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In aqueous solution, the tetrakis(ethylisocyanide)platinum(ll) cation, PtgEIRE ", reacts with tetracyanoplati-
nate(ll), Pt(CN)2-, to form four multinuclear species. These species are the diplatinum(ll) compound
[Pt(CNGHs)42T][Pt(CN)427], two triplatinum compounds, [Pt(CNEls)42T]o[Pt(CN)27]2+ and [Pt(CNGHs)421]-
[Pt(CNY?],2", and the tetraplatinum species [Pt(CMg)42"]2[Pt(CN)2 .. The interactions leading to the stability

of these species are not simply ionic. The interactions result in major differences in the electronic absorption
spectra, and the oligomers are not disrupted by the addition of other salts. The formation constant for each of the
oligomers was determined at several temperatures, and the enthalpies and entropies of formation were measured.
Species with even numbers of platinum ions have more negative stepwise enthalpies of formation than do the
species with odd numbers of platinum ions. Entropies of formation are negative as well; however, the values are
significantly more positive for the species with odd numbers of platinum ions than for those with an even number.
These thermodynamic trends can be rationalized by recognizing that the species with even numbers of platinum
ions are dipolar and organize the solvent better than the species with odd numbers of platinum ions, which are
not dipolar. Thus, the more negative enthalpies of formation of the species with even numbers of platinum ions
are a consequence of better solvation than species with odd numbers of platinum ions. Accordingly, the entropies
of formation of the species with even numbers of platinum ions are more negative because they organize solvent
to a greater extent. Exclusive of solvent effects, the angation interaction is about 30 kJ/mol.

Introduction solubility of most of the Magnus type saks!?However, Isci

Various salts of the tetracyanoplatinate(ll) anion display @nd Mason have reported the elecztronip SDECUOSCOPZif analysis
different colors in the solid state depending on the nature of Of the interaction of [Pt(CNgHs),]*" with [Pt(CN)] = in
the countercation and the number of water molecules Ioeracetomtrlle solutior¥—8 A single band is observed in the visible
formula unit. Structural analysis reveals that the crystalline forms '€gion anzq assigned to the dinuclear complex [Pt(gH] > -
of all the alkali and alkaline earth salts consist of stacks of the [P{(CN)}]*". The formation constant of the complex and
square planar anion such that the Pt(ll) ions are above one€Xtinction coefficient of the band in the visible region were
another in continuous chai#€The color is correlated with the ~ reported.
Pt—Pt separatiod.The Pt-Pt separations vary from 3.1to 3.7 Isoelectronic rhodium(l) isocyanides behave similarly to the
A, and the maximum for the absorption band ranges from 600 Platinum(il) double salts. They polymerize, forming complexes
to 283 nm. Complexes with PPt separations greater than 3.5 as large as octamers. Polymerization is accompanied by spectral
A are nearly colorless. Analogous observations have beenchanges analogous to those observed in the Pt(ll) cases and is
reported for the double salts exemplified by Magnus's green indicative of covalent bond fqrmqﬂdﬁ:“ The monomers are
salt, [Pt(NH)4]2*[PtCL]2.45 The nature of the band leading cationic, and yet their interaction is strong enough to overcome
to the green color has been the subject of considerablethe Coulombic repulsion.
interests~10 _ )

Nearly all studies of these double salt interactions have beenExperimental Section

carried out in the solid state perhaps because of the very low  giarting Materials. KCN (Baker), potassium tetrachloroplatinate(ll)
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Preparation of Potassium Tetracyanoplatinate(ll) Trihydrate.

An amount of 1.0 g of KPt(Cly (2.4 mmol) was dissolved in 200 mL

of water. To this was added 4 equiv (9.6 mmol) of KCN in small
portions over 15 min. Within an hour the initially red solution became
colorless. It was filtered, and the solvent was removed in vacuo. The
resulting solid was dissolved in a minimum volume of water atC0
and placed in an ice bath. The yellow needlelike crystals that formed
were filtered and washed with cold water. ThegP(CN), that was
formed was recrystallized three times.

