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Abstract:

The colors exhibited in the solid phase of the tetracyanoplatinate salts do not always exist into the
solution state. The color of the solid complex is attributed to the metal-metal interaction distance. The
closer the metal-metal interaction is the lower in energy the corresponding absorption band will be.

Oxidation of the tetracyanoplatinates gives numerous species in solution. Oxidized solutions result in
six species that have been characterized using 195Pt nmr. These are the (Formula not captured by
OCR), (Formula not captured by OCR)and (Formula not captured by OCR). Initial reaction solutions
are a faint yellow color but when they are allowed to stand idle for at least one week a purple colored
solution exists. During this time all the 195Pt nmr resonances are still present but in different
proportions. The purple solutions are attributed to paramagnetic multi-nuclear associated species.

The double complex salt tetraethylisocyanideplatinum(ll) tetracyanoplatinate(1l) gives brilliant red
colored solutions when concentrations are at least 1 x 10-3M. The color is the result of multi-nuclear
association. The species in solution at(Formula not captured by OCR) are the di-nuclear(Formula not
captured by OCR) two tri-nuclear species (Formula not captured by OCR)and the tetra-nuclear
(Formula not captured by OCR) The thermodynamics of the solution reveals the greater enthalpy of
formation for the dinuclear and tetranuclear species. The even numbered associated species have C4v
symmetry and thus have a dipole moment. The net dipole results in the greater ordering of solvent. The
odd numbered associated platinum species are D4h and have no net dipole moment. The greater
ordering in the even numbered species results in the more exothermic values of enthalpy due to bond
formation with the solvent. The greater ordering of solvent for the di-nuclear and tetra-nuclear species
also explains the corresponding more negative values of entropy for the even numbered species
compared with the more positive entropic values of the odd numbered species.

The complexes cis-bisethylisocyanidedicyanoplatinum(ll), cis-bismethyldicyanoplatunum(ll) and
tetra-n- butylammoniummonomethylisocyanidetricyanoplatinum(ll) were structured. All three
complexes contained shorter platinum-carbon bond lengths for the isocyanide compared to the cyanide.
This reveals the greater m-acidity of the isocyanide ligand.
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ABSTRACT

The colors exhibited in the solid phase of the tetracyanoplatinate salts do
not always exist into the solution state. The color of the solid complex is
attributed to the metal-metal interaction distance. The closer the metal-metal
interaction is the lower in energy the corresponding absorption.band will be.

Oxidation of the tetracyanoplatinates gives numerous species in solution.
Oxidized solutions result in six species that have been characterized using '*°Pt
nmr. These are the Pts(CN)s®, Pto(CN)s, Pt2(CN)s%, Pta(CN)g(H20)22, _
Pt(CN)4(H20)2*" and Pt(CN)»(H20)s*. Initial reaction solutions are a faint yellow
color but when they are allowed to stand idle for at least one week a purple
colored solution exists. During this time all the Pt nmr resonances are still
present but in different proportions. The purple solutions are attributed to
paramagnetic multi-nuclear associated species.

The double complex salt tetraethylisocyanideplatinum(Il)
tetracyanoplatinate(ll) gives brilliant red colored solutions when concentrations
are at least 1 x 10°M. The color is the result of multi-nuclear association. The
speciés in solution at 1 x 10°M are the di-nuclear Pt(CNC2H5)4][Pt(CN)4], two tri-
nuclear species [Pt(CNCaH5)4]o[Pt(CN)4**, [Pt(CNC2Hs)4][Pt(CN)4J% and the
tetra-nuclear [Pt(CNC2Hs)4]2[Pt(CN)4]o. The thermodynamics of the solution
reveals the greater enthalpy of formation for the dinuclear and tetranuclear
species. The even numbered associated species have C4, symmetry and thus
have a dipole moment. The net dipole results in the greater ordering of solvent.
The odd numbered associated platinum species are D4y, and have no net dipole
moment. The greater ordering in the even numbered species results in the more
exothermic values of enthalpy due to bond formation with the solvent. The
greater ordering of solvent for the di-nuclear and tetra-nuclear species also
explains the corresponding more negative values of entropy for the even
numbered species compared with the more positive entropicvalues of the odd
numbered species.

The complexes cis-bisethylisocyanidedicyanoplatinum(ll), cis-
bismethyldicyanoplatunum(ll) and tetra-n- ‘
butylammoniummonomethylisocyanidetricyanoplatinum(ll) were structured. All "
three complexes contained shortet platinum-carbon bond lengths for the
isocyanide compared to the cyanide. This reveals the greater n-acidity of the
isocyanide ligand. '




" INTRODUCTION

Complexes with Pt-Pt Interactions

The interest and appreciation of the chemistry of metal-metal bonding
originated during the middle part of this century (1 and references therein).
‘Platinum, like other metals, exhibits two different classes of metal-metal bonding.

The first class consists of molecules that contain metal atoms that are bonded
directly with é‘ne another. These complexes contain no ligands that bridge
between the two metal atoms. For platinum complexes this is seen in ihe
partially oxidized tetracyanoplatinates (POTCP) as well as the platinum blues. A
répresentation of the structural éharacteristics of the platinum blue complex a-
pyridone blue which is a dimer of the binuclear [(NH,),Pt(pyr),Pt(HN,),] (1) and
the POTCP K,Pt(CN),X 53H,0 where X is Br (2) or ClI (3) is seen in figure 1 and
2 respectively. The PO_TCP is an infinite platinum-platinufﬁ bonded species
whereas the pla;cinum blues are.tetraplatinum and considered finite platinumf
platinum bonds. The platinum blues have been extenéively studied because of
their anti-tumor activity (2,3,4). Both (1) and (2) have drawn significant interest

for different reasons and are formed according to equation 1.

5KPHCN), + KPHCN)Br, —> 6(2) (1)




Figure 1. Depiction of the tetrameric a-pyridone blue.




Figure 2. Depiction of the stacked platinum atoms in the TCP's, POTCP and

DS. S
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The POTCP complexes have been studied for the most part because of their 1-D

anisotropic bhyéical properties. Principal among these 1-D properties is fhe‘
ability for the anisotropic conduction of electricity through the Pt-Pt bonds. The
a-pyridone blue is also a partially oxidized (PO) compound like the POTCP. The
partial oxidation (PO) is reflected in the oxidation state of these complexes being
a non-integral number. The platinum atom in (1) is in an average oxidation state
of +2.25. In the c;ase 6f the (2) the avérage oxidation state 6f the platinum atom
is +2.3. The Pt-Pt bond lengths of (1) are 2.774 and 2.877A. In (2) the'Pt-Pt
bond lengths are on the order of 2.88 A. | |

The second type of metal-metal bonded atoms are those of the bridged
complexes. In this case the two metal atoms are spanned by an appropriate

ligand. Figure 3 shows two examples of platinum bfidged dimers. Figure 3a was

one of the first Pt(l1l) complexes synthesized. Until recently when monomeric
Pt(lll) species were found the only known Pt(Ill) complexes were of the bridged
type. The other example shown in figure 3B is the Pt(ll) complex
[Pt(CH,).(SR,)], (5). The b_ridged Pt(lll) dimers have very short Pt-Pt bond
lengths. The HZ[PtZ(.p-SO4)4(H-20).ﬂ shown in figure 4 has a Pt-Pt bond length of
2.466A (6,7). In the case of the bridged Pt(11) [Pt(CH,).(SR,)], the metal-metal
distance is not close enough to be called a bond.

Non-bridged di‘meric Pt(111) x(.:omplexes have recently been oBservéd.

They have Pt-Pt bond Iengths on the order of 2.7-2.8A. It is likely from Pt-Pt

bond lengths in the Pi(lll) dimers that bridging contributes to the stability of the
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Figure 3. a) Structure of the Pt(lll) carboxylato dimer b) Structure of the Pt(I!)
methyl complex ‘ ‘




6
complex. These types of complexes are significant for the work described here

because of the evidence that they are present in the solutions.

Also of interest to the work described here are platinum complexes that
are stacked like the example in figure 2 but the platinum distances are not close
énough to be considered a metal-metal bond. In these cases the platinum
atoms are close enough to interact but the distances are too long for there to be
any significant orbital overlap that would result in a strong covalent bond. It is
generally accepted that when platinum-platinum atoms are separated by 3A or

less there is a true chemical bond between the two metal atoms.

.0 -O
pt—— OH,

Figure 4 Depiction of the Pt(lll) Complex [Pt,(1-SO,),(H,0),]
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The Tetracyanoplatinate(ll) salts (TCP's)

Tetracyanoplatinate(ll) (TCP) in the Solid State

The solid state characteristics of both the MPt(CN), (Where M=K,, Na,,
Rb,, Cs,, [(CH,):N],, Mg, Ca) as well as the POTCP's héve been extensiveiy
studied (8-12). The TCP's were discovered nearly 150 yeérs ago and were of .
‘ intereét to the early scientists because of the wide range of colors observed for
the various salts of the TCP's. In the solid phase the TCP's stack with the
platinum atoms on top of each other much like that of a roll of coiﬁs (Figure 2).
Figure 2 can be used as the §fructure representation to describe both the TCP
and the POTCP because the Pt-Pt stacking is identical in the two different
complexes. qu our purpbses the.only difference of significance is t‘herPt-Pt
separations. The colors observed for the T(_)P's depends upon the countercation

and the content of water hydration (13). A few examples are shown in table 1.
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Table 1. Pt-Pt distances and colors of TCP complexes with different cations and
contents of water hydration and a few Double Complex Salts

Complex Pt-Pt distance(A) Color
SrPt(CN), 5 H,0 3.6 ' Colorless
SrPt(CN), 3 H,0 3.09 ‘ Violet

‘MgPt(CN), 7 H,0 3.16 Dark Red
MgPt(CN), 4.5 H,O 3.36 Yellow
BaPt(CN), 4 H,O 3.32 Yellow-Green
BePt(CN), 2 H,O 3.16 , Dark Red
K,Pt(CN),3H,0 | 3.42 Yellow
‘ [Pt(NH,),J[Pt(CI),] 3.25 Green
[Pt(CN-iso-C;H;),J[Pt(CN),] 3.15 Red-Violet
[Pt(CNC,H;),J[Pt(CN),] ? ~ Bright Yellow
[Pt{CNR),]J[Pt(CN),J* Varies Varies

R= any alkylisocyanide or arylisocyanide

Referring to table 1 ‘it can be seen that the color of the solid complexes
does not change in the same direction of the absorption spectrum as the water
content varies. Some salts have a red shift in their visible spectrum upon losing
water in the Iaﬁice and others will have a blu'e shift. An example of this is the
comparison of the strontium and magnesium salits of the TCP's. In the case of
the strontium salt as the H,O hydration decreases the Pt-Pt separation also
decreases. The opposite is the case with the rﬁagnesium salt where a decrease
in H,O hydrati‘on causes a lengthening of the Pt-Pt separation. Since the cations
and the isolated anions do not absorb in the visible region of the spectrum they
cannot be the reason for the different colors observed in these complexes.
Yamada was the ﬁ'rst to determine that there was a relationship between the
color of the TCP compounds and their Pt-Pt separation (13). Yamada observed

that the absorption bands of these compounds shifted to longer wavelength on
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going to a shorter Pt-Pt separation. Yamada showed tnat the platinum-platinum

separation results in the colors observed for the different cations and contents of

hydration. The Pt-Pt separations of the TCP salts range from 3.09A to 3.7A. For

the TCP's the Pt-Pt distance is usually termed as a separation because the
metal-metal distan_ce in these complexes are not close enough to constitute a

metal-metal bond. In the case of the TCP's the electrostatic interactions of the _

ligands do not favor the atoms stacking on top of one another. This arrangement

puts Ilgands of the same relative charge in close prox1m|ty to one another.
Because of unfavorable eIectrostatlcs it is assumed the packmg energies for the
TCP's and their respective aIkall and alkallne earth metal counter cations are

responsible for the stacked structures.

' Tetracyanoglatinate(ll) in the Solution State

All of the colored solid state TCP's gives clear solutions in all solvents.
The only work that studied whether there are metal-metal interactions in solution
is the work by Adamson (14,15). Adamson used emission and absorption data
to conclude that there is some Pt-Pt aggregation in sclution. Adamson
concluded that there was some Pt-Pt aggregation in solution becal.ise‘the
absorption spectra did not obey Beers Law. There have been a few other
‘papers dealing with the solution studies on the TCP's bi.lt these have mcstly

. dealt with the assighment of the electronic transitions (12,16).
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Double Salt Complexes

Included in table 1 along with the TCP's are a few representatives of the
double complex salts (DS). The term double salt a:rises from the fac't that these
complexes consist of a cationic platinum complex and an anionic platinum
complex. The DS complexes are formed simply by combing tWo oppositely

charged square planar platinum complexes according to equation 2.

P{L)” + PtL),> —> [PHLLJPL)] . @)

These compounds also stack in a similar fashion to the TCP's where the
platinurﬁ atoms are on top of one another as in figure 2. In the case of the DS,
this type of atom arrangement occurs for two reasons. Like the TCP's the
favorable pabking energies‘ for the pl‘atinﬁm atoms causes this type of atom

~arrangement, but in the case of the DS the electrostatic interactions contributes
to this form of atom arrangement. |
All the double corhpl'ex salts contain square planar platinum(ll) complexes
with one metal center tetracoordinate to negatively charged ligands and the
other metal center tetracoordinate to positively charged ligands. Magnus's Green
salt which has the formula [Pt(NH,),][Pt(Cl),] (4) was descfibed over 150 years .

- ago but not until the middle of this
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Figure 5. a) Depiction of Magnus Green Salt and b) the ethylisocyanidecyano
double salt.
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century‘ was the structure correctly formulated (17). More recently single crystals

have been obtained on more of the double cé)mplex salts (18). ‘B'ecause of the
low. solubility ethbited‘ in most solvents it has been difficult to obtain single |
crystals of these-complexes (19,20). The electrostatic attraction by the ligands
leads to the decreésed solubility of tHe DS com'pared to the TCP's. Low
solubility has also prevented solution studies. ‘Figure 5 shows‘the ‘DS complexes
(4) and the tetraethylisocyanideplatinum(ll) tetracyanbplatinaté(ll)

[P{CNC,Hs),JIPt(CN),] (5).

Partially Oxidized Tetracvanoplatinates (POTCP)

Solid .State Properties of the Partially Oxidized Tetracyanoplatinate(ll) Complexes

V\/‘hen‘the TCP's are exposed to Iéss than 0.5 electro’n‘equivalents of
oxidant a new class of interesting compounds is formed. Partial oxidation (PO)
of the Pt(Il) complex results in small needle like crystéls that have ényWhere from
a bronze sheen to a copper color sheen (8). These complexes -are termed the
partially oxidized tetracyano.platinatesy (POTCP) because of the hon-integral
oxidation state of the platinum atom. The bést known example of the POTCP is
compound (2). PO results in the Pt-Pt separation decreasing down to 2.8A 1o

2.95A depending on the counter cation used. The decrease in the Pt-Pt
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separation gives rise to 1-D physical properties. One of the most interesting

properties of these complexes is the 1-D metallic conductivity that ‘ari‘ses from
delocalization of the_electrons in the overlapping Pt 5dz? orbitals. The shorter Pt-
Pt separation in the POTCP complexes is a true metal-metal bond. When metal-
metal separations are less than 3Aitis belie_véd that there is covalent bonding
between the metals. Table 2 shows the Pt-Pt bond distances for some of the
POTCP.

Included in table 2 are the physical properties of two PO
bisoxalatoplatinates (POBOP). The POBOP complexes are formed in a similar
fashion as the POTCP's and also have nearly identical physical properties. The
stacking of the platinum atoms in the POBOP's are similar to that in the POjFCP
complexes. This 1-D stacking and the new Pt-Pt bond give riée to the
anisotropic physical properties observed in both complexes. All the known
POBOP's have shorter Pt-Pt bonds than the knoWn POTCP's. The POBORP like
the POTCP have ligands that result in unfavorable electrostatic interactions. It
has been suggested that the shorter Pt-Pt separations in the POBOP are the

result of n-type interactions between the oxalate ligands (21,72).

Table 2. Bond distances of partially oxidized complexes

Complex Oxidation # Type Pt-PtA
Ki.7sPt(CN),1.8H,0 2.25 CD 2.96
Ky 62Pt(0x);2H,0 . 2.38 CcD : 2.85
H, sPt(0x),2H,0 240 CD ' 2.80
K;Pt(CN),Cl ;,2.6H,0 2.32 AD ‘ 2.88
K,P{CN),Br 5 7.3H,0 2.30 ‘ AD 2.887
MgPt(CN),Cl ;s 7H,0 2.28 AD 2.985
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The anisotropic properties arisé because the distance between the Pt-Pt

chains is upwafds of _9A. This is cohpared to the in-chain Pt-Pt separation which
is less than 3A for all the PO compounds. The conduction of elecfricity along the
- Pt-Pt chain is some 10° greater than perpendicular to the chain. These
complexes also polarize light parallel to’t.he chaiﬁ axis.

When the PO compound (2) was initially found eariy in this century it was
formulated aé a mixed complex containing five Pt(ll) and one Pt(IV) molecules .
(22). This gives very nearly the exact stoichiometry of the PO complexes when
the oxidation state is averaged over all the atoms. Five Pt(ll) atoms and one
Pt(IV) atom add up to a total charge of 4—14. If this is delocalized over all six
platinum atoms the average oxidation state of each platinum would be +2.3,
This is indeed the oxidation state in (2) which is the comp‘lex that was studied

early in this century and described by Levy (18).

Two Different Types of PO Compounds

For the POTCP's there ére two different types of compounds that can bé
formed (8). These consist of the anion-deficient (AD) ‘_a‘nd the cation deficient
(CD). The AD‘VPOTCP are déficient in halide ion and are found ’according to
equation 1. They have the general formula KzP’c_gCN‘)4X73'2H2Q (where X =Bror
Cl). These compounds can be made éimply by mixing the Pt(ll) and the

corresponding 'tr‘ans di-halo Pt(IV) species together in a 5Pt(l):1Pt(1V) ratio in
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many solvents. Upon evaporation, copper colored needles are deposited in the

reaction vessel. The first evidence that the AD PO compounds were not mixed.

valence species was their IR spectrum.’ IR studies showed that the chiorine

étomé were no longer bound to the platinurﬁ atom in the PO cémpounds (8).
The CD-POTCP is deficient in counter cation and is ‘forrﬁed according to

equation 3. The general formula for this compound is K, ;sPt(CN),1.5H,0 (6).

