metal complexes gives rise to the imine derivative and the
new complexes display interesting optical and EPR spec-
tra.['>?! (see Figure 6) The synthesis and crystal structure
of bis(o-phenylenediamine)platinum(II) has been reported,
although no close Pt—Pt interactions exist.['%] This complex
may be converted into the bis(o-semibenzoquinone diimine)-
platinum(Il) complex by alteration of the pH, but despite
favourable steric and electronic factors for polymer forma-
tion, the bis(o-semibenzoquinone diimine)platinum(II)
complex forms only a dimeric unit with an unsupported Pt—
Pt bond of 3.0109(4) A. The affinity for the complex to
form a stable dimer in preference to polymeric species has
been observed in other platinum semibenzoquinone diimine
complexes.['>3 In contrast, [Pt(en),]Cl, does not display any
short Pt-Pt contacts despite favourable steric factors, dem-
onstrating the importance of additional back bonding to
stabilize the Pt-Pt interactions.['>4]

NH, NH™ NH _o NH
T+e ECl
NH, NH- NH NH
L2— L= LO

HoL
Figure 6. Oxidation and reduction behaviour of the o-phenylenedi-
ammine ligand (adapted from Konno et al.l'®%)),

—2H*

+2H*

The formation of homoleptic platinum polymers with bi-
pyridyl (bipy) and phenanthroline (phen) ligands may seem
unlikely due to the steric repulsion of the ligands around
the square-planar geometry. Nevertheless Palmans et al.
have reported the synthesis and characterization of a poly-
mer of [Pt!(bipy),J(NO5)-2H,O with a Pt—Pt distance of
3.563 A.153) Although this distance indicates only weak
metal-metal interaction, it is nevertheless considerably
shorter than in the precursor complex [Pt"(bipy),]-
(NO3),-2H,0 (Pt-Pt > 5 A). In the simplest method, dark-
green needles were formed when an acidic, deaerated solu-
tion of [Pt"(bipy),](NO;),-2H,O was placed in contact with
an iron wire. Electrochemical synthesis of identical needles
was also possible. XPS, XANES and elemental analysis
provided evidence for the in situ reduction of Pt>* to Pt'*,
and the high conductivity parallel but not perpendicular to
the Pt-Pt axis is also indicative of significant Pt-Pt bond
overlap despite the long intermolecular distance. Crystallo-
graphic studies indicate that unlike many other platinum
polymers, the individual [Pt'(bipy),]" units are not rotated
relative to adjacent units, suggesting that the interaction is
primarily through the platinum 5d.. orbitals and not
3047
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through interaction of the bipyridyl ligands. The distortion
of the bipy ligands away from a true square-planar geome-
try is seen in the crystal structure and allows the ligands to
avoid unfavourable steric interactions. The tubular nature
of the dark green crystals of [Pt!(bipy),](NO3)-2H,O
strongly suggests that the growth of the crystals occurs
through reduction of Pt to Pt' at the leading edge of the
crystal, with a zone depleted in the precursor material giv-
ing rise to the hollow interior.

The ability for a [Pt!(bipy),]* complex to form an inter-
acting platinum chain suggests that other well-known plati-
num complexes may also possess weak but significant Pt—
Pt interactions. For example, in aqueous solutions of
[Pt(phen),]** (phen = 1,10-phenanthroline) filamentous
material was observed to form upon the surface of elec-
trodes, but was not able to be isolated or identified.l'>! The
greater rigidity of the 1,10-phenanthroline ligand likely pre-
vents the twisting observed in the [Pt!(bipy),]* system. In-
troduction of 5,6-dihydro-1,10-phenanthroline or 5,6-ep-
oxy-5,6-dihydro-1,10-phenanthroline ligands may provide
the necessary structural flexibility for the formation of iso-
lable platinum polymers (see Figure 7).

<\ N/g 2}\1 />

5,6-dihydro-1,10-phenanthroline

0

/ \
\_ /" N7
5,6-epoxy-1,10-phenanthroline

Figure 7. Flexible ligands based upon a bidentate 1,10-phenanth-
roline unit.