Preparation of the Double Salt [Pt(CNGHs)4][Pt(CN)4]2. Equal
molar solutions (01 M) of [Pt(CNéBis);;][BF;;]Z and [(n-C4H9)4N]2-
[Pt(CN)] were prepared in separate vessels with dry dichloromethane
as the solvent. When they were mixed, a bright-green solid precipitated.
The solid was filtered off and stored under argon &0 The vyield
was 90%.

Solutions Studied by Continuous Variations!” Equal molar
solutions of the [Pt(CN&Hs)4][BF 4] and K:Pt(CN), were prepared in
separate volumetric flasks. The [Pt(CM{).>t and Pt(CNY~ solutions
were then mixed in different ratios keeping the total platinum
concentration the same in all the solutions. Solutions of Pt(EN)G"
are unstable in water and begin to decompose within one-half hour at
the highest temperatures studied. All equilibria data were taken within 0 ‘
one-half hour, and measurements of solutions from the beginning of a ‘ ‘ ‘ ' ‘ ‘ ‘
series of experiments were repeated to ensure that significant decom- 190 230 270 310 350 390 430 470
position had not occurred.

UV—Visible Spectroscopy and the Determination of Equilibrium Figure 1. Electronic absorption spectrum of a510~* M solution
Constants. Measurements were made with a HP 8453 diode array ofthe double salt in water showing multiple absorption bands in the
spectrophotometer. Spectra were taken in 1.0, 0.1, and 0.01 cm quartzigiple region.
cells with deionized and distilled water as the solvent. Temperature
was controlled with a Neslab RTE-110 constant temperature bath.

Measurements were made at a solution pH of 5.5. The general procedured The _Sto(ljcrtl)lomhetry of_the various _speCI?:svln So:;g'(;):r\‘/ was
for determining the equilibrium constants was as follows. First, the G€t€rmMined by the continuous variations (CV) met

principal electronic absorption bands were determined by varying the €XPeriments at a total concentration of %@0°M show that
concentrations of the reactants over several orders of magnitude.the 319 nm absorbance arises from a complex with 1:1
Subsequently, the stoichiometries of each of the species were determinegtoichiometry and has the formula [Pt(CMG)42T][Pt(CN)s>"].

by the method of continuous variations. Where possible, extinction At 1.0 x 1074 M total concentration, the 363 nm band is
coefficients were measured. With these data in hand, the equilibrium prominent. Its intensity maximizes at a 2:1 ratio of cation to
constants were calculated using the Hyperquad suite of programsanjon. The band does not shift position when the ratio of anion
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developed by Gans and described in his papefBhis program
determines the equilibrium constants from absorption data by a least-
squares approach given the formulas of the species involved.

Labeling of Oligomers. In this paper, the oligomers are referred to
according to their stoichiometry and following IUPAC rules of cation
first followed by the anion. For example, the trinuclear species [Pt-
(CNCHs)4]2[Pt(CN)]?" is labeled 2:1.

Results

Evidence for Oligomer Formation from Absorption Spec-
tra. Pt(CNGHs)42 and Pt(CN)?~ have rather similar electronic
absorption spectra. No bands are observed at wavelengths long
than 280 nm. When an aqueous solution is prepared in which
each ionis ca. 1.6 1075 M, a band is observed at 319 nm. At
concentrations above 10 104 M a band is observed at 363
nm as well. As the concentration is raised toward £.0072
M, the 363 nm band appears to shift and broaden and its
maximum reaches 455 nm at the solubility limit. Identical
spectra are observed when the total concentration of the doubl
salt complex, [Pt(CNgHs)42T][Pt(CN)4Z7], is varied in solution.
These facts are consistent with the formation of three or more
oligomers of the two ions. Figure 1 is the absorption spectrum
of a solution that is 5.0« 104 M in the double salt. The
maximum of the lowest energy band is at 390 nm. This is
compared to 363 nm when the total concentration is<1 1D~
M and 420 nm at 1.0< 10°2 M in double salt.