KPHCN), + H,0, —» K, ,PtH{CN),1.5H,0 3)

This type of compound is formed by heating Pt(Il) in the preéence of hydrogen
peroxide under acidic conditions. Upon slow cooling the cobpér colored CD-
POTCP crystallizes. Table 2 indicates whether each of the PO cofnpound are
AD or CD. The CD-POTCP has also been made using electrochemical
prcl)cedures (23).

Non-stoichiometry arises from the non-integfal oxidation state of the
platinum atom. The average oxidation number for (2) is +2.3 and for (6) +2.25.
A good method for remembering the difference between the AD énd the CD is
that in the AD case the halide is in non-stoichiometric proportfons and ig the CD
case the cation is in non-stoichiometric propdrtions. In the case of the POBOP
only the CD type have been found. The most comrhon represen’;ative of the
POBOP is the K, 4,Pt(0ox),2H,0 (7). |

| Aterm thét is commonly used when referring to the PO (complexes‘is the

¥

dég‘rée of partial oxidation (DPO). [t is the measure of the amount of oxidation
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that takes place. It is used as a relative correlation between the Pt-Pt bond

distance and the oxidation state in fthe, PO complexes. The above DPO's for the
two POTCP are 0.3 for (2) and 0.24 for (6).. Referring to table 2 it is seen that
the complex with a DPO of 0.3 com;;ared to 0.24 has a shorter F;t-Pt bond. The
DPO varies for both ‘the AD and the CD depending upon the counter-anions and
counter-cations used but the correlation always holds true that the larger the
DPO the shorter is the P‘t.-Pt separation.

The correlation of the DPO and the Pt-Pt bond distances is-also seeﬁ in
the few known Pt(lll) complexes. AII the known Pt(Ill) complexes are dimeric
with a Pt-Pt bond whether they are bridging or 'non-bridgihg V.V'hether'the |
complex is bridging or non-bridging is irrelevant when comparing the DPO to the
Pt-Pt bond distance. Because Pt(III)‘compIexes have ‘undergone a‘.one electron

- oxidation they have a DPO of 1 and the Pt-Pt bondﬂdistances are between 2.7
and 2.8A for the non-bridged Pt(lll) complexes (24,2_5). This is reduced éven
further for the bridged Pt(1i1) dime“rs. This is shorter than any known Pt-.Pt bond
distance in the POTCP and POBOP.

The oxidation state and the resulting DPO's of the PO compounds were
determined using x-ray crystallog‘raphic methods. From the crystal structure all
the platinum atoms are crystallographically identical. 1f the platinum étoms are
crystallographically identical they must be in the same oxidation state. The
determinatio_h of the .molecular formula can be described _L.lsing (2) as an

example. In the case of (2) it was found that every unit cell contains two
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platinum atoms. For every unit cell there is a hole for one halide atom, which

gives .5 halides for ev-éry‘platinum atom. Only 60% of the holes that will
accommodate a halide in the unit cell are occupied resulting in a totél of .\3
halides for every platinum atom. This gives the formula for (2) with a platinum
oxidation state of +2.3 and a DPO of 0.3. The early hypothesis of the AD
complexes like (2) and (3) being mixed valence Pt(Il) and Pt(IV) species was
disproved by IR methods and this was reaffirmed uéing crystéll,ographic methods

(11). However, the X-ray structure was needed of (6) to determine whether it

was a mixed valence compound or not. Unlike (2) where there is a fairly intense

IR band for the M-X there is no similar intense band for the M-OH.

Solution_Studies on the Partially Oxidized Compounds

The solution chemistry Ieading to the POTCP's is a major part of the
research that is described here. The study of the solution properties of the PO
compounds has not been the objective of many researchers because the 1-D
solids lose their unusual anisotropic physical broperties when dissolved. A
Additionally many of‘the PO compounds that form 1-D columns are not very
soluble in water, although the lack of water solubility is not the case with (6). The
- POTCP compounds do have a diminished solubility cémpared to the unoxidized

TCP but most of the POTCP salts are still slightly soluble in water.
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Partially Oxidized Bis-Oxalato Platinates Solution Chemisf[y

The POBOP doés not give both thé AD and CD form. ltis 6nly found in
the CD form. The POBOP that has received the most attention to its solution
~ behavior is (7). VThe solutions of the POBOP formation and their subsequent
dissolution havé been studied and have Been shown to hold a rich solution
chemist_ry. (9,26-28). Keller proposed that the. POBOP forms in a stepwise
manner beginning with pxidation of thé Pt(ll) oxalate to give the Pt(lll) dimer.
This is then followed by further oligomerization until the solids precipitate out of
~ solution as the copper colored needle like crystals. Scheme | below shows the

oligomerization process proposed by Keller for the formation of the POBOP.

Scheme 1

2Pt (0x),z  + oxidant = _— Pt,*(0x),*
PLAOE +  PE(O)R == Pt*"(ox)"
Pt32'67*(§x)5* + Pt*(0x),2 = —= Pt'42~5*(ox)86"
PE(0x)" +  PE(OX7 === PE*(ox)*

The initial step is oxidétion of the Pt(ll) to a dimeric Pt(lil) complex.
Various oxidants have been used for this first step including Ce*, H,0, and
Pt(Cl);>. Three more ﬁon-integral platinum oxidation steps then follow the initial

step. Each subsequent oligomer in scheme | gives a new electronic absorption

— - p— ——
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band in the visible region of the spectrum. With.the a_dditidn of each platinum

oxalate the absorption band is shifted to lower énd ‘Iower energy. The pentémer
has an overall oxidation state of +2.4. Tttis is rtear the oxidation state of +2.38
that is observed in the solid crystal of (7). The crystal structure reveals that (7) is _. | '
made up of repeating pentamers (8). This evidence suggests there ere no .
multinucleer species in these solutions larger than the penta-nuclear species.
Once the pentamer is formed the solubility is reduced enough to allow

precipitation of (7).

Anion Deficient Partially Oxidized Tetracyanoplatinate Solution Chemistry

The solution chem|stry of the anion- deﬁment (AD) POTCRP is fairly I|m|ted
| (29). Complex (2) is made by simply combmg the Pt(CN)4 (8) and the
Pt(CN)4(Br)2 (9)ina 5:1‘ st0|ch|ometr|crat|o. Saillant used UV-Visible
spectroscopy to compare the solutions of the dissolved copper colored needles
to the solutions of the startlng materlals When the solids are dissolved in water

the initial (8) and (9) are present in addition there is some of
2 —> (@ * (9 + PCN)LOH)Br* = (4)

the mixed hydrated Pt(IV) species Pt(CN')4(Br)(QH)2' (10). When the solids are
dissolved in a .1M solution of KBr it is ppssible to suppress the hydration which

forms (10). In this case only (8) and (9) are observed. .
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Other studies of these solutions using "**Pt nmr showed similar results as

Saillant (30). The '%Pt nmr gavé singlets at -4724ppm for (8), -3573ppm for (9)
and -2434ppm for (10) when (2) is dissolved in pure water. Like the UV-Visible
study in solutions of .1M KBr the '**Pt nmr only shows two resonance's for (8)

and (9).

Cation-Deficient Partially Oxidized Tetracyanoplatinate(ll) Solution Chemistry

Of all the different PO compounds the solution properties df the CD-
POTCP have received the least attention. ’Sbme Qf "this is because no colors are
observed in the formation nor the diéso‘lved solutions like the POBOP. and the
AD-POTCP solutions. It was of interest if the CD-POTCP forms from a Pt(IV)
and a Pt(ll) like that of thé AD-POTCP aé seen in equation 1 or if there ivs‘a more }
complicated process like that seen in solutions of fhe POBOP in scheme 1. If
there are oligomers or any association of metal ions present in the formation of
the CD-POTCP they do not have visible absorption bands like the POBOP |
becausé thesesolUﬁoris are clear like the unoxidized TCP's.

~ During the initial detérmiﬁation on the feasibility of studying these
solutions it was determiﬁed that thére wés a Pt(IV) compl‘éx in the reaction
solu'tions when forming the CD-POTCP usfng hydrogen beroxide. The Pt(IV)
* that exists iﬁ these solutions is of the form Pt(CN),(OH,), (11). .

(11) was described by Russian scientists and they have reported the
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formation of this Pt(IV) as the potassium salt K,P{(CN),(OH),2H,0 (11A). The

formation and isolation of pure (‘1 1A) was never achieved by their procedure
(31). However, "*Pt nmr reveals that (11) is the dominant species present when
the TCP's are oxidized with sufficient amounts of hydrogen peroxide under acidic
conditions. This Pt(IV) is also fhe dominant species'any time the conditions and
oxidant used result in a larger than one electron oxidation of the TCP's.

Of considerable interest to the work'described here are the re‘ports by
Levy 6f a purple Pt(l1) crystal formed by oxidation of (8)‘with nitric acid and
perhydrol (22). Purple colors are not observed in the reaction solutions when
POTCP compounds are formed but when a one-electron oxidation of TCP is
done, a -purple color is obser'ved after two weeks. To date there has been no
characferization of any purple complexes concerning the platinumcyanides. The
purple color observed in the oxidized TCP solutions is comparable to that seen in
the formation of the POBOP. In the case of the POBOP it is believed this color '
is the result of the trimeric platinumoxalate shown in scheme I. This color is also
similar to that of the platinum blues (Figure 1) which are all tetrameric and result
in blue or purple cblors, It may be reasonable to expect that the purple color
seen in the oxidized sblution of the TCP's is also a trimeric or tetrameric species.
It is reasonable to compare the solution colors of the oxalates and the cyanides
because the colors exhibf’;ed by these complexes are the result of Pt-Pt
interaction. On the dfher hand one must be cautious comparing Levy's purple

solid with the purple solutions because of the large difference in the Pt-Pt
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interactions between the solid phase and the solutions. It would not be

surprising if a purple tetramér thaf existed in solution gave some other color upon
crystallization. For ex’amp‘le_the dimeric oxalate gives yellow solutiohs but it
would-be .poésible for the crystalline Qimer to be purple. This is the direct result of
the packing energies for these complexes. The solid phase can give drastically.
different Pt;Pt‘ separation distances than the same compound in solution.

Hartley concluded that the complex reported by Levy was most likely not a Pt(lil)
species but was é mixed valenbe spécies with stacking of Pt(Il) and Pt(IV)
centers (32). However, the assumptions by H‘aft‘l‘ey were m'adé before many.
Pt(lll) complexes had been synthesized.

Piccinin and Toussanint also reported a Pt(lIl) species in 1967 but their
crystal structure is incorhplete (33). They r‘eportéd making the Pt(Ill) species
using HNO?, to oxidize K,Pt(CN),3H,O (8A) to K,Pt(CN);3H,0 (12). Theéolid
species reported on by Piccinin and Toussanint Was reported to also be purple
. like that described by Levy. They also referenced Levy's 1912 paper for the

synthesis of this compound.

Platinum(ll) Isocyanide Complexes

Chemistry Effects on the Platinum Atom From the Isocyanide Ligand

Because of the highly anisotropic physical properties of the PO platinum-
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cyanides and oxalates, other ligands have been studied to determine if they also

form complexes having similar anisotropic physical properties. ‘Some of the
interest lies with ligands that can be derivatized so the ensuing PO cempound
could be attached to surfaces and in essence one could make a molecular wire ‘
that can be bound to a surface. This would continue with the further
miniaturization of eIectrieaI circuitry. Isocyanides are ohe type of ligand that can
be derivatized because of the ability to alter the termihal alkyl group. To date
none of the |socyan|des studied have been susceptible to partial OX|dat|on

The |socyan|des stabilize metals to a greater extent than the cyanldes do
in low oxidation states. This is probably due to the fact that isocyanides are fairly
good reducing agents. Their stabilization of low oxidation states is apparent in
the Pt(l) species [Pt(CNC,H;):][BF ], (13). (13) has a Pt-Pt separation of 2.583A.
The crystal structure ‘has been solved for the Pt(l) methyl isocyanide :
[Pt(CNCH,)][BF,], (14) and the crystal structure of the ethyl isocyanide is
described in this thesis (34,35). This species has some unique characteristics.
It is one of the few stable Pt(l) species that has been ctteracterized by "*°Pt nmr,
'H nmr and x-ray crystallography. Its stability is also unique because of the
unsaturation at the metal centers. The structure of these cemplexes is seen in
figure 5. A good overview of isoc‘:yan'ides can be found in the refereﬁces Iiste’.d

and all those therein (75,76).
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Figure 6. Depiction of the Pt(l) unsaturated isocyanide complexes.

The result of the unsaturation is that there is a ligand along what would be
the metal-metal bonding axis. This Pt(l) species contains a Pt-Pt bond that is
shorter than any of the dimeric Pt(Ill) that have been found. It is also shorter
than all the known bridged Pt(lil) complexes except for the one used in figure 4.
Cyanides on the other hand form stable complexes in high (+4) oxidation states.

Molecular orbital (MO) considerations that are described later indicate that
removal of electrons from the dz? orbitals in Pt(ll) complexes is necessary to form

strong metal-metal bonds. The Pt(l) isocyanide mentioned above is a special
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case where there is unsaturation at the metal that makes the metal-metal bonhd

possible. The higher the oxidation state of a metal-metal bonded complex the
shorter this bond will be. Removal of electrons the antibonding orbital would
give a higher bond order. Finding isocyanides that will allow the metal to
undergo partial oxidation has not been done. To date there are no known
platinum isocyanides that exist in oxidation states higher than +2. Because the
isocyanides prefer to be in lower oxidation states it is unlikely Without altering the
substituents on the isocyanide to get the platinum to oxidize.

Isocyanide ligands are also susceptible to nucleophilic attack when
coordinated to a metal-although most organic solvents aré poor enough
nucleophiles they result in the rate of nucleophilic attack being very slow. The |
rate of attack is sufficiently slow enough in acetonitrille that it does not impede
the solution studies of these complexes. In acetonitrile at 25°C one usually has
ub to one hour before any significant changes are seen in the UV-Visible
~ absorbance of the isocyanides. When the isocyanides are dissolved in water at
25°C there are changes seen in the UV-Visible spectrum éfter 30 minutes. If the
solution studies are doné'as low as 7°C there are no chaﬁges in the spectrum
after 2 hours. The mechanism for the nucleophilic attack on the isocyanide by
water has been studied and described by Balch (36,37). The UV-Visible studies
done here were done within 15 minutes of dissolution and this showed no |

degradation of the ethyl isocyanides.
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Vapochromic Double Salts

Solid State Properties of the Vapochromic Double Salts

One interesting property asséciated with the isocyanide complexes when
they are combined with the TCP's is the resulting vapochromic properties of the -
resulting DS. Vapochromism is the ability of these ‘complex.es to change color
when exposed to solvent vapors. The 'vapochromi;properties in these solid
complexes give changes in the color of the complex when exposed to volatile
organic compounds (VOC's) (38,39). The color change observed is reversed
~ when fhe solvent is removed from the presence of the ‘isocyanid‘e complex. The
most qseful vapochromic complex for the detection of VOC's are of the type
[Pt{CNR),][Pt(CN),] (where R = C;H,-C H,., n>5) (Figﬁre 7). The first
vapochromic complexes contained tetracyanopalladate as the anion (37). These
complexes are potentially useful for both environmental and industrial détection
df VOC's. In most cases the eye can see the changé in color of the vapochromic
solid. The magnitude of the shift is different for the various solvents when

exposed to a vapochromic complex as is shown in table 3.
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[PCN—(O)-CygHy,),IPHCN),

Figure 7. Arylisocyanideplatinum(ll) tetracyanoplatinate(ll) vapochromic

complex.

Table 3. Absorption for solid state films of | when exposed to VOC's
Solvent Absorption max(nm) Shift(nm)
None 548 ‘

MeOH - 544 -4
EtOH 554 6
2-PrOH 554 6

- Et,0 558 1
CH,CN 559 11
Hexanes 561 13
Acetone 562 14
Benzene 567 19
CH,CI, 569 21
CHCI, 578 30

For the vapochromic complexes to be effective as environmental sensors

for VOC's they must be insoluble in the solvents that they will be eXpbsed to yet

still change color when exposed to the solvents being investigated.
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Solution State Properties of the Double Complex Salts

Our interest lies with ‘vd'oubl'e complex salts Iike‘those that exhibit
vapochromic properties .b_Ut are solu‘ble in either aqueous or organic media. As
with most of our research we are interested in iﬁvesAtig.ating, which species exhibit
metal-metal bonding in SOluti'c')n.‘ It is believed that the metal-métal interaction in
the solid phase is the cause of the extensive colors exhibited in these double
complex salts much like the co[ors of the TCP salts. In the case of the TCP salts
when they are exposed or depleted of water a color change occurs. The change
in the content of water Hydration disrupts the lattice resulting in a different Pt;Pt
sepa‘ration and hence a diffgrént color; To have the ability to alter the
vapochromic complexes for environmental uses or the electrical properties of the
POTCP it is of significant ‘imbortan'ce to understand the 'solﬁtions leading up té
the solid state products. |

Our solution studles were carrled out on the tetraethyllsocyanlde
| tetracyanoplatlnum [Pt(CNC H5)4][Pt(CN)4] (5) double complex salt because of its
sllght solubility in acetonitrile and high solubility in water. This solubility allows us
to study the metal-metal interaction in solution. The ethylisocya‘nide double
complex salt does possess vapochromic properties like the aryl isocyanides. It
gives a change in color from yellow to red when exposed to water vapo‘r‘but
because of it's sqlubility in water it begins to dissolve. This ethylisocyanide

complex is not favorable for practical use as a vapochromic compound for two _
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reasons. The ethylisocyanide complex only shows vapochromism towards water

and it is soluble in this solvent. Secondly there is no demand for the detection of
water vapor. However this complex does have vapochromic properties and it is
easily made. These reasons make it a useful example of these complexes to

study the metal-metal interactions in the solution state.