Significant characterization of Pt!! complexes with

homoleptic nitrogen donor ligands has been undertaken.
Nevertheless, much of this work has focused on the dimeth-
ylglyoximato and benzodioximato ligand systems. Given the
great range of simple and complex ligands that may be syn-
thesized utilizing bipyridyl, phenanthroline and terpyridine
ligands many new one-dimensional platinum polymers with
unique properties may be possible. Attempts to form poly-
mers with short Pt—Pt distances via oxidation have tended
to favour the formation of dimeric complexes.

Complexes with Pt—O Bonds

Since Pt displays pronounced “soft acid” behaviour, it
is not unexpected that relatively fewer complexes are known
with oxygen donor ligands and that many of these com-
plexes are unstable. This is reflected in the relative weakness
of the platinum—oxygen bond (392 kJmol") compared to
the platinum—carbon (598 kJmol™') bond.l'>1 The pro-
clivity for oxygen donors to be displaced by “softer” ligands
makes the synthesis of platinum—oxygen complexes more
difficult, but nevertheless several different homoleptic plati-
num-oxygen complexes have been reported and charac-
terized (see Figure 8).
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Figure 8. Structure of bis(oxalato)platinate(Il) (BOP), bis(squarato)-
platinate(Il) and bis(croconato)platinate(Il) complexes.

Oxalato Ligands

The tendency for bis(oxalato)platinate(I) (BOP) com-
plexes to form long needle-like crystals was first observed
over 100 years ago.["138] However, the unique conduction
properties of the partially oxidized BOP complexes was re-
ported much later by Krogmann and Dodel in 1969.20-21]
Early work in this area including chemical and electrochem-
ical syntheses, conductivity measurements, and examination
of the Peierls superstructure has been summarized by Miller
and others.['%159-1611 Sipce this time, further research on
new salts of the BOP anion have yielded additional infor-
mation regarding the relationship between the internal
structure and physical properties, including electrical con-
ductivities, of the BOP complexes.

The partially oxidized BOP complexes typically display
longer Pt—Pt distances (see Table 3) in comparison to the
TCP complexes due to oxalate being a weaker w acid ligand
than cyanide.l?>3# Previous work has focused exclusively on
the use of transition metal cations and the formation of
partially oxidized polymers with very short (=2.9 A) Pt-Pt
distances.l'®?! Unlike the TCP complexes, the BOP com-
plexes are amenable to the introduction of a variety of inor-
ganic and organic counter-cations without loss of the short
Pt-Pt interactions. Mizuno et al. demonstrated that the
[NH,4]" cation in [NHy]; ¢[Pt(C,0,4),] could be systema-
tically replaced with either [NH3;Me]*, [NH,Me,]*,
[NHMes]* or [NMey]*.['3] In the above series of complexes,
neither the increasing size of the ligand nor the increasing
pK, significantly alters the short Pt-Pt bond length (2.80—
2.89 A). This was a key result as it demonstrated the feasi-
bility of introducing a wide array of organic counter-cat-
ions. Divalent organic cations have also been incorporated
without disruption of the Pt-Pt orbital overlap as in the
cxample of [H3NCH2CH2NH3]Q8[Pt(C204)2]'2H20 and
[DEPZ]yo[Pt(C,0,4),] (DEPZ = 1,4-diethylpyrazin-
ium).[16+1651 OQur group was able to synthesize a one-dimen-
sional platinum polymer incorporating the large planar N-
methylisoquinolinium cation [C;oH;(N]* resulting in the
partially oxidized complex [CioH;oN]; ¢[Pt(C>04),]-3H,O
with a Pt-Pt distance of 2.81 A.[1¢] Qur attempts to incor-
porate a potassium 18-crown-6 crown ether complex were
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only partially successful. Although single-crystal X-ray dif-
fraction indicated that the [Pt(C,O,4),]*>" anions do stack,
the distances between adjacent platinum centres was
7.811 A; much too far to indicate any Pt-Pt interactions
(see Figure 9). Attempts to generate a complex with shorter
Pt-Pt distances by partial oxidation were unsuccessful.