(17) Ingle, J. D.; Crouch, S. RSpectrochemical Analysi®rentice Hall:
Englewood Cliffs, NJ, 1988; p 386.
(18) Gans, P.; Sabatini, A.; Vacca, Aalanta1996 43, 1739.

€

to cation is varied at a total concentration of 01074 M.
The formula for the compound giving rise to this band is
therefore [Pt(CNEHs)42 ] [Pt(CN)2]2". At 1.0 x 1073 M total
concentration a single band is observed with a maximum at 420
nm. The CV method shows that the band is optimized at a
cation-to-anion ratio of 1:1. The likely formula for the species
giving rise to this band is [Pt(CNgls)42]2[Pt(CN)? 1.

In the concentration range 10 103 to 5.0 x 1073 M the
lowest energy band maximizes at 420 nm. Above 5.00°3
M the band shifts progressively to 450 nm. At these concentra-
tions oligomers with more than four platinum ions form. The
data reported in this paper were restricted to total platinum
concentrations less than 5010-3 M where the largest species
are tetranuclear.

The CV method gave clear and definite proof for three
oligomers. However, in the initial analysis, no distinct band was
detected corresponding to the 1:2 complex [Pt(GNg42]-

dPY(CN)27]22". In the total concentration range of 1:0107°

to 1.0 x 1074 M, the 2:2 complex does not form significantly
and the mononuclear species have no absorptions at wavelengths
longer than 300 nm. If the only species present were the 1:1
and 2:1 complexes, an isosbestic point is anticipated between
319 and 363 nm. None is observed, indicating that a 1:2 complex
formed but it either had a substantially smaller formation
constant or smaller extinction coefficients than the 2:1 species.
Ultimately the equilibrium analysis (vide infra) showed that the
1:2 complex has a maximum at 350 nm, but in most spectra
the band appears as a broadening of the more intense 363 nm
band. Upon retrospective examination, we found that in a narrow
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concentration range at high ratios of cyanide to isocyanide a
distinct band is observed at 350 nm.

Equilibrium Model Selection. When the stoichiometries of
the products of the equilibria were identified, the following
equilibrium constants were sought:

Pt(CNGHy),”" + Pt(CN)”” =
[Pt(CNGHy), I[Pt(CN),” ]

[Pt(CNCH,), > 1[Pt(CN),” ] + Pt{(CNGH,),*" =
[Pt(CNC,Hg),* 1,[Pt(CN),* 1>

[Pt(CNCH,), > [Pt(CN),% ] + Pt(CN),*>” =
[Pt(CNCH,),”*][Pt(CN),? 1,>

[Pt(CNCH,), > ,[Pt(CN),*> 1*" + Pt(CN),”” =

[PHCNCH* TIPHCN)* T, K,
K; was determined directly at low concentrations@M) in

a regime where the other species do not form. A plaCi@$/2
versusAl2 gives a slope oé ! whereC is concentration and

is absorbance. Substituting Beer's law into the equilibrium
expression gives

Ksz
(C— Ale)

Isci and Masohused this method to determine the equilibrium
constant for the dimer of the double salt in acetonitrile solution.
The remaining equilibria overlap and were most easily
evaluated using the computer program Hypergtadhis
program fits equilibrium constants to electronic absorption data
for systems in chemical equilibrium by a least-squares method.