Mixed Cyanide/lsocyanide Platinum(ll) Complexes

In addition.to the tetraisocyanideplatinum(ll) complexes Isci and Kason
assigned the electronic spectra for bismethyldicyanoplatinum(ll) and
bisethyl‘diCyanopIatinUm(II)‘ (57). YThese complexes have received no attentien
beyond the work of Isci and Mason. The crystal structures have been solved for
the two mixed complexes and described here. The bond Iengths of the mlxed
complexes have been analyzed and attempts have been made to posmon the
two strong field ligands in respect to their position in the spectrochemical series.
Isci and Mason made euggestions that the CNR was in fact a slightly stronger n-
acids than the CN- Ilgand The crystal structures of the b|$|socyan|ded|cyano
complexes are studied and conclusions are made on the =-acid strengths of the
two ligands.

A similar complex to the mixed isocyano/cyano is the cis-

Pt(CH3),(CNCH,), that was studied by Pudaphét (41). The few known |
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(bisisocyanide)(biscyano/bismethyl) platinum(Il) complexes containing the three

strong field ligands CNR, CN" and CH, all give the cis arrangement. The
complexes structured here may give some information on the small differences
that exist between the ligands in regard to the thermodynamic cis/trans-

influence.

Bonding Descriptions for the Pt-Pt Complexes

An appreciation of the mc;lecular orbital bonding descriptions for metal-metal
complexes is hélpful in the understanding of the chemistry involved with these
complexes. All the Pt(ll) TCP's are d® square pianar complexes. Figure 8 shows
a simplified MO sketch for the interaction of two platinum atoms. Figure 9
expands the view of figure 8 to only include the HOMO and LUMO of two
interacting platinum complexes. The MO diagram would suggest there is no
metal-metal interaction for the complex since the a,, and a*,, are both full and
thus there would be no net bonding interaction (figure 9A). However t.he a,y and
a,, derived from dz* orbitals are Ibwered in energy compared to the 519 and a,,
that are derived from p, orbitals (9,42). This repelling arises because the a,, and
a,, are non-degenerate molecular orbitals that are of similar symmetry. This
results in a net bonding energy for the TCP's as shown in figure 9B. Krogmann
and Gray have termed this as a configuration interaction. The configuration

interaction gives a small net bonding interaction in the TCP's and this is evident
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Figure 8. Simplified MO sketch of two interacting square plahar platinum
complexes. ' : “ " '
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' Figure 9. a) Two platinum atoms‘interaét‘ing' giving no net bonding interaction b\‘)'
two platinum atoms interacting with a "configuration interaction" resulting in a net
bonding interaction for the two platinum atoms.
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in the Pt-Pt distances which are all greater than 3A. As the configuration

interaction becomes larger the resulting Pt-Pt separation is shorter. The
electronic transition energ.y moves to lower energy the larger that the
configuration interaction is (13.).

A similar treatment for metal-metal interactions was done by Mann et. al.
(73,74). The favorable metal-metal interactions of the dinuclear
tetraphenylisocyaniderhodium(l) was rationalized with a molecular orbital
depiction that is identical to the treatment shown in figure 9. The symmetry
between the platinum aﬁd the rhodium species is the same so the molecular
orbital treatment would be identical. The rhodium isocyanides give simil'ar solid
state complexes as the platinum cyanides where thére is metal-metal
interactions in both the platinum and rhodium cases with the metal-metal
distances greater than 3A. The major difference between the two systems is in
the solution properties. The rhodium complexes give metal-metal association
into the solution state where the platinum cyanides only give association in
oxidized solutions and when mixed with a planar counter-cation.

One would expect a resulting stabilization of a F’t-Pt complex if electrons
were effectively removed from the ¢ orbital. This is the case in the POTCP's. It
is more appropriate to view these complexes in a MO band model. Figure 10
shows the band model of a POTCP platinum chain complex. Figure 11 is the
band model for a chain of Pt(ll). In figure 10 it is seen that upon PO the removal

of elecfrons from ban,d‘s that are mostly antibonding in character causes a net
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Figure 10. Band model for the POTCP chain compounds.
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Figure 11. Band model of a chain of platinum(ll) compounds.
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stabilization and thus a shorter Pt-Pt bond. This is correlated with the DPO

described earlier where the more electrons that are removed the lower in energy
the molecule becomes and the shorter the Pt-Pt bond. | |

It would seem logical from the MO depiction in figu.re 9 that one would be
able to suggest the inherent stability of the dimeric Pt(lil) complexes. The
dimeric Pt(Ill) complexes have d’ electron configurations giving a fotal of 14
electrons to accommodate on the correlation diagram. When ‘desc';ribing this on
the MO diagram it would appear the Pt(lll) dimers should be more stable than
the POTCP complexes. Only needing to fill 14 electrons on the MO diagram
would result in a much moré energetically favorable bonding situation than the
POTCP. There must be larger electronic effects that take precedence causing
the Pt(lll) dimers to not be all that common. However, t.he few that exist do have

shorter Pt-Pt separations, which is what the MO diagralms suggest.

'%5pt Nuclear Magnetic Resonance

,

195Dt nmr spectroscopy gives us a powerful tool to probe the solution
chemistry of the TCP's and their partially oxidized compounds. The 5Pt
chemical shift affords us useful information on the species present in solution.
The chemical shift is dependent on both the ligands surrounding the platinﬁm

atom and the oxidation state of the metal. Although there is overlap of where the
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different oxidation states of Pt occur in the spectrum, the oxidation state of the Pt

species can be nearly assigned by where the chemical shift occurs in the
spectrum as‘éuming,ther‘e‘ is some knowledge of the ligands attached ”to platinum.
The one bond coupling constants are also indicative of the oxidation state of the
platinum complex. This can be useful when the oxidation state of different
species in solution are unknown. On going to a higher oxidation state the
couplings decrease due to less s character involved in the bonding. In the case
of square planar platinum(Il) complexes the hybridization is dsp? which has a -
25% s character. Octahedral platinum(lV) complexes on the other hand are
d’sp°® which correlates with only about a 17% s character. The 'J,,. in the
platinum cyanides are on the order of 250Hz smaller for the Pt(IV) species than
their Pt(ll) counterparts (43,44).

Unfortunately any species present in solution that are monomeric Pt(11)
can not be detected because they are paramagnetic. However, if the Pt(lll)
species exist as a dimeric Pt(1ll) species or any even numbered multinuclear
species they are then diamagnetic and nmr detectable. Broad peaks of greater
than 200Hz in width generally give a good indication that metal-metal associated
species are present in the solution. The broadening of dimers 6ccuré for two
reasons. The first.is thé\t these complexes have higher molecular weights
compared to their monomér counterparts. This results in a slower tumbling rate

~ and a broader signal. Secondly the Pt(lll) dimers have faster relaxation times

which also causes broadening of the resonance.
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The chemical shift range for "**Pt spans about 15,000ppm. The slightest

change of the electronic influences surrounding the platinum atom result in a
change in its cherﬁical shift. In some cases exchange of only a single ligand on
a platinum complex can result in a chemical shift change of up to 1000ppm. The
© "®Pt chemical shifts of hundreds of various complexes can be found in the
reviews done by Pregosin (43,44). ,
The substituents surrounding the Pt nucleus can be determined with near
certainty by the "**Pt chemical shift using comparative methods (43,44). For
example in the case of oxidation where two oxygen atoms are added to the
platinum center the chemical shift observed for the new complex can be
compared to other well known oxidation's where two coordinated oxygen atoms

are added to the Pt nucIeUs. The comparative method is described in great

detail later in this thesis.
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EXPERIMENTAL METHODS

Preparation_of Compounds

- Starting Materials  K,Pt(Cl), (15) was obtained from Alfa Aesar and used
without further purification. KCN was obtained from J.T. Baker and used without .
further purification. The monopersulfate compound Oxone™ was also obtained
from Aldrich and used without further purification. The 99+% K'3CN and the 30%
solution of hydrogen peroxide were obtained from Aldrich chemicél and used
without further purification. Tetra-butylhydrogen peroxide was obtained from
Fisher scientifib and used wit’hou_t further purification. All alkylating agents
including methy! iodide, ethyl iodide, [(C,Hs); O1[BF,] and [(CH,), O}[BF,] were
obtained from Aldrich and used without further purification. The Cs,SO, and the
tetra-n-butylammonium cHIoride were obtained from Aldrich Chemical and the .
BaSO, was obtained from J.T. Baker Co. and were used withouf fﬁrther

purification. Anhydrous CH,CIl, was obtainéd by distillation over P,O.

Preparation of MPt(CN),XH,0 (M=Ba, K,. Na,, Cs,, [t-n-butyIN],) (8A-8D) The

K:Pt(CN),3H,0 (8A) was made by adding a slightly greater than 4 mole |

equivalents of KCN to a concentrated solution of (15) and allowed to stir for one
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hour. The reaction was dried and brought back up in a minimal amount of warm ‘

water (50°C) and placed over a NaCl ice bath. The crystals were then washed,
filtered with"a‘ little cold wa;fer ahd collected from a fine porosify ‘fritted filter. Itis
necessary to repeat the crystallizatiqn process at least four times to obtain about
96% of the TCP.

BaPt(CN),4H,0 (8B) was prepared by addition of a small excess of
barium chloride to a fairly concentrated solution of compound (8A), resulting in a
green solid precipitating out of the solution immediately- (22). The green solid
. was coll_ected over a fine fritted ‘filter. Re-dissolving the collected green solid in
warm water (60°C) and then cooling over an ice bath results i‘n bright yellow
needle like crystals of the form (8B). The yield obtained for the Ba salt by way of
the K salt was 91.4%.

Nath((‘)N)4 (8C) was prepared by ion exchange. A concentrated. solution,
of (8A) was prepared in water and ran through a Dowex 50W-8X Na* charged
cation exchange resin. Compound (8C) was collected from the"ion-e'xchange
column and dried. No further purification was carried out.

Cs,Pt(CN),2H,0 (8D) was prepared by the method of Mafly et al. (19)
4.0gof (8C)was dissolved in 14.5ml of hot H,0 (75°C), to this was added 1 eq
of Csz(SQ4) (2.86g). An immediate white precipitate of BaSO, results. The
reaction was stirred for 30 minutes then the BaSO, was filtered off ovér a fine
fritted filter. The BaSO, was washed 3 times with warm water, the filtrate was

then dried and brought back up in a minimal amount of hot water and cooled
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over a NaCl ice bath. The resulting white crystals were filtered off and washed

with cold water. The recrystallization was repeated 3 more time on the filtrate
obtaining a 89% vyield.

' (tan-bufle)th(CN)4 (8E) This was brepared similar to the literature
method with small modifications (45); 4.0g of (8A) were dissolved up in 10ml of
water in a separation funnel. A stoichiometric amount of the tetra-n-
butylammonium chloride was added ‘to the solution of (8A). The resulting
mixture was then extracted 3 times with CH,CI,. The collected organic phase
was dried over MgSO, and then the solution was dried on vacuo. Recovery of

platinum salt = 95%.

Preparation of K,Pt(ox), (16) The complex was prepared by the method 6f

Krogmann and Dodel using K,Pt(Cl), and K,C,0, (17,19).

Preparation of K,Pt(ox)( CN),(17) .2g of K,Pt(ox), (16) was dissolved in 5ml of

distilled water and heated to 55°C. To this was added .054g (2mole eq.) of
K'®CN. The mixture was stirred for one hour holding the temperature at 55°C
and then dried. The solid after drying contained a mixture of yellow and_ red.
The°Pt nmr indicated three different species present in different concentrations.
ﬁt(ox)}' (-525ppm)<<Pt(CN),*(Pentet with'J,,.=1029Hz)<Pt(ox)(CN),*(triplet
with "Jp.c=1195Hz). The "*C spectrum shows a'1:4:1 triplet at 125ppm for the

Pt(CN),* a.nd a 1:6:1 triplet at 131.5ppm for the mixed ligand species. Attempts
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at purification were not successful. Slow evaporation initially yields yellow ‘

crystals of the starting material (16). Further evaporation only results in a yellow
and red powder.

Using "*Ptnmr the distribution of the product species was found to favor
the mixed Iigaﬁd speciés over the tetracyaho species when only 1 eq. of 'KCN
was used. In this case most of the startihg material déeé not react but bec‘ause.‘
of its low solubility it's dist'ribution in the final product is small. Nearly all of the

remaining starting material will crash out when placed in the refrigerator.

Preparation of Kth(CN)i(OH);(‘HA) 0.5g of (8A) was dissolved in 20ml of

water at 25°C. The solution was acidified to pH=1 with 1M HZSO4.‘ .7123g of
oxone (1mole eq.) was added to the solution of (8A) and allowed to stir for
15minUtes.J The reaction mixture is then taken to dryneés and redissolved in a
50/50 methanol/water mixture. The resulting mixture is then filtered over a fritted
fi'Iter, washed with the 50/50 solvent mixture and then the filtrate is collected and
the Pt nmr or *C spectrum is recorded for vérification. The "°Pt spéctrum
shows a peak at -1305ppm énd‘ the "*C nmr at 97pp‘m with 1th_'c of 890Hz. Pure
solutions of (11A) were never obtained. Drying-out of the solution always yielded
powdery white solids mixed with clear crystals, which were attributed to the |




43 -
Preparation of the BaPt(CN),(OH,), 7H,0 (11B) The synthesis used to

obtain the crystal structure of BaPt(CN),(OH),7H,O was done using hydrogen
pefoxide. .02g of (8A) was dissolved in 1ml of 30% H,0,. The reaction mixture
was then allowed to sit at room temperature. Over the course 6f one year this
reaction was redissolved 4 times in water and allowed to recrystallize. Large

square yellow crystal deposited on the fourth attempt at recrystallization.

Partial Oxidation of K,Pt(CN),3H,0 Partial oxidation of (8A) was
done with 30% H,0,. The quantities generally required for oxidation with a 30%
solution of hydrogen peroxide are on the order of .1ml peroxide for a couple of
grams of the TCP's. The procedure for partial oxidation is similar to that of
Williams (19). .2g of (8A) was dissolved in 4ml of distilled water at 70°C. | To this
was added .1ml of 30% H,0,. The reaction was stirred:-for one hour at 70°C.
When finished the reaction is allowed to cool slowly to room temperature. The
reaction vessel was left open to the atmosphere for 24 hours while the reaction
cooled slowly. After cooling t‘h‘e reaction is placed under desiccation and allowed
to evaporate down to about 2.5ml. The fine copper colored needles of the form
K, 7sPt(CN),1.5H,0 (6) were the'n collected on a fine porosity fritted filter and :
washed with cold water. The needles were stored over a saturated solution of
NH,CI/KNO, so the crystals woul‘d not dehydrate. 10% was the maximum yield |

ever obtained using this synthesis. Williams reported a yield of 57%.
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Partial Oxidation of Cs,Pt(CN), H,O with H,O, The partial oxidation of

compound (8D) was done using the synthesis described by Maffly et al. (22).
4.0g of compound (8D) was dissolved in 14.5ml of hof water (70°C). This was

acidified to a pH of 1 using 1M H,SO,. To this was added .25ml of 30% H,O,

- and the reaction was allowed to stir while continuing the heating for one hour.

The solution was then allowed to stand covered for 24 hours. The partially |
oxidized compound Cs, ,sPt(CN),2H,0 (18) was obtained in about a 90% yield.
The final product was not obtained in distinct brown needles but was rather a
continuous lump of brown solids. If needles were required they could be
obtained by filterinrg some of the reaction mixture when needles first begin to
appear. Needle like cryétals were also obtained by taking a.2ml aliquot of the
reaction mixture and diluting it to 5ml. Slow evaporation of the solution results in

copper needles of the form of (18).

Partial Oxidation of Cs,Pt(CN), with HNO, Partial oxidation of (8D)

was also adcomplished by dissolving up 100mg of compound (8D) in 1_.‘5ml of 2M
‘HNO, and Iettin'g the reaction concentrate down at room temperature in an open
vessel. After 2 days the copper needles of the form of compound (18) begin to
appear. Th‘és method of synthesis results in larger needles than using hydrogen

peroxide but the yield is diminished to 53%.
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Oxidation of K,Pt(CN), using oxone™  Various amounts of oxone were used to

oxidize the TCP's but the same procedure was followed for each oxone addition
except for the variance in pH. For reactions of pH=1, 1M H,SO, was used and
for pH=10, 1M KOH was used to adjust the pH. .1g of (8A) was dissolved in 2mi
of appropriate‘aqueoﬁs medium. To this solution .08, .25, .5, ,75 and 1.0 mole of

.oxone was added.

Oxidation of K,P{(CN), with HNC)N§ .05g of (8A) was dissolved up in 1ml of

various HNO; concentrations. The concentration of HNO, was varies from 1M to

ﬁ1M in 1M increments and one reaction was done with 15M HNO,. Oxidation
was also done by dissolving up (8A) in 2ml of 2M HNO, heating at 70°C and

stirring for one hour.

Oxidation of K,PHCN), with Ce“‘+ .05¢g of (8A) was dissolved up in 2ml of

solution containing various percentages of 1M H,SQ, from 2 drops of acid to the
entire 2ml of the reaction media being comprised of 1M H,SO,. To this was

added 1,2 and 3 electron equivalents of Ce*".

Oxidation of BaP{(CN),4H,0O with Hzoz Compound (8B) was oxidized with

hydrogén peroxide using various amounts of oxidant as well as adjusting the pH
of the solution between neutral and a pH of 1 with 1M HNO,. The quantities of

peroxide varied from 2 equivalents to the entire reaction medium consisting of
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30% H.,0,.

Preparation of [P CNR),J[BF ], (R = CH, (18A) and CH,CH, (20A)) The following

préparation was taken from Tre'ichel et al (46). 2.5g of (8E) was dissolved in
80ml of anhydrous CH,Cl,. To this was added an excess 6-fold of the
appropriate trialkyloxoniumtetraﬂuoroborate. The reaction was reﬂuxed for 4
.hours. The reaction was then taken to dryness and redi.ssolved‘in a minimal
amount of acetonitrile’. Upon addition of ethyl acetate a white solid consisting of
the isocyanide crashes out of solution. The above macro-recrystallization is
repeated to obtain a second batch of the platinuh isocyanide. R=CH2(.3_H3 "Hnmr |
=t, 1.1ppm: q, with Pt satellites at 4.02ppm *J,,,=14Hz; 195Ptnmr= multiplet of
9 at -4821ppm with 2J,,,=80.7Hz. Percent yield = 81%. R=CH‘3 1l.-|nmr =1:4:1
singlet and doublet at 3.68ppm *Jp,,;=15.7Hz; "*Ptnmr= multiplet of 9 at -

4807ppm with 2Jp,,=85Hz.