Table 3. Platinum-platinum bond lengths in bis(oxalato), bis-
(squarato)- and bis(croconato)platinate(I1I) complexes.

Complex Pt-Pt Distance Ref.
[A]
[NHy]1.60[Pt(C504),]"H,O 2.83 a7
[NMeHz]; 71[Pt(C,04)2]-H,O 2.89 [163]
[NMe;Hy]; 61[Pt(C204),] 2.81 a7
[Me3sNH]; 50[Pt(C,04)] 2.80 [163]
[MeyN]; 65[P(C204)s] 2.81 [1e3]
[HsNCH,CH,NHJy s[Pt(C20,),]2H,0  2.82 [164)

[DEPZ], oPt(C504), n/a (163

[C1oH10N]; 6[P(C204),]-3H,0 2.81 {166l
[CONH2)3Lo[Pt(C204).] 3.5876(7) (72l
[C(NH2)3]1.61[Pt(C204)2] H2O n/a (73]
[Cu(en)slb[PUC04),] 3.554 3.855 {741
[Cu(en)ao so[PU(C204)2]-2H0 2.83 [169.170]
[Pt(en)a]o 5o PUC204)2)2H,0 2.82 [169.170]
[Ag(NH;3):[P(C,04):] 3.5857(11) 7]
[Cu(bipy)(H,0),J6[Pt(C;04),],"TH,O 2.848 {76l
[Cu(bipy)(H,0),Js[Pt(C;04)2]10-8H,O 3.0082 {176l
K 2(H30%)05[P(C505),] 3.12 a7

Figure 9. ORTEP plot of [K(18-crown-6)],[Pt(C>04),] at 50% prob-
ability level.

The ability to incorporate divalent metal cations or tran-
sition metal complexes without disrupting the short Pt-Pt
distances is a feature that occurs in partially oxidized BOP
salts but not in partially oxidized TCP complexes. Krog-
mann reported a partially oxidized calcium BOP salt having
the formula Cag g4[Pt(C,04),]-4H,O with a Pt-Pt distance
of 2.876 A, however no further information about this com-
plex is available.'®71 Mizuno synthesized a new form of the
calcium BOP salt having formula, Ca 756[Pt(C,04),]:3H,O
and a Pt-Pt bond length of 2.89(1) A and with a triclinic
structure, similar to that of Cug g4[Pt(C504),]-7H,O.[1%81 Al-
though Cag 756[Pt(C,04),]-3H,0 had an average conductiv-
ity value in the same range as other partially oxidized BOP
salts (7.4 Q' cm™), its degree of partial oxidation and Pt—
Pt bond length was much higher than other partially oxid-
ized BOP salts containing divalent cations. The instability
of Cag 756[Pt(C504),]:3H,0 suggests that analogous to the
[Pt(bqd),] complex, a variety of secondary phases may be
isolated under exceptional circumstances. Mizuno also re-
ported a series of complexes with [M(en),]y go[Pt(C204)-]
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2H,0 (M = Cu or Pt, en = ethylenediammine). Both salts
have similar crystal structures with nearly identical Pt-Pt
spacings (2.82-2.83 A for both salts).[169-170]