To achieve convergence in the iterations, approximate values

of extinction coefficients must be supplied. For the 2:1 complex,
these were determined at 0104 M assuming no formation

of the 2:2 complex. Ultimately, all the equilibrium constants
and extinction coefficients were refined simultaneously. The
values obtained for the 1:1 complex were not significantly
different from those determined directly at low concentrations.
Convergence could be obtained without including the 1:2
complex, but a statistically better fit was achieved by including
it. The standard deviation of the equilibrium constants without
the 1:2 complex included was never better than 25% of the
equilibrium constants determined. The equilibrium model was
tested by attempting to include formation constants for the penta-
and hexanuclear species. No statistically significant equilibrium
constants could be determined for penta- and hexanuclea
species at the concentrations studied. In the initial analysis,
equilibrium constants and molar extinction coefficients were

evaluated simultaneously for each of the different temperatures

studied. Values for the extinction coefficients at four different
temperatures agreed well with each other. In the concluding
refinement of the equilibrium constants, extinction coefficients
were held fixed at the averages of their values for all of the

temperatures. The absorptivites of the parent complexes were
all held constant throughout the refinement because they are

known from independent measurement.

The equilibrium constants that were determined by this
method appear in Table 1. Included in Table 1 is the molar
extinction coefficient for each oligomer at its absorption

r
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Table 1. Stepwise Formation Constants for the Oligomerization of
the Double Salt [Pt(CN&Hs)2T][Pt(CN),2"] in Water

oligomer K (22°C) K (17°C) K (12°C) K (7°C)

€max

Ky 1.1 5.1x 10* 6.8x 10* 8.5x 10* 1.1 x 10° 1500Q19 nm
K 2:1 9.5x 1% 1.2x 10 1.3x 10° 1.6 x 10° 5700Q63 nm
Ks 1:2 8.1x 1% 9.7x 1% 1.1x 10 1.3 x 10®° 2100Qs0 nm
Ka 2:2 3.0x 1P 25x 10°P 1.7x 10 1.3x 10° 3500020 nm

aThe constants were refined using the hyperquad suite of programs.
The units are M. Values are accurate to better tha0.3 M.

Table 2. Thermodynamic Parameters for the Stepwise Formation
Constants for the Oligomerization of the Double Salt
[Pt(CNGHs)4][Pt(CN)4] in Water

stepwise constant AH®, kJ/mol  AG°, kJ/mol AS’, J/(mol K)
K1 —-35 -27 -30
Kz —22. -17 —18.
Ks —21 —16 —15
Ky —40 —29 —36

a Enthalpies are accurate to better tham kJ/mol. Entropies are
accurate to better tha#t3 J/(mol K).

maximum. The absorptivities tabulated are averages from the
refinements at the different temperatures.

Thermodynamic Studies of the Formation of the Oligo-
mers. Values of AH°® were determined from Van't Hoff plots
for which correlation coefficients were better than 0.9%
was determined from\H® and the value of the equilibrium
constant. The thermodynamic results from the stepwise equi-
librium constants at the four temperatures appear in Table 2.

Discussion

An issue of considerable interest is the nature of the
interaction between cation and anion in these double salt
complexes. As discussed in the Introduction, it has long been
recognized that the appearance of new bands in the electronic
absorption spectrum of related compounds indicates that the
interaction involves important changes in the orbitals of anion
and cation in addition to Coulombic attraction between the ions.

Initially, the equilibrium constants in this system were
measured without an inert electrolyte to maintain ionic strength.
This was done to prevent potential complications from additional
ion—ion interactions beyond those of the platinum anion and
cation. Subsequently, measurements were made with a 100-
fold excess of KNQ@, Aly(SQy)s, or (NHg)HPO,. At these
concentrations, equilibria were not significantly shifted. This
is further evidence that the covalence of each double salt is quite
substantial and not readily disrupted by salts. Yet another
indication of the covalent nature of bonding is that the double
salt containing the tertiary butylisocyanide, [Pt(CNHg)4]-
[Pt(CN)y], was reported by Isci and Mason to have a larger
formation constant than the corresponding ethylisocyanide
species in acetonitrile solutioh&vidently, the electron-donating
properties of the tertiary butyl group strengthens the metal
metal interaction more than enough to compensate for the steric
repulsions they exert on the anion. In the case of the rhodium(l)
isocyanides, the fact that polymerization overcomes Coulombic
repulsion is further evidence of covaleriéé?