Preparation of Pt{CNCH,CH,),(CN), (21)  .45g of (8E) was dissolved up in
20ml of anhydrous CHZ.CIZ. To this was added 10ml of éthyl‘ iodide aﬁd thé,
reaction was allowed to refiux for three days. The reaction was then ‘driec‘i and
brought back up into solution with a minimal ambunt of acetqnitrile. Thé solution
was filtered and the filtrate collected and placed in a dgéiccator éontaining ethyl
acetate for -crystéllizafion by diffusion. Begiﬁhing after one-week small clear

needle Iiké crystal appeared. ***Ptnmr = p, -4762ppm with éJPt_N;SZHz.
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"Hnmr = triplet of a quartet containing the platinum satellites with “Jpu = 13.8Hz;

U= 2.19HZ; Jypyy = 7.18Hz.

Preparation of Pt(CNCH,),(CN), (22) .459.. of (8E) was dissolved in 20ml of
anhydrous CH,Cl,. To this was added 10ml of methyl -iodide-and the réaction
was allowed to reﬂux for three days.‘ The reaction was fhen dried and brought
‘back up into solution with a minimal amount of acefconitrile. The solut_ion was
filtered and the filtrate collected and placed in a desiccatof contain‘ing ethyl
agetate for crystallization by diffusion. Like its ethyl isocyanide counterpart within
about one'week clear née_dle like 6rystals began to crash out of solution.
195Pt.nmr = p, -4765ppm with 2J,,, = 85.17Hz. HHnmr = 1:4:1 pattern each split

into a triplet With “Joy,, = 14.24Hz; 2y, = 2.63Hz.

Preparation of [t-n-butylN][Pt(CNCH,)(CN).] (23) - 454 of the (8E) is
dissolved in 15ml of anhydrous CHZCIZ. To this is added 10ml of the appropria;ce
. alkyl iodide and the reaction is allowed to reflux for one day. ***Pt nmr analysis
shows some formation of (22) the bié—isocyanide HoWever the mono isocyanide '
(23) is about 70% of the crude products. The reaction is dried and brought up in
a minimal amount of acetonitrile and placed in the desiccator containing ethyl
acetate for recrystallizati(_)n. Within one week clear plate like cryétals will begin
to crash out of the solution. For R=CH,: "**Ptnmr =1t -4718ppm with g, =

88Hz, 'Hnmr = 1:4:1 pattern at 3.45ppm with “Jp,,, = 14.08Hz. For R=CH,CH.:
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"Ptnmr = t,-4721ppm with 2J;,,, = 81Hz. Percent Yields are not accurate

because of the t-n-butylammoniumiodide that also crashes out of solution. Thé
solubilities of the monoisogyanide and the salt are very similar in the ethyl -

acetate.

Double Comoléx salt Preparation: [P{{CNR),J[Pt(CN),] (R = CH; (24) and CH'_zf‘ﬁ§
(51) - Equal molar amounts of- (8A) and (19A) or (20A) are dissolved separately
in dichloro.methéne. Upon mixing of the‘two solutions results in an immediate
precipitate of the bright yellow salt which ‘i‘s then filtered on a fine porosity filter.

Nearly 100% of the DS can be recovered.

Preparation of the Pt(I) [Pt(CNC,H,).];[BF ], (13) .1g of compound (20A)

was dissolved in 4ml of dry acetonitrile. This was then placed in a desiccator
containing ethyl acetate for diffusion. After 3 days long (3mm) square needle like:
crystals appeared. X-ray crystallography showed these to be that of the Pt(l)

complex [Pt(CNC,H;),],[BF,],. "*Ptnmr = -4545ppm.

Preparation of the Continuous Variation Method (CV) Solutions Equal molar

solutions of the (8A) and (20A) were prepared made in separ’éte volumetric
flasks. The [Pt(CNC,H;),** and Pt{(CN),* solutions are then mixed in different

ratios keeping the total platinum concentration the same in all the solutions (47). R
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Instrumentation and Techniques

Nuclear Magnetic Resonance (NMR)  "Pt nmr spectroscopy was done on a
Bruker WM250 épectrometer and a upgraded version, the dpx250 spectrometer.
The WM250 was operated with a 10mm broadband probe operating at
53.518MHz relative to.the 250MHz of 'H. Typfcél spectral width was 50,000Hz
with collection of 1000-50,000scans, 4K data points, no delay between 30us
pulses and a line broadening factor of 25-40Hz was typicélly used. The dpx250
was operated with a Jsingle frequency 10mm probe and a broadband Smm probe.
Typical speétral WidtH was 125,000Hz with collection of 1000-50,000 scans, 4K
data points, 100us delay and a line-broadening factor of 10-20‘Hz. Spectra
obtained on isocyanides were done Qsing proton decouplingj All "°Pt chemical
shifts were meésured relative to a external reference of .1M Na,Pt(Cl); = Oppm.
'Hand'3C nrﬁr‘spectra were recorded on_a‘Bruker AC300 spectrometer
and a drx300 spectrémeter. The ACédO was equipped with a 5Smm 'H/"3C aUal
probe using D,0O as the lock solvent. The drx300 contained a 1'H/”'C/?”P/“’F/
quad probe. *C spectré were.referen‘ced‘ to an external spectrum of K'3CN =

165.71ppm. 'H nmr referenced to external TMS.

Ultraviolet and Visible Spectroscopy The UV;Visible measurements were

obtained on a HP 8453 diode array spectrophotometer. The spectra were taken




| . 50
in 1, .1 and .01 cm quartz cells with deionized and distilled water as the solvent.
Constant température was maintained with a Neslab RTE-110 constant
temperature bath. The HP spectrophotometer is fitted with a quuid'circuléfion

jacket around the cuvette cell holder. The temperature ‘was maintained

accurately within +/-1°C.

X-ray CNstaIquraohy X-ray crystallography was performed on a Siemans
P4 four circle diffractometer. The source was Mo with A = 0.71073A. Strﬁctures
were solved by heavy atom methods aﬁd refined by full matrix least squares -
analysis with s;catistical Weighting. Absorption correcti_ons_were made on all

intensity data.

pH Measurements pH measurements were obtained on a Radiometer
Copenhagen PHM 64 Research pH meter. Two point calibration (pH = 4 and 10)

using J.T. Baker Buffer solutions. Temperatures were controlled within + 1°C. _

Equilibrium calculations ~ The equilibrium calculations were carried out using

the hyperquad suite of programs developed by Péter Gans (48).

Labeling of the Multinuclear Species The DS multinuclear species in

equilibrium are labeled in this paper according to their stoichiometry and

following IUPAC rules of cation first followed by the anion. For example the
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triplatinum species [Pt(CNC,H,),L,[Pt(CN),] is labeled 2,1. The muitinuclear

~ species are always labeled with commas but when the solution ratios are
referred to the colon is used. Solution ratios also follow IUPAC rules for cationic
. solution followed by anionic ratio. For exa‘mple the equal molar ratio of (20) and

(8) would be referred to as the 1:1 solution.

Numbering of Compounds Where numerous salts of a complex exist

letters are used after the number for the various solid-state salts. The number o)

- without lettering is reserved for the platinum ion of the various salts in solution.
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RESULTS AND DISCUSSION

Solution_Studies of the Pi(l) Cvanoolatinates

Unoxidized Pt(ll) cyanoplatinates

Solution Chemistry of Pt(CN),> The solution chemistry of (8) is very
minimal. Although Adamson has indicated (14,15) evidence of association of the
Pt(CN),* ions in solution by absorption and emission spectra, the Pt hmr

spectra indicate no such action in solution like that seen in equation 5.
XPt(CN),> === [Pt(CN),], ~ (5)

Adamson's absorption and emission data was obtained on the Ba? salt of the
TCP. The Pt nmr data shown in figure 12 was obtained for both the potassium
and the barium salt.

~ For both the potassium and the barium salts the **Pt nmr spectrum was
measured over a Iérge range of concentrations for (8). The potassium salt
concentration ranged from 1.0 x 10°M solution of (8) to a saturated solution
(about 1M). There was no significant change in the "**Pt nmr chemical shift nor
are there any new peaks visible in the spectrum. The chemical shift changed

from -4722ppm at 1.0 X 10°M to -4729ppm for the saturated solution. The "*°*Pt
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nmr on the barium salt was measured over the concentration range from 9.5 X

10"*M to a saturated solution (about .1 M). 'The chemical shift stayed constant at
-4721ppm with no new peaks arising in the spectrum for the concentration range
used. Figure 12 shows the "5Pt nmr spectra of the concéntration study for the
potassium salt of (8) in water,
The change of 7ppm in the platinum chemical shift seen for the potassium
salt of (8) is insignificant with respect to Pt-Pt association. Chemical shift
chanées of 7ppm can be attrfbuted to énvironmen~tal factors such as
tempera_’ture. Any dimer or Higher oligomer formation will usually result in a
change of the chemical shift upwards of 200ppm. Association in solution also
results in broadening of the peak due to the higher hmlecular weight of an
assdciated‘ species compared with its monomeric form. In the event that non-‘
symmetric multinuclear species form it will result in the 1:4:1 singlet/doublet
- pattern observed for platinum complexes. | Association of (é) beyond a dinuclear
species will form more than one platinum resohénce. For example, ‘in the case
6f a trimeric species of the formula [Pt(CN),],> the two terminal plati'nufn atoms
are magnetically non-equivalent to the central platinum atom, because the
central atom sees two bound platinum atoms while the terminal platinurﬁ atoms
only see one platinum atom.
‘Adamsons work involving the absorption a’hd‘ emission techniques for thg

determination of the extent of Pt(CN),* association used the barium salt because
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their qualitative indications suggested that K, for association was bigger with the

barium salt compared to the potassium salt. This also allowed them to‘ work at
lower concentrations enabling them to stay within the limits of the micrometer
cell. Contrary to the concentration concéms when measuring the absorption
spectrum, ™*°Pt nmr is accomplished easier at high concentrations and is the
most.straightfonNard approach for determining if oligomers or any metal
associations are forming in solution because of the !arge che‘mic}él shifts that
occur in the "*Pt spectrum. The higher concentrations favor both oligomer
formation and their observation by nmr. The higher solubility vof the (8A) salt
versus the (8B) salt enables one to obtain solution concentrati‘ons abo'ut‘ 10X

higher by using (8A).

Formatio'n of the mixed complex K,Pt(CN),(ox) (17A) The formation of
the mixed cyéno/oxalate species'p'roceeds to equilibrium giving Pt(ox),*
(16)<<Pt(CN),*<Pt(CN),(ox)* (17) when 2 equivalents of KCN ére used

according to equation 6.

K,Pt(ox), + 2KCN (17) + (8) + (16) ©  ~ (6)

The "*Pt nmr spectrum in figure 13a shows the 1:2:1 triplet for the mixed species

(17) with labeled "*CN. In figure 13b the‘”C nmr spectrum indicates the mixed
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species (17) is present in solution in.nearly twice the amount as (8). The

integration for (8) at 125ppm and (17) at 132ppm in figure 13b are nearly the
same but (8) has twice as many carbons as (17). When 1 equivalent-of KCN is
used the percentage of the (17) to (8) is increased but there is a greater émount»
of unreacted (1 6) that precfpitates out of solution upon cooling the reaction,
which has been present in all the solutions so far. Even with its much lower
solubility complete rerﬁoval‘ of (17) from the splutioris was not achieved. The
solubility of (17A) and (8A) appear to be very similar making i’; difficult to obtain
pure crystals of (17A). A red solid results when the oxalate/cyanlde solutions are
drled which is indicative of some stacking of (8A) and (17A) or the latter with
|tself. When isolated (8A) contains no red hydration phases. The CaPt(ox),
contains a red ,;:;hase which quickly re'arra‘nges to a yellow phase when exposed
to the atmosphere. The red color observed here with the mixed ligand reaction

is stable to the atmosphere.
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Solution Studies of the Oxidized Pt(li) Cyanoplatinafes )

Oxidation Reactions ‘usin‘q HVdroqen Peroxide

Oxidation of K,Pt(CN),(ox)* with H,0, PO of the solution that contains

(17) was attempted fo see if these solutions wbuld give copper colored PO
compounds. lt is probable that (17) could form PO compounds according to

equation 7
(17) + H0, © Ky P(CN),(0x) (7)

since both the tetra-cyano and the bis-oxalate platinvum species do. Oxidation of
the solution containing the mixed ligand platinum species (17) with hydrogen

peroxide did not result in any formation of PO compounds. One problem is the

fact that no pure (17A) has been isolated. The reactants in this reaction consists

of all three of the platinum species (16), (17), and (8) all in equilibrium with one
another.

The PO was done using the same method as that for the POTCP's and
the POBOP's where ;the appropriate amount of H,0, was added and the reaction
was reﬂu*ed under heat. The initial (17) was made with labeled *CN. After
heating at 70°C for one hour the Pt nmr indicates none of (17) is left after
oxidation; however, a new peak that gives a 1:2:1 triplet arises at -4425ppm with

Jpec OF 1028Hz. This new peak is not in a region where the resonances for
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compiexes with oxygen ligands bound to the platinum center are observed. This

i4ndicate!s that this species is bound to only two cyanides like the starting material
Pt(CN),(ox)* but contains no o.xygen bound ligands. The nmr interpretation
indicates a complex containing a platinum-platinum bond eaqh with two terminal
cyanides, Pt,(CN),. Cohsequently é complex of this formula would bé highly
unsaturéted and probably very unétable. The characterization of this fesonance
is left to much speculation.

The "Pt nmr spectrum also indicates that (8) has diminished only
slightly in thé oxidation reaction. Some of (8) has been oxidized to (11) and the
small amount of (16) initially in the reaction solution has all been oxidized to the
Pt(ox),(OH),*. Tﬁe Pt(IV) oxalate and cyénide species reside at +2875ppm and

-1280ppm respectively in the "**Pt nmr sbectruni.

Oxidation of KPY{CN), with H,0, When the Pt nmr is observed of t.he

- solutions for equation 3 before thé crystallizatio‘n\ of the CD-POTCP there are five
different Pt spe'cies présent in the reaction solution. Figure 14 shows a scéled
view of the different peaks presenf in the Pt nmr spectrum. All the species in
this reaction are observed overa 3500ppm chemical shiﬁ range. Most peaks in
the "°*Pt nmr spectrum can be fully characterized; however, thére is some.

~ uncertainty with one of the peaks that result in the reaction solutions forming (6).
One broblem initially encountered when trying to identify all the peaks is that

they all result in singlets. For this reason the labeled *CN was utilized
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in the oxidation reactions to observe the multiplets. The '°C labeled cyanide

bound to the platinu_m gave rise to pentets in the Pt nmr spectrurh indicating
_'that all species have four cyanides bound to a platinum atom (Figure 15). This
did not help with the unidentified species but it did give more certainty to our
initial characterization that all species are bound to four cyanide Iigaﬁds. Figure
15 shows three separate portions of the 195If’t nmr spectrum. This is done
because of the large chemical shift exhibited by the plétinum atom. Itis not
pbssible to observe the entire chemical shift regi;)n within one sbectral window.
Different windows each comprising a chemical shift range of about 1500ppm are
~ observed by moving the frequency that the nmr. pulse is done at. ‘ '

The four peaks that are characterized occur at -1280ppm, -1776ppm,
-4724ppm and -4744ppfn while the fifth uncharacterized peak occurs at
-2300ppm. The peak at -4724ppm is the starting haterial (8). The peak at
-1280ppm is due to the diaquotetracyanoplatinate(IV) (11) which was
c‘haraqterized by x-ray c.rystallog‘raphy and will be described in a further section.
Initially the characterization of the -1280 peak was done by comparison to other
platinum oxidations where two oxygen bound Iigandﬂs are added to a Pt(llj
complex. Thé example used for initial characterization of this peak was the
downfield shift.on going from (16) to P,t(ox-)z(OH),_,z‘. The platinum resonance
shifts 3400ppm downfield ('i 6) to Pt(ox)z(OH)ZZ.' and while going from (8) to (11)
the resonance shifts dpwnﬁeld 3420ppm. The chemical shift of (11) is also near

the chemical shift of a compléx studied by Appleton (49). The complex
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Pt(Me),(CN),(OH), resides at -1383ppm and only differs from (11) by the two

methyl ligands. Methyl and cyanide ligands have a similar nmr environment
around platinum. This method of comparison for predlctlng where "%°Pt chemlcal
shifts WI|| occur is described in more detail in the 195P’c nmr section. The nmr
characterization was further validated after single crystals of (11) were obtainedi
and structured. The pure crystals of (11) were dissolveq up in D,O/H,0 and its_
"**Pt nmr resonance was observed at -1479ppm with a pH=5 and upon
acidification to pH=2 the chemical shift went to -1282ppm. The pH was then
brought back up to 5, which restored the resonance to -1479§pm region
indicating that thé change in chemical shift is reversible with
protoriatibn/deprotonation of the:coordinated water ligands.

The broad resonance at -1776ppm is characterized as the Pt(lll) dinuclear
species Pt(CN)B(HZO)é' (25). This peak is broad and lies in the region that is
expected for a dinuclear Pt(lll) species with four cyarnid_e ligaljds on ;each
platinum with water Iigénds capping the dimer on eaéh end. This chemical shift
wés also compéred to other Pt(lll) complexes reported by Appleton (50). Only
when water cap‘é the Pt(Ill) dimer would there be a platinum chemical shift this
far downfield due to the oxygen/platiﬁum interaction. Without water on the Pt(li)
the qhemicai shift would be expected around -2300ppm. Therefore, the peak -
present around -2300ppm is believed to be a Pi(lll) dinuclear species not capped
with water Pt,(CN),> (26). The broadness of this resonance is also indicative of

a dinuclear complex.