The use of large counter cations seem to have little effect
on either the degree of partial oxidation or stacking of the
BOP moieties, but represent a significant shortening from
the divalent parent complex [Cu(en),],[Pt(C>0,),] where the
Pt—Pt distances are 3.554 and 3.855 A"’ In a similar syn-
thesis, Yamamoto et al. reacted K; ¢[Pt(C,04),]-2H,0O with
[Cu(bipy)(H,0):](NO3), to yield [Cu(bipy)(H,0),]¢[Pt-
(C504)5]7°7TH,0 (n = 2, 3, 4; where platinum has an average
oxidation number of +2.29) and [Cu(bipy)(H,O),]s[Pt-
(C504)1]10°8H,0 (1 = 3, 4; where platinum has an average
oxidation number of +2.40).'7%1 The crystal structure of
[Cu(bipy)(H,0),]s[Pt(C204),],7H,0 (n = 2, 3 or 4) is quite
interesting in that an oxygen from the platinum-chelated ox-
alato ligand is directly coordinated to the paramagnetic cat-
ion centre yet there is no direct interaction between the an-
ionic chains. The average Pt-Pt distance between the seven
platinum ions within the anionic chain was reported as
2.848 A with the shortest distance between two monomers
being 2.762 A. In Yamamato’s analysis of [Cu(bipy)(H>0),]s-
[Pt(C504)5]10:'8H,O (n = 3 or 4), no such coordination of
the cation to the oxalate oxygen atoms exists. The conduc-
tivity of these two compounds is vastly different as well
with the former reported as 0.5-0.9 Q'cm™' and the latter
being 1.3 X103 Q'em ™!,

Despite the significant study of BOP salts, much remains
unknown about the mechanisms whereby BOP salts are
partially oxidized to oligomeric systems. During Krog-
mann’s initial studies on the partial oxidation of
K,Pt(C,04),-2H,0, four distinct UV/Vis absorbances were
reported. These peaks were attributed to the formation of
variably sized [Pt(C,0,),], oligomers. Keller et al. derived a
mechanism for the formation of the higher order [Pt-
(C504),],, oligomers by using controlled chemical oxidation
of K,Pt(C50,4),-2H,0 in 2.0 M CF3SO5;H with Ce** as an
oxidant.l'781 This resulted in the appearance of four ab-
sorbance maxima at 426, 510, 600 and 680 nm, in agree-
ment with those originally reported. By varying the concen-
tration, pH, and the amount of oxidant used, the relative
intensities of the peaks could be adjusted. At pH 2.5, the
addition of 1 electron equivalent of oxidant led to the ap-
pearance of the 426 nm absorbance maxima attributed to
the formation of a dimeric bis(oxalato)platinate(I1)
[Pt3*(C,04),]»> species. This presence of this complex was
also confirmed by '>Pt NMR spectroscopy. This species
was found to be unstable above a pH of 2.0, which led to
disproportionation into [Pt'(C,04),]> and [Pt'V(C,0,),].
Below pH 2.0, the dimer was stable in solution for up to
three days. Varying the pH of the K,Pt(C,0,),2H,0 solu-
tion at or below 2.5, addition of oxidant led to the appear-
ance of the 426 nm [Pt3*(C,0,),],> species as well as the
510, 600 and 680 nm absorbances associated to the forma-
tion of [P2O7H(C,04).15*, [Pt?H(C,04),],%  and
[Pt24(C504),]s* respectively. Ultimately it has been hy-
pothesized that H* ions play a critical role in the formation
of higher oligomers through the initial stabilization of the
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polyanionic platinum chain. Pentamers of [Pt>4*(C,0,),]s%
are the shortest oligomers over which the average oxidation
state of the polymer (Pt>#*) is observed. The pentamer is
also the shortest oligomer over which Peierls distortion may
be observed, due to the 4/5 filling of the conduction band.
This may explain the inability to observe hexamers in solu-
tions, and suggests that growth of longer polymers may oc-
cur via aggregation of the pentamer units.