It should also be pointed out that in other related systems,
bonding interactions through the ligands have been dis-
cussed?>20however, this probably plays no role in the system
reported herein.

(19) Connick, W. B.; Marsh, R. E.; Schaefer, W. P.; Gray, H.rg.
Chem.1997, 36, 913.
(20) Miller, J. S.Inorg. Chem 1976 15, 2357.
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A striking feature of the thermodynamic data in Table 2 is Molecular Orbitals Hybrid Orbitals
that the enthalpies and entropies of formation of the 1:1 and
2:2 complexes are quite similar. Likewise, the enthalpies and
entropies of formation of the 2:1 and 1:2 are quite similar to
each other but are significantly less negative than the values g,
for the 1:1 and 2:2 species. A plausible explanation for the less ==+
negative enthalpies of formation for 1:2 and 2:1 complexes
comes from the recognition that these species are not dipolar
while the 1:1 and 2:2 complexes are very strongly dipolar.
Dipolar molecules interact much more strongly with a polar
solvent like water, organizing it extensively. Thus, the formation
of 1:1 and 2:2 complexes not only entail direct covalent and
ionic interactions between platinum complexes but they also
involve the formation of stronger bonding to the solvent than
is possible for the 1:2 or 2:1 complexes. The less negative

54,2/

5

entropies of formation for the 1:2 and 2:1 complexes are %M %
reflections of the same phenomenon. These species organize e
the water more poorly than the 1:1 and 2:2 complexes. Figure 2. Stabilization of the double salt [Pt(CNBs)4][Pt(CN)4]

; ; P : through symmetry repulsion of molecular obitals based on platinum
Considered in this light, the data offer an estimate of the 5dz and 6p orbitals (left-hand side) and from electron pair bonds

strength of the anioncation interaction in these systems. ¢,aq with 5c—6p, hybrid orbitals (right-hand side).
Evidently, the 1:1 and 2:2 complexes are solvated to a

comparable extent on a per platinum atom basis. Likewise the 400521 Filled 542 orbitals of adjacent platinum ions interact
2:1 and 1:2 complexes are solvated comparably. Therefore, by;y torm bonding and antibonding levels of Aand A,

averaging the formation constants of the species, one may arrivegymmetry, respectively. Normally, this would not lead to a net
at an estimate of the anieitation interaction of about 30 kJ/ bonding interaction; however, the empty ,6prbitals form
mol. The data at hand do not speak to how this figure is mjecylar orbitals with the same symmetry as the Btbitals
dlstnbute(_j.between lonic an.d covalen'F terms. . and repel them, leading to net stabilit}2 This is illustrated on

An additional feature of this system is that 1:2 complex is @ ¢ |eft-hand side of Figure 2. It is worth noting that one can
less conspicuous participant in the equilibria than is the 2:1 5rjve at an equivalent explanation for the net stabilization
complex, based on the electronic absorption spectroscopy. ASihrough simple electron pair bonding considerations. Hybridiza-
the data indicate, this is mainly the result of a smaller molar tjon of the 5¢ orbitals with the 6p orbitals followed by
extinction coefficient for the 1:2 complex. The enthalpy of yojecylar orbital formation between the hybrids can result in
formation of the 1:2 complex is, however, somewhat less exactly the same energy acheived by symmetry repulsion

negative than that for the 2:1 complex, and it is worth noting gnsiderations. This is illustrated on the right-hand side of Figure
that its lowest energy electronic absorption band is to higher o

energy than the band for the 2:1 complex, consistent with a

weaker interaction between cationic and anionic portions of the ~ Acknowledgment. The authors gratefully acknowledge their
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contain an electron pair. At first glance, it is not obvious how ) ) ) o

a covalent bond can be formed. Some time ago, Krogmann Supportl_ng Information Aval_lable: Tables listing apsorban_ce and _

offered an explanation based on molecular orbital consider- concentration data for the various temperatures studied. This material

is available free of charge via the Internet at http://pubs.acs.org.
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