: 64
_ The peak arising at -4744ppm was initially very peculiar because of where

the chemical shift lies. 1t is only 20ppm upfield from the ‘Pt(li) starting material.
With only a 20ppm difference between these two peéks their structures should
be very éimilar yet the upfield peak is broadéened considerably indicating possibly
some association with another Pt(ll) center. The peak at -4744‘p'>pm isl the result
of the Pt,(CN)s> (27). ‘-lLevy's el‘eméntal analysis found the yellow solid from
these reactions to have the formula Pt(CN); (22,51,52). This ié bossible With the
loss of CN Iigands in acidic media. It was not absolutely evident if the peak at -

- 4744ppm gave a pentet with *CN bécause of the overlap with (8) at -4724ppﬁ,
but is esti‘mated as a pentet. The "Jp,. in this region is about 1030Hz for these
two..complexes‘, which is identical with that 01‘c (8). Figure 16 shows the Pt nmr
| chemical shifts of the four characterized specieé.

Initially thié work had peaks occurring at -2660ppm and -1981 ppm but
were attributed to CI" impurities. Although Pt(IV) species tend to be inert to
substitution, the chlorine impurities in solution with the Pt(ll) resulted in their
addition on the Pt(IV) upon oxidation. The‘ substitution products were that of the
dichloro Pt(CN),Cl,* and Pt(C‘N‘)4(OH)CIé' .s'pecies. These were easily avoided by ;
a more thorough purification of the Pt(ll) starting material. To be certain that the
resonances were due to the dichloro and aquo-monochloro compounds aﬁd not
coincidental resonance's of anything else, 1 and 2 equivalents of KCI were
added to the reaction mixfure. This addition was done before addi.ng‘tHe oxidant

so it would compete with the addition of water on the Pt(IV). This resulted in \
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large resonances with good S/N at -1981ppm and -2600ppm respectively for 1

and 2 equivalents of KCI proving these two peaks were due to impurities of Cl in. -

the reaqtions.

Oxidation of BaPt(CN), with H,O, When (8B) is oxidized with 30% H,0,
small purple crystals result after the reaction mixture is allowed to concentrate
down or éthanol is diffused into the reaction mixture inside of a desiccator. The
purple cbloréd solids were only observed when the Pt(ll) was dissolved up
directly in the 30% H,0,. If the reaction was done by first diséol‘ving (8B) in
water then adding a small amount of 30% H,O, the result was ye‘IIow crystals of
starting material. The purple crystal would form in reaction mixtures in both a
neutral pH (no pH adjustment) and a pH=1 adjusted with 1M HNO,. POTCP
salts haye not been observed for the barium salt in past studies. It was initially
hopéd that the purple solids were that of a dimeric Pt(lll) like that reported by
Levy and Piccinin (22,33). When the solid is dissolved and the 5Pt Vnmr,is
observed there is no resonance in the spectrum except the -4724ppm for (8). If
solutions were allowed to sit around idle for at least one week the "**Pt nmr
showed the -1776ppm peak from (25). This indicates there afe other, probably
paramagnetic, species in solution that give (25) after the solutioh became
concentrated.

The purple crystals that have been formed so far tend to degrade fairly

rapidly after formation; therefore, a complete crystal structure has not been
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“achieved. A small data set was collected on one crystal giving enough
informatiqn‘ to di‘scover that‘ two Pt atoms are 3.22A apart in the crystal. The
insufficient x-ray data set indicated the unit cell was ‘v‘ery close to that of (8B).
With this evidence the purple color in the solid ‘is most likely the result of
impurities and not the result of a Pt(lll) dimeric compléx. When (8B) is added to a
small amount of 30% H,O, so as not to Iét‘the solid go into solution, the yellow
cfystals will turn purple after sitting in the éxidant for é few minutes. This
appears to be tﬁé samel action that caused the purple colored solids to cfash, out
6f solution. The solutions giving recrystallized purple solids appear to initially
gi\)e the yellOw (8B) and then. turn purple by surface action of the hydrogen
“ peroxide. " |
%Pt nmr of the solutions made from both the yeliow and purple solids

gave -4724ppm peak. Observing no peaks in the spectrum except for the Pt(ll)
indicates thaf if the purple solids that are seen in the reaction are the result of an

oxidized species it must be paramagnetic.

Oxidation of Cs,P{CN), with H,0, Various amounts of 30% H,O, were |

used to oxidize (8D). Under acidic conditions (8D) was subjected to small
~amounts of hydrogen peroxiae and heat, to afford cbpper needles of (18)
:described in the experimental section.

When (8D) was exbo'sed toa excéss of 30% H,0, at room temperature,

“yellow crystals came out of solution after a few days of sitting in a desiccator
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containing ethanol. Under these conditions the '®®*Pt nmr indicates only (8) and

(11) are present in the reaction solution. The yellow crystals were structured and
determined that they contained peroxide in the hydration sphere giving the
fprmula CsPt(CN),2H,0,. The complete refinement of the diberoxid‘e;hydrate |
was not obtained due to poor crystalline quélity. The usual crystals for (8D) are
clear and are singly hydrated.
The "**Pt nmr spectra of the solutions leading up to (18) indicates mostly
Pt(Il) starting material, a small amount of the Pt(IV) species (11 ) and ar;other
small peak at -2398ppm that is unidentified but is in th‘é région of a Pt(lll) similar
to (26). These solutions do not contain the two peaks at -1776ppm and
-2300ppm like the reaction solutions for (6). However, if (8D) is heated in an
excess of 30% H,0, then formation of (11) constitutes about 90% of the '*Pt nmr
detectable reactiQn products. There are other peaks in these spectra that are
the result of multi-nucleér species in the solution. Broad peaks arise at-
1370ppm, -1750ppm, and at -1780ppm ail with widths at half height over 300Hz.
There is also a small peék at -4742ppm that is 'the result of (27) like that seen in
the formation of (6). The peaks at -1370 and-1750ppm are unknown but are
multinuclear because of their large width.
When (18) is dissolved it gives only the initial starting material (8) in the

195pt nmr spectrum. >(18) was dissolved in basic, neutral and acidic media giving
only the -4724ppm peak in the "*Ptnmr spectrum. The Pt nmr gives the

-4724ppm with a good S/N ration in only 4000 scans. The solubility of (18) is
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sufficient enough to observe other species than the -4724ppm if any are prese'nt

and nmr detectable.

Itis considerably i‘n’tertesting Why the different counter-cations for the |
TCP's result in different "**Pt nmr spectra when oxidized with 30% H,0,. The
most likely reason is that the different counter-cations ca.use the solubilitieé of.
the salts to be different; ~The cations with lower solubility's result in a greater
dégree of aggregation in solution. For example the potassium .salt, the most
soluble of all the countér ions, gives the -1776ppm peak and in the case of thve
cesium salt ;chere is a shifting of this‘ broad resonance as well as new
resonénce's in the fegibn of the Pt(IV) at -1300ppm. These new peaks are

atfributed to additional metal-metal assbciation because of their *broadness.

Oxidation Using the Monopersulfate Compound Oxone )

. Oxidation of K,Pt(CN), with Oxone™  The monopersulfate oxidant

oxone was used tq study the oxidatipn solutioﬁs because it resulted in reactions .
that proceeded iﬁ a more stoiéhiometric manner than when H,0, is thé oxidant
but it gives nearly identi,cal. reaction sqIUtiOns with the appropriate amdunts of
oxidant. Alfhough oxone oxidationé proved to 6'ccur more stoichiometrically than‘q
the other oxidants these were not entirely stoichiometric either. - Pt nmr shows
the reaction solutions are similar when the POTCP resuit from solutions ‘using

different oxidants. Reactions proceeding in a non-stpichiométric fashion have




Ll L.

70 :
been one of the biggest difficulties in fully understanding which complexes in

solution are responsible for formation of the POTCP. Also no reactions have
given the opportunity to isolate individuals species of the partial oxidation
reactions. It \}vas of significant interest to find conditions to isolate the P11l
complexes and study their fole in POTCP formation. There have been reports
that are suggestive for the presence of Pt(ill) cyanides but none of these reports
give absolute characterization of a Pt(ll) species whether it is mononuclear or -
dinuclear (22,33). |

The formation of paramagnetic specieé is chiefly fesponsible for the non-
stoichiometry of the reactions. There is considerable evidence that theré are
paramagnetic species present in solutioﬁ which are not observed in the "*Ptnmr
spectrum. One piece of evidgnce is that the signal to noise ratio decreases
considerably in the '*Pt nmr of oxidized solutions of the TCP's indicating other
species are present besides the diamagnefi‘c ones that are observed. Even
using a 1000 fold excess of 30% H,O, doés not give complete oxidation of (8) to
(ﬂ‘).

Pt nmr and "®*C nmr of oxidized solutions were used to observe the
different species present in solution depending on the electron equivalents of
oxidant used. Solutions with less than .5 electron equivalent of oxidant result in
solutions that resemble those when hydrogen. peroxide is used as the oxidant in’
the formation of the POTCP. Using less than 1 electron equivalent of oxone

gives the greatest amount of species present in solution. Less than 1 electron
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equivalent of oxidant results in a total of 7 species in acidic media and 6 in

neutral media. The seven resonance’s that are observed in -acidic media is two
more ‘res,or?ance"s than are seen in the peroxide oxidations aone under acidic
conditions. All the "®Pt nmr signals are the same as when peroxide is the
oxidant ‘excepf for the two additional peaks at -4764ppm and +1011 ppm. The
-4764ppm region would indicate a Pt(ll) with four cyanides. The -4764ppm
resonanceKresults from further aésociat’ion of (27) to give the Pt,(CN)y> (32). Thé
~other new resonance is a tetraquo species'tha't is present in small concentrafions
in these reactions. Figure 17 shows the *C nmr of the oxone oxidation of (8). .
with .3 electron equivalents of oxone. The further addition of more than one
electron equivalent of oxone results in.the disappearance of the resonance at
-2300ppm. |
More than 1.5 equivalents results |n fhe -1280pbm peak being the only

peak present in the initial nmr analysis. When these solutions sit around for at _
least a week the -1776ppm peak begins to appear in the spectrum. ‘These
reactions obviously cdntain.other species besides (11). To form the dinuclear
Pt(II1) without any Pt(li) present would only come about from assoéiation of Pt(lll)
monomers. When Pt(ll) is preserit it can combine with the Pt(IV) to give the
Pt(Ill) dimer. This is the case in the 1 electron equivalent reactions. ‘The one
electron equivalent reactions give the greatest amount of dinuclear (25) after
sitting around for one week. Little of (25) 'results from a Pt(lll) monomer becauée

the "**Pt nmr indicates from the S/N that (11) and (8) constitute the majority of
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the reaction species.

The oxidation reactions done with oxone are pH dependent. All the other
oxidants used in these studies only give oxidized products in acidic media.
Oxone will give products in neutral and basic media but the solution species vary
with the pH. The lower the pH for the reaction solution, the more products that
are observed in the "**Pt nmr spectrum. Oxidation's done in acidic media initially
give seven different species in solution. Neutral reaction solutions give five
species in solution. Reactions in basic media result only n the formation of (11)
at -1300pprh. No matter how large or small the amount of oxidant that is added
to the réacfibn (11) is the only product observed under basic conditions. Usi“ng
ﬁp to four electron equivalents of oxone still only result in about 30% of the _
species preéent being'that of the Pt(IV) at a pH=10.

The neutral and acidic oxidation solutions both resulted in a new peak at
+1013ppm that is not observed in the peroxide oxidations. This peak occurs as
a 1:2:1 triplet in the '*°Pt spectrum at +1013ppm when labeled "*CN is used and
is attributed to the Pt(IV) species Pt(OH),(CN),*. This species is estiméted to be
less than 1-2% of the reaction products. by nmr and is surely not involved in the
formation of the POTCP. It is not believed that neutral solutions result in
appreciable amounts of HCN being released from the reaction solutions but
some loss of CN in the solution is apparent or Pt(OH),(CN),> could not form. |

Like the H,O, reaction loss of CN in the reaction solutions result in the formation

of (27). Only oxone reactions give further association of (27) to (32).
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There is very little difference in the reaction species when the reaction is

done under neutral or acidic conditions. The only difference between acidic and
neutral reactions are when and how much of each species formé. For example
when reactions are acidic and less than .5 electron equivalent of oxidant is used
the dimeric Pt(lI1) resulting in the -1776ppm peak is present in the initial Pt nmr
analysis. In basic media the -1776ppm peak appears only after the solutions
have sat around idle for at least two days. In both solutions the -1776ppm peak
becomes the dominant species in the spectrum after sitting idle for periods
longer than tWo weeks.

The CD-POTCP was obtained using oxoﬁe as the oxidant but the
crystalline quality and yields are worse than those obtained when using
hydrogen peroxide. When a.24 electro‘n equivalent of oxone is used and the
reaction is acidified with 1M HNO, to a pH of 1-the copper colored crystalline
needles of (6) were produced. The copper needles were obtained in about a
10% yield. The poor yield obtained for the POTCP here is most likely due to the .
large amounts of sulfates present in the solution that are introduced from the
oxone. Brown/copper colored solids deposit out qf solution immediately if the
concentration of the reaction is high enough (about .05M) with respect to the
Pt(ll). The solids produced under these conditions are not crystalline like those
produced at lower concentrations or when H,0, is the oxidant. The "**Pt nmr
spectrum obtained on the reactions with less than .3 electron equivalents are

identical to those when H,0, is used to form the CD-POTCP.
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When the electron equivalent of oxone becomes greatef than .5 no

coppel; needles were ever produced. The "®Pt nmr indicates that all the reaction
species are present as when copper needles form but they are in different
proportions. Most notably is the greater quantities of the Pt(IV).

With greater than .5 electron equivalents of oxone the -1776 ppm peak is
not present in the spectrum immediately like when using peroxide but it grows in
slowly, starting to appear after a few days of the solution sitting idle at room
temperature. This suggests that (25) is at Ieasf indirectly involved in the
formation of (6). The oxone solutioné did not afford condit'ior)s where any of the
sélutions species could be isolated. Isolatioh ofAthe species was desired for
further proof-of our nmr characterizations of the oxidized species.

There was little success in ‘the isolation of the solution species that were
characterized by nmr, because of this further experiments were done to provide’ |
additional evidence of our nmr characterizations. FigUre 18 is a "*Pt nmr study
of tﬁe solution species over time of thé oxone oxidation of (8). It can be seen
how (25) at -1776ppm becomes more prominent with time and the S/N ratio of "

(8) and (11) decrease at -1 280,ppm and -4724ppm respectively. The spectra
seen in ‘figure 18 were done ovér a period of seven days. It can be seen that
after seven days (25) becomes a significant portion of the species in the

spectrum. With these "®CN labeled solutions (27) is seen when the multiplet for

(8) becomes unsymmetrical. The Pt nmr peaks for (27) also appear to only be |

present when the -1776ppm peak is present. The symmetry of the pentet at
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-1280ppm was also lost in the oxidation solutions but there was no evidence for .

other species fn the region overléppin'g with (11). Similarly the pentet at
-4724ppm due té (8) loses its symmetry upon oxidation buf this is due to the
skewing of the pentet from the ovérlap with the resonances from (27) and "(32).
Most of the research with '*C Iébeled-cilanide was done with the oxone
oxidations. The *C .spec'tra were done to see if the couplin.g“s would alsp giVe
some insight into the solution épecies. 1t is possible to correlate sdme of the
shifts of the "**Pt nmr spectrum with those in the ®C spectrum. The *C :spectra
for the oxone ox‘idétion with .25 electron equivalents show the -4744ppm and
-4764ppm "°Pt peak at 123ppm and 121 .5ppm Eespectively. Both of these
peaks give cofnplex spectra (Figure 17). The central peak contains 1:4:1
satellites, lwhich are also sblit into triplets. (32) gives a triplet of‘aoublets ofa
quartet but it does not contain a central peak which should occur with any
platinum carbon coupling because there is always some percentage 6f the
species where the CN is bonded to only platinum spin=0 atoms. A structural
representation of (27) is shown in figure 16 and (32) is represented in figure 19
below. The complex sp.ectra‘ of (27) and (32) can onth be assigned using

simulated progréms, which was not done in these studies.
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The unlabeled reactions are nearly impossible to obtain a *C spectra

| because the concentration of the reaction can not be increased above .05M with
respect to the Pt(il) starting material. if the reacti‘on is done at too high of a
) concentration the -solution‘turns to a thick white cl.oudy substance. An unlabeled
spectrum was done and with 33,000 scans only a few of the major peaks can be
seen and no coupling is observable with the S/N obtained. The peaks for (27)
and (32) are just becoming large enough to be evident in the noise (Figure 20).
Also suggestive of the structure for (27) and (32) is the "**Pt nmr signal at
-4744ppm when "CN is used. The peak is broad with an unresolvable multiplet
of many. Because peak widths are nearly as broad as the value of the Pt-N
coupling the resolution does not allow for the determination of the coupling
constants nor the multiplicity. The actual couplings could not be determined from
the nmr because of the mess of multiplets.

The difficulty with the nmr spectra of the oxidation reactions involving (8)
is the number of s‘pecies that are present in the "*Pt and "C nmr spectra.
Unfortunately some of the most intereét‘ing platinum compounds are not. nmr
acti;/e. The oxidation state of the plétinu_m in the solid POTCP makes it very
likely that there are paramagnetic species present in the reaction solutions
leading up to the solid state complexes. Following ﬁgure 20 is table 4. Table 4 is
a tabulation of the platinum species in the oxidation reéctions of (8), which we
were successfm iﬁ correlating the Pt nmr chemical shift with the complexes

corresponding "*C nmr chemical shift.
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Figure 19. Structural representation of the multinuclear complex (32).
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Table 4. Correspondmg Pt nmr and *C nmr chemical shifts for the solutlon

species in the oxidiation of (8)
‘ Species | 9Pt nmr (ppm) *C nmr (ppm)
Pt(CN),> -4727 , 125
Pt,(CN)s* ' -4744 123
Pt,(CN),* ‘ -4764 - 1215
Pt,(CN)y(OH,),* -1776 ‘ 98
Pt(CN),(OH,),* -1280 94.5

The nleber of nmr active species indicates that these oxidations are non-
stoichiometric. This can lead to great difficulty in assigning oxidation states to
' fhe resulting species. Although the Pt(IV) species (11) is nearly 50% of the
species in solution with one electron éq’uivalent of oxone and proceeds to be
about 95% of the solution species present when two electron equivalent are
used this is clearly the most stoichiometric of the oxidation reactions described
here. The formation of 50% of the Pt(IV) species with one electron equivalent of
oxidant ir{dicateé that (8) does not afford a Pt(lil) species very readily. Even with
a one electron oxidant like Ce*, only after addition of an stoichiometric excess of
Ce* does any Pt(lll) begin to form in solution.