Work on new, non-partially oxidized BOP salts has con-
tinued well into this decade. Sakai et al. published results
from the characterization of a bisguanidium bis(oxalato)-
platinate(IT) (CHgN3),[Pt(C,0,4),] as well as the double
platinum, bis(2-aminopyridine)(2,2’-bipyridine)platinum(IT)
bis(oxalato)platinate(Il) dihydrate [Pt(C;oHgN,)(CsHgN,),]-
[Pt(C504),]2H,0 salt.l'’>171 Neither of these complexes
demonstrated significant Pt-Pt overlap, although X-ray
analysis shows that the guanidinium cation stabilizes the
overall structure via hydrogen bonding between the organic
cation and both the chelating and carbonyl oxygen’s con-
tained in the oxalate ligands. Recent work indicates that the
bisguanadinum BOP complex may be partially oxidized lead-
ing to a reduction in the average Pt-Pt distance.!”*! Wu and
co-workers have synthesized and characterized [Ag(NH3),]»-
[Pt(C504),] which displays a stacking distance along the Pt—
Pt axis of 3.5857(11) A (see Figure 10). The long distance be-
tween platinum centres and the 0° rotation between [Pt-
(C,04)-> units suggests little if any significant interaction
between the adjacent platinum units. Band structure calcula-
tions on Mg s,[Pt(C504)-]:5.3H,O have been performed by
Nayak et al. which illustrate the relationship between Pt—Pt
distance and the degree of partial oxidation.!'8" The preferred
rotation between adjacent bis(oxalato)platinate units was
shown to be either 45° or 60° in systems containing more
than two platinum units. The 60° conformation is only
1.9 kcalmol™! lower in energy than the 45° orientation, and
the resulting “staircase arrangements” are in agreement with
experimentally observed results.

Figure 10. ORTEP plOt of [Ag(NHg)Q]z[Pt(C204)2] at 50% prob-
ability level generated from the data deposited with the CSD.

With the use of a novel slow diffusion method, Sakai was
able to grow single crystals of [Pt(C;oHgN,)(CsHgN>),]
[Pt(C504),]:2H,0.I'7 X-ray analysis of this one-dimensional
Magnus’ green salt-like compound showed strong interac-
tions between the platinum ion pairs due to n—= stacking be-
tween the 2,2'-bipyridine and oxalate ligands, but weaker in-
teractions between the alternating ion pairs. The intramolecu-
lar or cation-anion pair Pt-Pt bond length was reported as
3.9294(6) A whereas the intermolecular or Pt-Pt bond length
3050

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

between two adjacent Pt ion pairs reported as 5.0302(7) A.
Both lengths indicate the lack of interactions between the 5d..
orbital on the platinum. It is noteworthy that within the plati-
num cation, the monodenticity of the 2-aminopyridine li-
gands allows for perpendicular orientation with respect to the
bidentate 2,2’-bipyridine ligand limiting the minimum Pt-Pt
stacking distance. The 2-aminopyridine ligands extend well
above and below the stacking plane which leads to measured
distances of 3.46(1) A and 3.41(7) A between the intra- and
inter-ion pairs, respectively.

The unique properties of the BOP salts enable them to be
used for the formation of other novel materials. Xu et al.
demonstrated that a glassy carbon working electrode could
be modified to form a microelectrode array by the growth
of nanowires of K, ¢[Pt(C,0,),].l'8!1 Cyclic voltammetry and
chronoamperometry experiments demonstrated that the
growth of the partially oxidized “nano-electrodes” is a two
step, diffusion controlled process with growth of the platinum
polymer occurring via addition of BOP monomers.['8%183] Re-
cent work from our group has demonstrated the ability to
synthesize the partially oxidized BOP polymers within con-
stricted geometries.!73) Use of porous anodic alumina oxide
filters as growth templates allows for the constriction of the
polymer diameter to 20 nm while retaining their full electrical
conductivity. More recently we have demonstrated that mi-
cron-sized, hollow tubes of X, 3Pt may be formed by the re-
ductive pyrolysis of X, g[Pt(C,04),] (X = Co, Fe, Ni) (see Fig-
ure 11).1'84 These partially oxidized BOP salts may be re-
duced under a hydrogen atmosphere at 120 °C to form bime-
tallic alloys whilst retaining their structure, and these materi-
als may have catalytic applications. The homogeneity of plati-
num and the co-metal in the final structures was confirmed
by energy-dispersive X-ray spectroscopy (EDS). The hollow
geometry may be due to rapid growth of the stacked poly-
mers at high voltages leading to the formation of a depletion
zone within the growing structure, or to changes in the in-
ternal structure upon pyrolysis. The complex Ag,[Pt(C,04),]
has been demonstrated to be a suitable precursor for the syn-
thesis of nanoparticles of a silver-platinum alloy, and this pre-
liminary work indicates that this method is more general.['8]