The initial reaction solutions reveal no considerable changes in the UV-
Visible spectra like in the case of the oxidation of _(1 6). Inthe case of (16)
paramagnetic spécies result in brilliantly colored Asdlutions. The POBOP
reactiqns give colors within 30 minutes of reaction time. Thése reactions give
four different visiblé absorpﬁon ban_ds depending on the electron equivalents

used to oxidize.(16). The reaction gives a purble solution, which is attributed to a
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tri-nuclear platinumoxalate (27). . The visible absorption spectrum was obtained.

on the TCP reaction solutions after they had turned purple. These solutions give
an abéorption band at 522nm which correlates with thé 510nm absorption band
for the trimeric épecies in the PO of the platinum c;xalates (23). This'Species
‘would be paramagnetic and thus would not be observed in the nmr spectrum.
‘Absorption bands can'indicate whether the species is dinuclear or
trinuclear in these systems because the visible absorption bands of these
compléxes are the resuit of the metal-metal interaction. Regardless of the
ligands present two complexes with similar metal-metal interactions will result in
the same or nearly thé same color. Without suitable crystals for x-ray
crystalldgraphy the characterization of this purple species,"remains speculative;
however it is shown below that none of the species characterized by ***Pt nmr

give the purple colors in solution.

Characterization of the Dinuclear Species at r177606m

When oxone oxidations sat idle for a cvoupl‘e‘ of weeks it Was observed that
the -1776ppm peak became more pronounced:in the ***Pt spectrum as the .
solution yielded a purple color. Because of t‘hiéj the -1776ppm peak was initially
assigned to the. species giving the purple qolor. However, in séme of the
'oxidation reactions purple solutions were observed without any -1776ppm

present in the Pt nmr. For example when the purple color is present in the
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3

HNO, oxidation reactions there is no -1776ppm observed in the spectrum.” Also
the formati.on of (6) gives a significant resonance at -1776ppm and here the
soluttons are clear. The--1776ppm peak also results when (8) is oxidized with 1
equwalent of (11) and there Is no purple color to the solution. Although with time
the solutlon does give a purple color. Immediately after OXIdatlon using oxone
there is -1776ppm present in the nmr spectrum but there is no coloratlon of the
solution. The only coloration is the emergence of a faint yellow cotor, which is
attributed to (11). From these observations it is apparent the purple color is
attributed to some other species. The species causing the purple color is~ most
‘Iikely paramagnetic since there is no new Pt nmr resonahce present. The
purple color observed i‘s eimilar to the reports by Levy (22) and Kellet (27).

The peak at -1776ppm also begins to appear at nearly the same time as
the peak upfield of (8). This is more than coincidental because (27) should form
with the addition of any acid to (8) but this does not occur. Only when acid and
oxidant are together will (27) then form. ‘It may be that (27) results from the
reduction_ of one of the exidized complexes instead of simply Iesing CN as HCN.
~ Any time that the -1776ppm peak becomes larger with time there is a
corresponding decrease in the signal from (11) indicating it is being reduced to a

lower oxidation state (figure 17). Likewise there is also a decrease in the signal

of (8). (11) is reduced down to (25) and (8) is oxidized to the dinuclear (25). (11)

should be very stable like most other -Pt(IV) species. However (11) was very

difficult to isolate. It was always present with other species and with time aIWays
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appeared to be consumed to form other products in solution.

Some insight into the oxidation state of the -1776ppm peak was
attempted by looking at the Pt-C coupling constants. The general rule for Pt-C
couplings is that there is a decrease in the 'J coupling on going to a higher
oxidation state. This follows the amount of s-character in the complex. Pi(ll)
cyanide species are square planar resulting in dsp? hybridization. When oxidized
to a PY(1V) oxidation state they then assume the octahedral d%sp? hybridization
giving the former more s-character and hence a larger J couplihg. The Pt(Il)
species will not necessarily have J couplings that fall in between the Pt(Il) and
the P(IV) species. Pt(lll) species may have various hybridization schemes
depending on if they are mononuclear five coordinate species or if they are rhulti-
nuclear. In this system the -1776ppm peak Which is attributable to the Pt(ll)
dimer has a coupling constant that is actuall); less than the Pt(IV) species. The
error associated with the coupling of this peak is considerable since the peak
width at half height is about 600Hz. Because of the width and the value that
resulted no conclusions could be made about the oxidation state from the
coupling constant. No conditions have yet been found to isolate (25) in pure
form but the evidence shown here is sufficient to prove (25) correlates with the

peak at -1776ppm in the "*°*Pt nmr spectrum.
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Solution Studies of the Partially Oxidized Tetracyanoplatinates

The "Pt nmr spectra of the peroxide reaction solutions leading up to (6)
and (18) shdw considerable differences. The rea’ction solution for formation of
(18) does not contain as many Pt species as the reaction solution leading up to
(6). The reactions with (8D) contain mostly starting material at -4724ppm and
small peaks at -2398ppm and (11) at -1285ppm. The PO reactions with (8A)
contain three more "*Pt nmr resonances than they do with (8D). The broad
dinuclear peaks in peroxide reactions with (8A) at -1776ppm and -2300ppm are
nearly 50% of the total péak area for all the reson;ances observed. The Pt(Il)
starting material and the Pt(IV) di-aquo species make up nearly the rest of the
Pt nmr observable species in thé solution.

The number of peaks in the '%°Pt nmr spectra réﬂects the % yield obtained
for each of the reactioﬁs. Compound (18) is obtained in over a 90% yield
whereas (6) is only obtained in bafely over 10% yield. The greater number of
species in solution when forming (6) compared to (18) explains the lower yield

for the reaction of compound (6).

Oxidation Reactions Using HNO,

Oxidation of K,Pt(CN), with HNO, When low concentrations (1-4M) of

HNO; are added to (8A) they do not result in readily oxidized solutions. The '*°Pt
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nmr indicates for these concentrations the Pt(ll) starting material remains for up

to 2 weeks in the reaction solutions. When higher concéntrations of HNO; are
used there is not any of (8) remaining immediately after the reaction is carried

~ out. This is due to two reasons. 1) (8) is consumed and oxidized to a complex in
an undetermined oxidation state with no observable '®Pt nmr resonance and. 2)
the higher concentrations of acid forms HCN with the ligands and the HCN is
evolved from the reaction solutién. The latter réason results in the peaks that
arise in the '*°Pt spectrum upfield of (8) in the oxidation reaction th.at are carried
out under acidic conditions. Loss of CN ligands will result in the platinum atom
being unsaturated and while reméining in a Pt(Il) oxidation state rearrange to
(27). All oxidation reactions done where acid is involved, either as the oxidant or
simply to lower the pH thé reéctions give the peaks upfield of the Pt(ll) starting
material.

When (8A) is combined with 7M HNO, the oxidation of the Pt(ll) isl readily
seen. The light yellow (8A) turns to a dark yellow when the acid comes into
contact wifh it followed by a yellow solution when the solid dissolves. The lower
concentrations of acid give the yellow soIUtions after a few hours but with the
higher concentrations (>5M) :the yellow color is observed immediately after the
starting material is dissolved. Similar to the oxone oxidations, if the
concentration of (8A) is >. 05M the solution tur»ns to a white cloudy substance.
The reactions will turn white after one day when oxidized with >5M acid and up

to four days for the lower acid concentrations.
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Reactions that are allowed to sit for 3 weeks give a light purple color. The

purple color is similar to that seen when oxone is used for oxidation. However,.
the ™*°Pt nmr spectra of the two reactions are not the same. The purple solutions
formed from HNO, oxidation's do not give the broad peak at -1776ppm like the
oxone oxidations do. The HNO% oxidations give rise fo a peak at -1460ppm that
is even broader than the -177épprﬁ peak. |

The visible absorbti‘on spectra of these solutioné were recorded éfter the
purple color appeared. The purple solutions gave an absorption baﬁd at 536nm,
which is very near the 522nm band ‘presen‘t in the purple solutions of the oxone
oxidations.

The visible absorption spectra for the purple solutions of both oxone and
HNO; oxidation's give nearly the same absorption spectra. This gives further
evidence the purp‘le colored compound in solution is not the compound resulting
in the -1 77.6‘ppm pgak nor the -1460ppm peék in the case of the HNO, acid
oxidation's in the "®Pt spectra. The trimeric species [Pt(ox),];™* resulting from the
oxidation of (16) gives an absorbance at 510nm. Because the absorbance in the
visible region at 510nm is due to the Pt-Pt bond of the trimeric oxalate then it is
possible a trinuclear platinum cyanide species results in the purple color. The
' absorbances at 522nm (for oxone) and 536nm (for HNO,) aré the .only
absorbances in these oxidation's that is not due to‘ metal to ligand charge
 transfer bands (MLCT). - -

Dilute solutions of (8) give MLCT bands at, 216, 255 and 283nm. On
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going to a concentrated 'solution (about .5M) the absorption obscures the entire

“region from 19(‘)nm to 380nm whén using a 1mm-path length cell because of the
large molar absbrptiVities of these bands. Adaméon's experiments at
concehtfations in the 1M range réquiréd the use of .0001cm path length cells
(14,15). Because of the.large absorptivities of (8) UV-.Vis at vhigh concentrétidns
where multi-nuclear species are favored is not easily achieved. At highel;
concentrationsthe.band’s for (8) obscure the spectrum to low energy as far as
400nmAwithout the use of very small path length cells.

When (8) is oxidized the solutions are ﬁearly clear but tHere is a shoulder
present off the low ehergy side of the strongly absorbing MLCT band near
300nm. This shouider results fn thé light yellow colors observed in the oxidation |
reactions. After oxidation the three individuai absorption's seen for the Pt(CN),> - -
ar‘é not resolvable even at concentrations down to about 1 x 10 although they

are resolvable in unoxidized Pt(CN)f‘ solution at 1 x 10°M.

Oxidation of BaPt(CN), with HNO, Oxidation of (8B) with nitric acid gave

different reaction products depending on the acid concentrati_oﬁ used for the
oxidation. When using only 1M HNO, fhe reaction mixture turned to a white
mushy substance after sitting for only 3days. ltis evident that the 1M reaction
solutions are not acidic enough to prevent the BaNO, from eventually crashing
out of the solution after it has concentrated d(;wn by slow evaporation. When 3M

HNO, was used the reaction solution resulted in a 'light orange color over a
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period of one week. The orange solution did not give any crystals nor were there

any signals in the Pt nmr spectrum. 'Solution reactions done in 3M and higher

acid never resulted in the white BaNO, crashing out of solution.

Oxidation of Cs,Pt(CN), with HNO, When (8D) is reacted with HNO, the

needle like copper colored crystals of‘('i 8) result. Varying the concentration of
acid results in dlfferent yields and quality of crystals for (18) Using 2M HNO, as
the reactlon medium and oxidant results in the best quallty crystals. When 3M
'HNO was used the product did not crystallize out as the famlliar copper colored
needles. Most of the reaction products were lumped together in a brown mass
like that described when using hydrogen peroxideas the oxidant. When 4M
HNO, is used there is a brown solid ‘resuiting within one hour of when the
reactants are mixed together. These are aiso‘ not of good crystalline quality. 1M
HNO; also affords good quality cepper colored crystals but t‘he yield is not as |

~ high as that when 2M HNO, is used. Therefore, the synthesis of (18) using
HNO, should be ea'rried out using 2M acid.

The cation used has a large effect on the products that form in the
oxidation reactions for the platinum cyanides. The HNO, oxidation reactions are
also dependent upon the counter cation used. Oniy a few of the platinum
. cyanide salts form copper colored needles. This indicates that the solubility of
each of the cations plays a role in the resulting species formed in solution as weII

as in the solid state. The solubility plays a role in the solutions because it effects
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the association of the ions. The solid state is effected by the packing energies

that result with each of the different cations.

The HNO; oxidation of (8) givés o*idized products but the nmr indicates
that there are no diamagnetic platinum species present in the solutions. There
exists no platinum chemical shift immediately after oxidation but the yellow color
gives evidence that there are paramagnetic species present. A good candidate
for a paramagnetic species wouid be the monomeric Pt(l11) species.

If these reactions are allowed to stand for over a weak a purple solution
will result. Only after the purple éolor develops is there a chemical shift evident
at -1460ppm. Siﬁce an oxidized diamagnetic species form over time there exists
an oxidized platinum species present after oxidation. Immediately after oxidant
is added the only "*°Pt signal evident is the starting material when low
concentrations of HNO, are used. Similar to the -1776ppm peak the -1460ppm
peak is most likely a dimeric Pt(Ill) species but the difference in chemical shift
.between.the two peaks is too large for them to be the same species. Such a
large chemical shift difference would not be the result of any medium effects.
Although these effects can be very large in the Pt spectrum they are generally
not of this magnitude. Most medium effects such as differing solvents are on the
order of 100-300ppm.

Levy described the purple crystal he obtained from the HNO, oxidation of
(8A) as being a Pt(lll) monomeric species. Hartly contended that these solids

were most likely the result of Pt(ll) and Pt(IV) mixed complexes. Levy's
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assumption appears to be correct because the Pt nmr indicate there is no

Pt(Il) or Pt(IV) species present at the times when the solutions contain a purple
color. The purple solids may be other oxidized species besides a form of Pt(l11)
but with no nmr signal for (8) or (11) it is shown to not be a mixed Pt(Il) and

Pt(IV) species.

Oxidation of K,Pt(CN), with Ce*

'Like. the other oxidants uséd the Ce** doés not oxidize (8)
stoichiometrically. The concentration of acid incorporated into the reaction
effects the quantity of (8) that undergoes oxidation. Reactions that are acidified
with just enough sulfurié acid to make the solution have a pH of one results in a
one electron equivalent addition of Ce“* only giving a small amount of (27). This
is evident by the "°*Pt nmr peak t'hat'occurs 20ppfﬁ upfield of (8). Addition of two
electron equivalents results in both the -4744ppm peak and a broad signal at -
2300ppm. Presufnably this péak at -2300ppm is due to (26) like that described
for the peroxide oxidation reaction. Similarly the peak width is 400Hé at half
height and it is in the reéion of the platinum spectruh expected for a Pi(lll)
species with cyanide ligands bound to the platinum. If the water ligands that cap
the Pt(lll) dinucléaf (25) are removed it would result in the new Pt(lll) dinuclear
resonance shifting to -2300ppm. After addition of three electron equivalents of

Cev““ (8) is completely consumed and more of the -2300ppm peak is present.
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However, the -4744ppm peak for (27) is still more prevalent than the oxidized

product at -2300ppm. After the reaction solution sat idle for 3 days the '*Pt nmr
spectra was repeated and the resonance for (27) at -4744ppm was no longer
present. The S/N ratio of the -2300ppm peak did not increase over this time.
This indicates the -4744ppm haé completel;I/ precipitated out of the solution. It is
possible that oxidation occurs to (27) but this would‘only account for a small
portion of its disappearance because of the large quantity of yellow solid in the
bottom of the reaction vessel.

When the reaction solution consists entirely of 1M H,SO, the oxidized
species present in the *Pt spectrum at -2300ppm begins to appear after
addition of only one electron equivalent of Ce*, although it is still not
stoichiometric. Addition of more Ce* results in more -2300ppm peak but like «
above the -4744 is still more prevalent. With time this reaction behaved similarly
in that the entire -4744ppm peak disappeared giving the yéllow precipitate.
Unlike oxidation using oxone when the Ce*" reactions are acidified to a pH of 1
with a few drops of acid gives rise to the chemical shift upfield of (8) without any

di-nuclear Pt(lll) chemical shifts present.

Oxidation of K,Pt(CN), with K,Pt(CN),(OH),

When the potassium saﬂlt of (8) is oxidized with one equivalent of the

Pt(IV) species (11) according to equation 8 oxidation takes place but it is a non-
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stoichiometric reaction. '

PHCN)Z + PHCN),(OH)Z—p | (®)

Using "°Pt nmr it was determined the reaction solutions give (11), (25), (26), (8),
(27) and (32). When the reaction mixtute was dried out the solid is purple but
quality crystalline SO|IdS for x-ray crystallography have not yet been achleved
When the purple solid i |s dlssolved back up |nto water a sllghtly yeIIOW|sh solutlon
results. and the Pt nmr gives the same species but in significantly different
quantities. The broad peaks due to (25) and (26) now ,constitute most of the
solution species (Flgure 21). The resonances at -4744ppm and -4764ppm for
(27) and (32) have also changed in their respectlve concentrations in the
solution. The total quantltles of (27) and (32) have not increased but the further
“associated (32) is now in the greater amount. -Figure 21a shows the six species
: that are in solution upon mixing (8) and (11). For the most part'these are the
same six species that are present with the other oxidants described here for the

oxidation of (8). In21biit can be seen that there is very llttle (11) and (8)

remaining when reaction 8 is dried, dissolved back up in D,O and the Pt nmris

repeated. The change in species distribution resutts because the drying out of
the solution increases the rate of association that forms (25) and (26) because of
the greater solutlon concentratlons

When the reaction is done with-a 5Pt(1l):1Pt(IV) ratio like equatien 9




BPHCN),>  + ﬁ(CN)A(OH)ﬁ_—D ©)
the "*5Pt nmr resulté in neatly the same spectra that is observed for solutions
5
that form the CD-POTCP from hydrogen peroxide. This is the same
stoichiometry that is used to synthesize the AD-POTCP. This reaction resulted
in copper colored solids but they were not of needle like crystalline quality.
Figure 22 sﬁows the Pt nmr of equatibn 9 reaction solution. The ‘sig'niﬁcance |
of equation 9 compared to equation 8 is the greater proportion of (8) in solutions
of equation 9 with respect to the other species in solution. The solution species
distribution is similar to the peroxide oxidation of ‘(8.) when () is synthesized.
Since (11) oxidizes (8) giving the same nmr signals as peroiide oxidaﬁons where

the POTCP are formed suggests (11) is at least indirectly involved in the

formation of the POTCP.
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Species Responsible for POTCP Formation

Complete evidence describing what species in solution are directly
responsible for the formati(_)h of the CD-POTCP is insufficient. It would be
premature to aséume they form similarly like thelAD-POTCP from a Pt(ll) and a
Pt(IV). When the copper needles are dissolved in the case of the CD the '*°Pt
nmr spectrum is not the same as'the 195Pi nmr spectrum before the copper
colored needles are formed. The only peak that is in both solutions is from (8).
The -1776ppm and the -1280ppm peaks are not 'presen’t when the CD-POTCP is
dissolved in acidic solutions nor in neutral solutions. These solutions afford other*
species than (8) when dissolved because the CD-POTCP can be recrystallized
from water indicating when the solid dissolves there is some other oxidized |
species in solution but it is not nmr detectable (23). »

These reaction show evidence that the -1280ppm, -1776ppm, -2300ppin, |
and the -4724ppm peak are not directly responsible for the formation of the
copper colored needles even though these three peaks are a significant
percentage of the total peak areas before crystallization occurs. However, these
three species undoubtediy play a role in the formation of the POTCP but they
either react or combine into other paramagnetic species that eventually proceed
on to give the copper colc‘)red. needles. Mass balance would indicate that all or
most of these characterized complexes are at least intermediates in the POTCP

formation. When forming the POTCP with the éésium salt the % yield is near
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90%. By nmr the S/N of the starting material before oxidation and the S/N of the

peaks in the reaction solution would indicaté most of the platinum complexes are
detected in the nmr. The most significant evidence for only indirect involvement
of (11), (25) and (26) is evident in the HNO, oxidation's of (8). Copper needles
are formed from these solutions but there are no nmr signals at -1280ppm,
-1776ppm and -2300ppm like that seén in the oxone and hydrogen peroxide

oXxidation's of (8).

Comparisons of the dianions P{CN),* and Pt(ox),*

The reluctance of (8) to oxidize and form multi-nuclear species is due to a
number of factors. The cyanide Iigand§ are heavily charged and there is an
appreciable amount of repulsion for any association with other ions of like
charge. The.distances the platinum atoms approach one another in the solid
phase of t’he TCP's is mostly the result of packing energies. Although Krogmann
and Gray have demonstrated with their "configuration interaction” that there is a
net bonding energy in the TCP's for bofh oxidized and unoxidized compounds.
In the case of the POTCP the stability from the bonding interaction is enough to
compensate for the ligand repulsion. The oxidized have a much greater net
bonding energy because eIectrpnsz are essentialiy removed from anti-bonding
orbitals like that demonstrated in figure 10.

A(1 6) which forms copper colored needles does not have nearly the
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repulsion surrounding the ligands and thus forms a number of oligomeric speciesA

in solution when oxidized. H.owever, there are some anomalies with this
reasoning. There exists only one of the platinu‘m(ll) oxalate éalts that stack like
the platinum(ll) cyanides in the unoxidized solid phase like the depiction in figure
2. The red colored magnesium salt of the bisoxalatoplatinate(ll) stacks like the

- cyanides and it has a Pt-Pt separation of 3.18A. The color of this complex and its
Pt-Pt separation correlate to the platinum cyanides with similar colo_r' and Pt-Pt
separation. Thfs shows further evidence that the colors of these complexes are
only the result of the Pt-Pt interaction and not the countef‘ion-'ass‘ociated with the
complex'. The greater number of the plétinum oxalates though dc 3 not stack in
the solid phase and the Pt-Pt separations are upwards of 8A apart. Yet these
compounds when they undergo PO give Pt-Pt separations that are shorter than
the POTCP's. It has been suggested that the PO of the oxalates may bring
added stability to the compound by bonding through the ligands. The distance
between thé ligands in the PO compounds is less than the van-der Waals radii
for pi type oxygen atoms (3.0 A) as well as‘ pi-oxygen plus a pi-carbon atom
(3.3A) (21).

(16) forms Pt(IV) species much mon;e readily than (8). Even when the
oxalate is oxidized with the tert-butylhydrogen peroxide it forms the Pt(IV)
species Pt(ox),[O(CH,)l,> , whereas (8) only forms a small amount of the
‘Pt(CN)4[Q(CH3)]22'. In the case of the cyanide complex it is seen as a broad

signal at -1100ppm. For the oxalate there are *°Pt resonances at -2900ppm and
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-2850ppm. The two peaks are the result of the cis and trans-complexes. The

high stability constant of (8) is also a contributing factor to the difficulty of
forming, in isolation the Pt(CN),(OH),%. There is always some (11) that‘forms
readily from (8) but the nmr nearly' always reveals other. species in the oxidation

reaction.

Investigation of the Pt(IV) MPt(CN),(OH),

Titration of i:’t(CN)A,( OH),> "Pt nmr was utilized to determine the pka
values of (11). Th.e error of the pka's is significant due to the inability to obtain
pure salts of (11) ‘in.significant quantities. Removal of all the excess salts,
namely potassium and sulfate from the oxone oxidation's wes not achieved.
Clear pla;ce like crystals were obtained from the oxone oxidatiens when trying to
purify (11) by recrystallization. X-ray diffraction showed these crystels to be
K,SO,. Solvent extraction‘ was used for purification because it resulted in the
best isolation of (11). Methanol proved to ee the most euccessful solvent for
extraction of (11). However, using methanol to extract (11) results in some
methanol substitution onto (11). **Pt.nmr reveals that the methanol substitution -
product is <5% of the total producte in solution. There are also small amounts of
the Pt(OH),(CN),* present in the solution. This species was detected using '*°Pt

nmr where a resonance was observed at +1011ppm. Even small amounts of
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this product will alter the titration data substantially because of the four

coordinated waters.

Upon taking the solution containing nearly 95% of (11) from a pH=1 toa
pH=4 the chemical shift goes from -1260ppm to -1487ppm. Thisis a change of
about 230ppm for the de-protonation to two protons. The most significant
change in the cﬁemical shift ‘occurs be’tween pH=2 and pH=3 giving a estimated
pka value of about 2 for (11) (Figure 23'). There are actually two pka values for
this complex but resoiving the two is not achieved here. At the pH values where
there is a pka inflection the solution color changes from clear to yellow.. This
o‘ccurs near pH=2.5. The intensity of the yéllow color increases lwith increasing
pH. The Pt(OH)4(CN)22‘ may have a significant role in the color change
. observed. The di-aquo species (11) does not have an extinétion coefficient m
the visible region large enough to give this intense yellow color. However, the
tetra-aduo species has a considerably higher extinction coefficient in the visible
region. This result is because the two water ligands replace two cyanides and
the water ligan.ds.occur considerably lower in the spectrochémical series than do
the cyanides. This will cauée Iowér enéfgy transitions than the tetracyano
complexes. For example the hexa-aquo species Pt(OH‘)ez'gi:ves a yellow solution-
and the Pt(CN),* gives a clear solution. All known complexes that have only
cyanide ligands bound to the metal give absorption bands |n the UV region only.
Conve.rsely‘the weaker field hydroxide ligand usually gives a band in the visible

portion of the spectrum.
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After several hours of sitting idle at pH=7 the solution begins to lose it's .

bright yellow color and the pH value drops. This also causes a shift in the nmr
signalbackdownfield. On regenerating the higher pH value the yellow color
does not reappear even when the solution is brought up to pH=12 but the "*°Pt
nmr signal is returned to -1497ppm. The 195pt chemlcal shn’ts were regenerated
upon the addltlon of acid followed by the addition of base. The regenerat|on of
the chemlcal shift shows that the process is an acid/base reaction.

It was.not exp,ected that deprotonation results in the bright yellow color
observed at a pH of 4. Observing that the bright.yellow color disappears and
then it is not reproduced suggests that thls color is not of the simple
deprotonation products but it is that of a degradation product. Whatever this
species is it undoubtedly has a very large rnolar absorptivityconstant because its
concentration is Iol/v yet it gives a bright yellow solutlon. Also significant is that
the pH meter generally took nearly five minutes to stablllze when the color of the
solution turned to the bright yellow-at pH=4. Acid/Base feactions occur ona

-much faster timescale than this.

Formation of the Pt(1V) K,Pt(CN),(OH), Isolation of (1 1) in large
quantitles was not achieved. Crystals were finally obtained forthe barium salt of
the complex by diffusion of eth'anol in a desiccator into a peroxide oxldation of
(8). The reaction was placed into the desiccator after repeated attempts at

obtaining crystals by slow concentration. It is evident that the repeated drying of
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the solution is essential for obtaining crystals of the Pt(IV) species because

crystallization has not occurred with this compound when peroxide is present.
The repeated drying out of the solution effectively rids the reaction mixture of ayny
remaining hydrogen peroxide. All of the oxidétion’s done here except for the
formation. of the POTCP have not resulted in quality single crystais when
hydrogen peroxide is still present.

After the experiments described here and the evidence suggested by the
Russian (31) workers it appears what they have reported as the K,Pt(CN),(OH,),
was actually K,Pt(CN),2H,0. The two hydrated waters on the Pt(ll) complex
would give the same elemental analysis as the Pt(IV) comple); as they reported
it. The Pt(ll) species when allowed to dry turns from the yellow tri-hydrated
complex to white which corresponds to the di-hydrated complex. They also
concluded their product was the Pt(IV) species by conductivity measurements.
Conductivity measurements would be inconclusive for analysis because both the
Pt(Il) and the Pt(IV) complexes are di-anions and both are in solution with
potassium as the counter-cation. Although they probably did have some Pt(IV) in
their reaction solutions, the Pt(IV) species does not crystallize out before (8A).
(11A) appears to be very soluble in water. Numerous attempts at isolating (11A)
have not been successful.

The solutions of (11) have only shown the trans form using "*°Pt nmr.
Upon sitting even for several months no other peaks in the Pt nmr spectra

arise in the vicinity of the trans species that would indicate conversion to the cis
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complex. There may be an appreciable instability to the cis form because of the

trans-influence of the cyanide ligand. The Pt(ox),(OH),> gives both cis and trans

forms. The cis-trans isomerization was described by Dunham (30).

Crystal Structure of the BaPt(CN),(OH), 7H,O A lot of effort went into

obtaining the crystal structure of this Pt(IV) complex. Conventional thinking one

would conclude this should be an easy complex to obtain. The oxidation

reactions studied here indicate (11) is a stable complex but the packing energies:

in the solid may be the reason it does not give sing]e crystals very easily. (11) is
mentioned as an intermediate in the chloride anation of (8) but what is describee
does not prove the existence ef (11) (54). (11) is described as the intermediate
in the chioride anation of (8). lft is suggested that (11) resuits in a band that
occurs in the visible spectrum but there has been no aesolute identification of
(11) in the literature. Through "**Pt nmr we were able to identify this species but
it is of unmistakable proof for characterization of a metal complex if the X-ray
crystal structure is obtained.

- The ORTEP diagram of compound (11B) is shown in figure 24. This is

followed by the cryetallographic data for (11B) in tables 5-10.
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Figure 24. Thermal ellipsoid plot of (11) showing 50% probability ellipsoids and numbering scheme for the structure.
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Table 5. Crystallographic data for BaPt(CN),(OH), 7H,0
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Parameter

Formula
' Formula weight

| Space Group

Unit cell: a (A)
b (A)
c(A)
B ()
volume (A3
Z

p (g cm™) calculated

F(000)

absorption coef, Mo K (mm™)

C,H,;BaN,O,Pt
596.6
Pbca -

6.559(1)

| 20.594(2)

22.841(2)
103.745(8) -
3085.2(4)
2569
11,637

2192
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Table 6. Data collection and structure refinement data for 11.

Parameter XX

26 range (°) e 4-75

Unique reflections | 81 10 ‘
Observed reflections - 3703

Number of parameters ' 173 |
Trans. Factor rérige ' 0.0984-0.1944
Final R, observed data ’ 0.0552

‘Final wR, observed data 0.0277
FinalR, alldata . 0.1422

Final R, all data " 0.0337

Goodness of fit 144
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Table 7. Atomic Coordinates and equwalent isotropic displacement

coefficients for 11.

Atoms x/a y/b zlc U(eq)
Pt 0.2463(1)  0.3984(1) 0.1373(1) 0.017(1)
'N(1) 0.4973(1) ~ 0.273(1) 0.1658(3). 0.044(3)

N(2) 0.2458(1)  0.4319(3) 0.2715(5) 0.033(2)

N(3) -0.008(1) 0.522(1) 0.1058(3) 0.036(2)

N(4) 0.2329(4)  0.3657(3) 0.036(3) 10.037(2)

c(1) 0.4089(3)  0.3185(3) 0.1562(3) 0.022(2)

C(2) 0.2444(6) o.4205(3) 0.2279(3) 0.023(2)
C(3) 0.0804(3)  0.4788(3) 0.1179(3) 10.025(2)

C(@) 0.2439(7)  0.3768(3) 0.052(1) 0.026(2)

o(1) 0.0086(8)  0.3442(2) 0.1481(2) 0.028(1)
| b(z) 0.5058(8)  0.4492(2) 0.1221(2) 0.026(1)

0(3) 1 0.9314(9)  0.2468(2)  0.0692(2). 0.032(2)
0(4) 0.9645(1)  0.224(1) ©0.2004(2) 0.042(2)

o(5) 0.3338(9)  0.1912(2) 0.04(1) 0.04(1)

0(6) 0.7621(3) ©  0.0816(2) 0.2146(2) 0.057(2)

o(7) 1.011(1) 0.0761(2) 0.0965(2) 0.031(2)

0@8) 0.2816(9)  0.1368(2) 0,1735(2) | 0.036(2)

0(9) 0.2078(1)  0.4263(2)  0.4841(2) 0.05(2)

Ba 0.671(1)  0.1548(2) 0.1188(2)  0.019(1)




Tabie 8. Bond lengths (A) for 11.
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Bond Length(A) Bond Length(A)
PtC(1) 2.008(8) PtC(2) 2.004(8)
| PtC(3) 2.031(8) Pt-C(4) 2.0008)
PLO(1) 2.026(6) - PtO(2) 2.028(5)
N(1)-C(1) 1.123(1) N@)-C(2) 1.137(1)
IN@E)C@) - 1.007(1) N@)-C(4) 1.131(1)
Table 9. Bond angles (°) 11.
Atoms Angles(*) Atoms Angles(’)
C(1)-PtC2) 88.9(3) “C)yPECE) 179.6(4)
C(2)-PtC(3) 91.4(3) C(1)}Pt-C(4) 91.8(3)
C(2)-Pt-C(4) 179.1(4) C(3)-Pt-C(4) 87.9(3)
CHMPLO(1) 87.7(3) C@)-Pto(1) 90.1(3)
C(3)-Pt-0(1) 91.9(3) C(4)PLO(1) 89.4(3)
C(1)-Pt-0(2) 90.8(3) C(2)-PtO(2) 932(3)
| c@)-Pto2) 89.5(3) C(4)-PtO2) 87.4(3)
O(1)-Pt-0(2) 176.4(2) PEC(1)N(T) - 178.4(7)
Pt-C(2)-N(2) 178.6(8) PLC@NNE) - 177.9(8)
PLC(4)-N(4) 176:6(1')




Table 10. Anisotropic displacement coefficients (A?) for (11).

Atom Usx Uyy Usx Uy Uy
Pt 0.021(1)  0.014(1)  0.016(1) 0.001(1)  -0.001(1)  -0.002(1)
N(1) 0.044(6)  0.023(4)  0.064(6)  0.008(4) 0.005(5)  -0.008(4)
N(2) 0.032(4)  0.042(4)  0.026(4) 0.001(5)  -0.004(2)  -0.01(1)
N(3) 0.037(5)  0.021(3)  0.051(5)  0.001(1)  -0.005(4)  -0.003(3)
N(4) 0.036(5)  0.045(4)  0.03(1)  -0.011(4)  -0.002(4)  -0.004(3)
c(1) 0.018(4)  0.026(4)  0.023(4) -0.005(1) 0.003(4)  -0.001(3)
C(2) - 0.023(4) 0.0233) 0.024(4) 0.003(5)  -0.001(5) 0.001(3)
C(3) 0.028(5)  0.018(3)  0.029(5) -0.005(3)  -0.011(4) 0.003(3)
1 c@) 0.028(4)  0.024(3)  0.027(4)  0.01(1) 0.002(5)  -0.001(1)
0o(1) 0.033(3)  0.025(33)  0.028(3) -0.007(3) 0.001(1) 0.003(3)
0(2) 0.022(3)  0.028(3)  0.029(3) -0.008(2)  -0.006(3) 0.007(2)
0(3) 0.044(4)  0.024(3)  0.029(3) -0.011(3)  -0.007(3) 0.001(2)
0(4) 0.061(5)  0.029(3)  0.035(4)  0.004(3) 0.004(4) 0.005(3)
0(5) 0.036(4)  0.04(1)  "0.045(4)  0.005(3) 0.001(3)  -0.006(3)
0(6) 0.108(6)  0.028(3)  0.034(3) -0.003(5)  -0.01(1) 0.003(2)
0(7) 0.041(4)  0.021(2)  0.032(3)  0.007(3) 0.003(3) 0.004(2)
0(8) 0.039(4)  0.04(1) 0.03(1)  -0.001(2) 0.001(3)  -0.006(2)
0(9) 0.033(5)  0.079(5)  0.039(4) -0.003(4)  -0.006(3) 0.021(3)
Ba 0.023(3)  0.016(2)  0.019(2)  0.001(1) 0.0022)  -0.001(1)

LLL
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Solution Studies of the Double Complex Salt [Pt( CNC,H,),J[PHCN),]

Visible Absorption Evidence of Multi-Nuclear. Complexes in Solution

Both the Pt(CNC,H;),** (20) and the Pt(CN)f‘ (8) ions have solution
spectra with absorbances resulting from very similar transitions but all transitions
occur in the UV region of the spectrum. These transitions all result from metal to
ligand éharge transfer transitions (MLCT) (16). When acetonitrile solutions of
(20) and (8) are mixed a new band is evident in the visible region of the
spectrum. Figure 25 is a plot showing the UV-Visible spectrum of (8) and (20)
overlaid with the spectrurﬁ of these two solutions of (8) and (20) mixed together.
In figure 25 the soIthion concentrations of (8) and (20) are both at 5.0 x 10°M.
The resulting mixed solutions is near 2.5 x 10°°M. The new band occurs at
319nm and there is also an additional band beco‘ming apparent at 363nm.