0 WD39 10KV

Co0.8[PH(Ox)2) H2

—— 20 um —— | 3/21/06_x550 WD39 10KV

Figure 11. SEM images of hollow structures of Cog g[Pt(C,0,),] after
reduction under a hydrogen atmosphere.

BOP complexes display greater versatility than TCP com-
plexes due to the ability to incorporate a larger range of cat-
ions that allow for modification of the physical properties,
including Pt-Pt distance. However, as with the TCP com-
plexes the columnar Pt-Pt structures are stabilized by ad-
ditional bonding interactions from water molecules that alter
the material properties upon dehydration.
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Squarate and Crocoanate Ligands

The successful synthesis and characterization of numerous
bis(oxalato)platinate salts has led to the investigation of other
bidentate-oxo ligands with planarity similar to that of oxalic
acid. Compared to oxalate, other oxygen bound ligands have
received significantly less attention. Toftlund synthesized the
bis(squarato)platinate(Il) complex K,[Pt(C40,),] and the par-
tially oxidized analogue K, ¢[Pt(C404)] by treating a warm
aqueous solution of [Pt(H,O)4*" with squaric acid (see Fig-
ure 8).['8] Concentration of the solution gives rise to highly
coloured oligomers analogous to those originally reported by
Krogmann for the potassium bis(oxalato)platinate com-
plexes.?%211 ESCA characterization of the anisotropic crystals
showed a shift in the platinum binding energy compared to
the parent platinum(IT) compound indicative of a change in
the overall oxidation state. The bis(squarato)platinate com-
plexes were also capable of oligomerization which gave rise to
dimeric units of Ba,[Pt,(C40,),4]:6H-,O with squarato ligands
bridging between different platinum centres, analogous to the
pyridonato “platinum blue” systems.'37-1881 OQur studies on
the K,[Pt(C404),] complex indicated that partial oxidation of
the K,[Pt(C40,),] salt led to the appearance of a strong ab-
sorbance peak at 510 nm, similar to those reported for the
formation of oligomers of [Pt(C,0,4),]>~ with short Pt-Pt in-
teractions.! 73184 Toftlund has also reported the isolation of
the partially oxidized bis(croconato)platinate complex K; »-
(H30%),.s[Pt(C505),].177-1% Single crystal diffraction studies
demonstrated the Pt-Pt distance to be 3.12 A with each
bis(croconato)platinate unit rotated by approximately 45° rel-
ative to the adjacent unit. This twisting is analogous to that
observed for bis(oxalato)complexes and is indicative of bond-
ing interaction between adjacent units in the chain.['87

Malonato and Acetylacetonato Ligands

The interaction of electronic and steric effects on the de-
gree of Pt—Pt interaction can be studied by comparison of the
bis(malonato)platinate(Il) and bis(methylmalonato)platin-
ate(Il) complexes (see Figure 12). The bismalonatoplatinate
[Pt(C5H,0,),]* and syn- and anti-bis(2-methylmalonato)-
platinate [Pt(C4H40,4),]> complexes were formed through re-
action of malonic acid and 2-methylmalonic acid with
K,PtCl,.["%1 Chemical oxidization of solutions containing
[Pt(C3H,0,),]* using [(NH3),Ce(NO3),] led to the formation
of the dimeric tetramalonatodiplatinum(III) species,
[Pt(C3H,0,),],>". The putative dimer was short lived; only
lasting for 0.5 h. The inability to form a stable multimeric
complex was attributed to the steric hindrance caused by the
non-planar geometry of the malonate ligands.!'’®! Formation
of transient dimeric species was not observed for the 2-meth-
ylmalonato complex [Pt(C4H404),]>". Stoichiometric addition
of [Pt"™V(C3H,0,),] or [Pt"V(C4H404),] to solutions of [Pt!-
(C3H,04),)* or [Pt(C4H404),]> did not result in the forma-
tion of partially oxidized polymeric systems, and attempts to
form partially oxidized systems with short Pt-Pt distances
through electrochemical oxidation were also unsuccessful. Al-
though the steric increase in the bis(malonato)platinate com-
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plex is relatively small compared to the bis(oxalato)platinate
systems, the disruption of the m-conjugation and the shift to
a weaker m-acceptor ligand likely contributes to the reduction
in Pt-Pt interaction.

(@) O
O\ /O Me
S
o o H
(@) (@)

malonato

methylmalonato

acetylacetonato

Figure 12. Structure of bis(malonato)platinate(Il), syn-bis(methyl-
malonato)platinate(Il) and bis(acetylacetonato)platinum(II).

The platinum acetylacetonato (acac) complex [Pt-
(CsH;0,),] has been extensively studied, and although nu-
merous crystal structures exist,!*171%3 no short Pt-Pt dis-
tances (= 3.5 A) have been observed. Although the complex
possesses n-delocalization across the acac ligand which may
be expected to favour Pt-Pt interaction, the steric hindrance
of the methyl moieties appears to be too unfavourable to al-
low for close interactions.

The weak affinity of divalent platinum for oxygen ligands
has presented an obstacle in the preparation of a wider
variety of new types of complexes that can form polymers
with short Pt—Pt distances. The need for stable, sterically un-
hindered, m-acidic ligands has limited the ability to modify
the structure of these complexes. A possible extension to the
bis(squarato) and bis(croconato) complexes may be the syn-
thesis of the platinum(II) complex based upon rhodozoic acid
(see Figure 13).

o] o]
o_,0 ° e °
Pt Pt
/7 \ /N
0O O o) (0] [e) (o)
o] o]

tropolonato rhodozonato

Figure 13. Structure of bis(tropolonato)platinum(II) and bis(rhodoz-
onato)platinate(II).

Our preliminary attempts to synthesize bis(rhodozonato)-
platinate(II) by reaction of aqueous solutions of K,PtCl, with
rhodozoic acid were unsuccessful; however, it may be possible
to synthesize this complex through reaction of the ligand with
[Pt(H,O),**. The bis(tropolonato)platinum(II) complex has
not been reported either, but the analogous palladium com-
plex is known and has been characterized by single-crystal X-

ray diffraction, presenting another complex for future stud-
g [194]
ies.

Conclusions

Polymers of platinum complexes with direct Pt-Pt bonding
have significant potential in the development of sensors and
other technological applications, and new complexes that dis-
play short Pt—Pt distances have opened up fresh avenues for
research. This review has attempted to highlight ways in
which the molecular diversity may be expanded, and areas in
which new advances may be expected. Although the impor-
3051
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tance of using sterically favourable, strong-field ligands con-
tinues to be a guiding principle, unanticipated complexes such
as [Pt!(bipy),]* indicate that there are still many factors that
are not fully understood. Familiar systems such as those in-
corporating tetra(cyano)platinate and bis(oxalato)platinate
anions allow the exploration of the effect of cation substitu-
tion, but are affected by loss of structure upon dehydration,
and a limited number of complexes containing glyoximato
and quinone dioximato ligands have been well studied for
their material properties, and present an unexplored area of
research. The short platinum—platinum distance also gives rise
to unique luminescent and non-linear optical properties
which may be tuned by modification of the stabilizing ligands.
From a technological perspective, the use of platinum double
salts for vapochromic and bathochromic sensors is currently
the most technologically well-developed application. We an-
ticipate that the ongoing work into the synthesis and charac-
terization of new homoleptic platinum complexes will con-
tinue to point the way to a deeper understanding of metal—
metal interactions in these and other related systems.
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