Isci and Mason (55,56,57) described the UV-Visible spectrum of the DS
com‘plex iﬁ acétbnitrile. “'l"he acetonitrile solutions only contain one band in the
visible region which is attributed to the dimeric [Pt(CNC,H;),JIPt(CN),] (5).
However, in water there is more than one band present in the visible re;qior{ 6f
the spectrum, which is seen in figure 25 at 363nm. Water is conducive to a |
greater extent of metal-metal association because the DS complex is 1-OOOX
~ more soluble in water than in acetbnitrile. Saturated solutions (1.0 x 10*M) of |

the double complex (DS) salt [Pt{(CNC,H,),J[Pt(CN),] (5) in water are a bright
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red/orange. The UV-Visible absorption spectrum of a saturated solution shows

two absorbance maximum in the visible regiqn. (Figure 26) Their maximum
occur at 319nm and 450nm at solution concéntfatiohs of 10?M. The 450nm
band obscures most of ’ghe visible region from 340nm to 550nm.

Dilution of the 1.0 x 102M solution results in distinctive qualitative
evidence of there being a number of multi-nuclear species présent in the |
~ solutions. Figure 27 is a plot of the DS solution Qveré 10;fold concentration
range. Shown aré the spectra ranging from 1.0 x 1Q“"M t0 1.0 x 10°M.
Concentrations higher and lower than this range were excluded from figure 27
for simplicity. The1.0 x 10*M spectrum in‘ figure 27 begins to look similar to the
bS solution in figure 25 which is at about 12.5 x 10°M.

The solution color changes with'the dilution from a brilliant bright orange
color at 1‘.0 x 10 M to a light nearly transparent yellow at 1.0 x 10M. Dilution
from 1.0 x 102 M to 1.0 x 10 M results ini the shifting of the 450nm band to-a
higher energy maximum at 363nm. ‘The 319nm band does not shift with dilution. ‘
The shifting of the broad absorpﬁon ‘at 450nm upon dilution is indicative of their
being more than one spediés present Under the absorption band. Also the |
broadness of the absorption band at the satura’ted concentration level would lead
one to suspect the presence of more.than oné species. Although it‘ is not
specifically labeled in figure 27 it can be seen that in thé 102M solutions this low

energy band has a width at half height of nearly 100nm.
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Further dilution of the 1.0 x 10*M solution to concentrations less than 1.0 x 10°M

results in the complete loss of the 363nm band with only the 319nm band
remaining. This indicates there are at least three species absorbing in the visible ‘
region of the spectrum. This includes the dinuclear DS (5) at 319nm and at least
two species are under the broad band.

Absorption bands in the visible region of platinum DS complexes have
beén shown to be the result of M->L charge transfer transitions that have been
red shifted. Red shifts of this type are known as a Davydov shift (55-59). Most
metal-metal complexes give visible bands that result from d-d transitions, which
are not intense because of selection rules. Davydov shifts allow MLCT bands,
which are totally allowed to shift into the visible region if they result from
polarized transitions that is perpendicular to the xy plane. If the polarized
transitions occur paralllel to the xy-plane the corresponding Davydov shift is a
blue shift (59). The greater is the Davydov shift the more inténse the band
usually is. This helps rationalize the intensity of these bands. The greater is the
red shift in the visible spectrum of complexes with platinum-platinum interactions
often correlates with a reduction in the Pt-Pt separation distances. In the case of
the tetracyanoplatinate(ll) salts the Pt-Pt separation distance is predictable by -
the color of the solid complex (13). For example in the solid TCP's the
SrP{(CN),3H,0 has a metal-metal distance of 3.09A with an absorption band
near 500nm. The MgPt(CN),4.5H,0 has a metal-metal distance of 3.36A with

an absorption band near 350nm.
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The bands present in the visible region of the spectrum in the DS

solutions are the result of allowed transitions aé indicated by their large molar
absorptivities. One multinucleér species described in these equilibria has a
molar absorptivity of 57000L/cm'M-". |

Because of the evidence of numerous multinuclear species present in the
higher concentration solutions the equilibrium model and equilibrium constants
were determined in a stépwise manner. At concentrations of 1.0 x 10‘5M the
solutions contain nearly all dimer. This solution wz;s evaluated first because of
the ease of determining the equilibrium constants and the thermodynamic
paraméfers when only one metal-metal associated species is present. Higher
concentration solutions were then evaluated. The solutions were then evaluated
at 1.0 x 10*M followed by solutions at 1.0 x 103M. AGo‘o’d overviews of multistep
equilibria and the determinétion of equilibrium constants from speqtrophotometric
data can be found in the literature (60,61,62). |

The equilibria of solutions with concen‘t'rations higher than 1‘.0 x 10°M
were nof studied because it was apparent at thése cbncentrations there is

considerable association of (8) and (20). It can be speculated that more than

five associated species are present at concentrations higher than 1.0 x 10-M.
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Modeling the Solution Equilibrium Using Centinuous Variation (CV) Method

Determination of the Stoichiometry of the Solution Species

Stoichiometry of the solution species was determined by the continuous
variations (CV) method (47). The CV method is also known as the Job's method.

Doing the CV method involves keeping the total plafinum concentration constant

but varying the ratios of (8) and (20). Plotting the absorbance against the ratio of

platinum complexes in the solution will result in the maximum abserbance when
the mole fractions of each species are equal. An idealized CV experiment for'e
product that forms in a 1:1 ratio of the two reactants.and its absorption band.
does not overlap with bands from the reactants would give a absorption

- maximum when the ratio of the two reactants are equivalent.

| Cv experime'nts done at a total coneeetratien of 1.0 x 10° M shOV\i the
319nm absorbance is the result of the disnuclear (5). The 319nm band is
maximized at a .5 ratio-of (20) to (8), which gives 1:1 stoiehiometiy. Figure 28 is
the Jobs plot of the 319nm band_‘at‘a concentration of 1.0 x 10°M. When CV

experiments are done with solutions containing a total platinum concentration of

1.0 x 10™*M the band at 363nmis _maximized.when the ratio of (20) and (8) is 2:1.

This is seen in figure 29 where the absorbence is maximized-ata .7 ratio of (20)
to (8), which correlates to a 2:1 stoichiometry respectively. The 2:1 stoichiometry

correlates with the tri-nuclear complex [Pt(CNC,H;),LIPt(CN),J** (28).
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When the CV experiment is done with a total platinum concentration of

1.0 x 10°M and tﬁe platinum ion ratios aré 1:1, a single band obscures the 370-
460nm region of the spectrum. The 420nm'absorption méximum is therefore
also of 1:1 st0|ch|ometry but the lower energy maxnmum would indicate lt is a
‘hlgher assocnated complex than (5). The 420nm band is assigned to the tetra-
nuclear species [P’c(CNCzH5)4]2[Pt(CN)‘,]2 (29). Figure 30is an overlay‘ of the CV
experiments done at three different concentrations reveali‘ng the ratio of (20):(8)

for the three multi-nuclear specfes. Figure 31 shows the structural

representation of the three muitinuclear species characterized in the solutions

and each species respective absorption maximum.

Complexes (5), (28), and (29) are all evident in the CV éxperimen;cs at
1.0 x 10'3M. Both th‘e 319 and 363nm.ba‘nd's are evident in the solutions when
one or the other parent complexes is in excess but as the ratio of the platinum
complexes approach's 1‘:‘1‘ the absorbénce maximum of tﬁe 363nm shifts to

420nm. In 1.0 x 10°M solutions the 319nm band has a positive deviation from

Beers's law with increasing concentration. At solution concentrations of 1.0 x 10" -

*M when the tetra-nuclear species begins to appear in the spectrum the 319nm
band gives a négative deviation from Beers law. 'fhis gives farthér evidence that
the 420nm band is the result of a tetra-nuclear complex. Although it vis not
absolutely conclusive for all the species present in solution the CV experiments.
do give a good qualitative ‘in‘dication‘ of the equilibrium model of the solufiqn. For

the CV experiments to be absolutely conclusive the bands for each species must
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not overlap. There is some overlap in these solutions but it is not enough to

make our qualitative conclusions invalid.

Trimer Formgtion It initi‘ally abpeared'there was selectivity in the
formation of the two possible tri-nuclear domplexés. ;F|;1e CV experiments did not
initially show evidence for the existence of the tri-nuclear complex
[Pt(CNC,H,) JIPt(CN),1,= (30) of 1,2 stoichiomet&. Statistically if the 2,1 species
forms one would expect the 1,2 species to also be present. It appearéd due to
the differenc'e in peak intensities that the 2,1 species either formed more
favorably than the 1,2 species or the molar absorptivity constant of the 1,2 is
muéh smaller than thé'2,1 species.

A closer look at the CV experiments was needed to determine if the 1,2
species formed. Solution raﬁos of 3:7 in (20) and (8) should maximize the.tétal ‘

‘concentrationj of 1,2 like the 7:3 solutioﬁ ratio max‘imizes the total formation of
(28). Thé CV experiments showed a maxilem a”; 385nm at a solution ratio of |

3:7. Figure 32 is an overlay of the two spectra resulting from solutions ratios of

~ 7:3 which maximizes (28) at 363nm and the solution ratio of 3:7. As the solution

ratio was altered the band at 385nm shifts unlike the 363nm band ;‘or (28) which’
does_ not shift §n altering the solution ratios. With changing ratios the 363nm
band only increases and decreases in absorbanqe. This indicates the 1,2
species does not have ah absorption maximum at 385nm. Figure 32 also gives

some indication that the molar absorptivity conststant of the 1,2 species is
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smaller than its 2,1 counterpart because the absorbance values are similar at the

lower enérgy region where the 2,2 species absorbs. This reveals the equilibrium
of the 2,2 species is the same in the 3:7 and 7:3 solutions ratios, which shouid

be expected.

When the multi-temperature experiments were eventually done the 1,2
species became apparent. Figure 33 sﬁows the visible region Qf the spectrum |
for solutions containing a 1:9 ratio of (20) and (8). This ratio will not maximize
the total concentration of the trimer but it will rﬁaximize its formation with respect
to the other multi‘-nuclear species. A band becomes apparent at 350nm that
does not shift with a change in the temperature of the solutioh. The occurrence
of the A, for the 1,2 occurring betwee‘n‘ 363nm and 319nm is likely because of
the lack of an isosbestic point between fhese two wavelengths in the CV
experiment. The lack of an isosbestic point indicates that more than two metal-
metal associated species are present in this region of ;[he spectrum. if the 1,2
' complex had a absorption maximum as far to low energy as 385nm it would
result in an isosbestic point between the 1,1 and 2,1 species around 340nm. At
the very least the region around 340nm would approximate an isosbestic point.

Additionally if thé 1,2 absorbed at 385nm ;[he spectra containing excess
cyanide wouid exc'eed the absorbance of the ekcess isocyanide beyorid 385nm |
because the 1,2 would have a shoulder that extended out farther than the 2,1.
The opposite is the case when the 3:7 and 7:3 solution ratios are compared in

figure 32. The excess isocyanide spectra have a greater absorbance at 400nm
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but both solutions have absorption values very near each other at the low energy

region of the spectrufn. Also the spectra of the 1:9 and 9:1 ratios approach zero
absorbance at 400nm revealing that any absorbance in this low energy region is -
due to the 2,2 species only. The 1:9 and 9:1 solution ratios highly favor an
associated species with non-stoichiorﬁetric-equivale,nts of one complex or the
other. At these ratios it is safe to approxirﬁate nearly zero formation of the tetra-
nuclear species and thus no absorption at 420nm would be from the tetra-'
nuclear species. Figure 34 shows the structural representation of the anionic tri-
nuclear species (30).

The two main hypotheses were concerning why the 1,2 species is not
readily observed in the spectrum like its 2,1 counterpart were not completely
explained until the equilibrium constants were determined. The first hypothesis
that the 1:2 forms in a lesser quantity than the 2:1 tri-nuclear species was shown
to be incorrect via the equilibrium constant calculations which resulted in similar
formation constants for the 1,2 and 2,1 models. In all the computer generated
refinements of the equilibrium constants the 2,1 constant was a little larger than
the 1,2 equilibrium constant. Although the difference is not very much it was the
case in every refinement, which makes it statistically significant. There are
differences in the tri-nuclear species chemiqal makeup but it would not seem
reasonable for any electronic effects to lead to the difference in formation
constants. Most significantly is the fact that statistically it would not be expected

for one of the tri-nuclear species to form in a greater quantity over the other one.




5M

SH% T SHISH" #% #%&%!$"$S | +$ % $# 1I' %'"# & %/ %& T7C.

%1+ $% &&( $ $"$$% 4EK & %/ %& &+ H)%* 1 &) "# ,"1$$ %&
"&$% KEA ($ "&" )/ <%#"(&#S?S /%++/%I$SS" $ % KES $# )%t <"&
LS (%% 8%, & <"&" & *%$U6H) 1%6* +#)$% %, (#') #-#). $
< (% *%&/H (%* $"S ($ $% KEA "% AEK #%&'$ 1& '$ 1 <$ &) "#
%, (#')/1&$"1$& "M $% ) "H"(&#S?S /1&$1$ +$ % 43K & %/ %& &
&)" %#$" $"S +$% K34 &%/ %&. & <"& %B %/$%* +#) $ % %2 *%!/%
& <! 1$% 0 %B %#)%I$& @% $"$ & <! !+-#% 7K.

Vot #96 $ % / ) '$Y6H# -%l%6H'SY* %, (#') /18$"1$& " "(& #$ 2 $ Y&

<06H% (3" 19%* "$$%) $& <UH% ) % $ *%6BYoH) 1% $ % #96"& 1& + # $ Yo * ++UHY!%&



Jom Sl Lol

131 :
in the spectrum for (28) and (30). The spectra obtained from the CV

experiments at 17°C appear to reveal the greater disappearance of the
isocyanide compléx compared to the cyanide complex. This was done with
comparison of the band intensities at 207 and 216'nm.,Figure» 35 shows the UV
portion of the spectrum for solutions with 1:7 and 7:1 ratios of (20) and (8)
overlayed with spectra of pure 'soluti.ons‘of (20) and (8). Typical of all CV
experiments, the total platinum concentrations 01‘c all solutions in figure 35 are’
equivalent.

The 207nm and 216hm absorbance bands are the result of transitions in thé :
isocyanide and cyanide complexes respectively. When the spedtra of separate,
equal concentration solution of (8) and (20) are ran the highest energy bands
show a greater absorbanée for the isocyanide than the cyanide. This should.be
' ‘the.case since the absorptivity of the isocyanide is slightly larger. However, the
7:1 and 1:7 ratio solutions of (8) and (20).show a smaller absorbance for the
207nm band. If the associated species did not absorb in this region and there
was equal consumption of ’ghe monomers it would be expected to see the same
absorption band ratio for 7:1 and 1:7 as the 8:0 and 0:8. The larger ratio of the
1:7 solution has two possible explanations. Thé first is that Ies‘s of (8) is
consumed which would give a greater equflibrium concentration of the 2:1 trimer.
Secondly is the possibility of the associated species absorbing in this region of
the spectrum. The refinement of the molar absorptivity constants p‘roved the

latter to be the case.




(& #("%

KCC KCL K4C K4L KKC KKL
H'"29%6 %I-$ 1)

“#96 7L, KC5!) "I K4DY) 0 ("I*& + 6 "I* KC "I* $ % # 4EJ "* JE4
) B$'#%8&.



L1t

133

The appearance of dissimilar consumption of monomeric material shoWn ,
in the 207nm and 216nm bands was fulfy understood once the molar absorptivity
constants were known. The refinement determined the 1,2 complex has a much
greater molar absorptivity at 21énm than at 207nm. Thus this would increase |
the intensity of the 216nm band when the cS/anide ion is in excess. This "was
more noticeable in the spectrum at lower temperatures because this favors even
higher associated species than the dinuclear species. Refinement of thé
equilibrium constants mad‘é it possible to conclude that the 1,2 species formed in
about the same quantity as the 2,1 but its visible absorbance baﬁd is nearly

consumed by the more intense band of the 2,1 species.

Equilibrium Model Selection

The equilibrium model determined from the CV contains six species all in

equilibrium with measurable concentrations at 1.0 x 10°M in total platinum .

complex concentrations. There is-evidence for further association than the tetra- .

nuclear species but it is negligible in the 1.0 x 10°M double salt solution
concentrations. At 1.0 x 10*M in total platinum complex concentration there |s
not significant enough tetré-nucleér formation for the computer program to refine
for it. 1.0 x 10°M solutions were studied because they give the greatest

concentration of associated spéCies which can still be refined sequentially with
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the computer program hyperquad. There are six stepwise equilibrium

expressions describing the model as shown in scheme 2. .

Scheme 2
Eguilibrium Expression Label Model
P{CNC,H;),* + PCN),Z <= [PtCNC,H5)JIPHCN),] | K, 11

- [PY(CNC,H;)JIPt(CN),] + Pt(CNCzH5)42+# ‘[Pt(CNC2H5)4]2[Pt('CN).4]2" K, 2,1
[Pt(CNC,H;),J[Pt(CN),} + Pt(CN),> == [Pt(CNC,H,),J[Pt(CN),L,* Ki 1.2
[Pt(CNC,Hg),L.IPt(CN),J** + Pt{(CN),* == [Pt(Cl.\ICZH5)4]2[Pt(CN)4]2 N K, 2,2'
[Pt(CNC,H;),J[Pt(CN),],* + Pt{CNC,H;),* == [Pt(CNC‘2H~,,)4]2[Pt(CN)4]2 Ke 22

2[PHCNCH)JIPHCN)] == [Pt(CNC,H;),L[PL(CN),], Ke 2,2

The overall form.ation conéfant of the tetra-nuclear species has three possible
routes to its formation, which aré labeled K, K;,. and K,.. It must be remembered
that regardless of the mechanism of a reaction the overall therrhodynamfc
parameters will remain unchanged. B, will contain the thermodynamic data for all
of the stepwise constants regardless of which pathway is favored for the
formation of the tetra-nuclear species. The overall equilibridm expression for the

tetra-nuclear species could also be described as scheme 3.
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Scheme 3

Bs = KiKK, Wheré.Kx =K; orK; and K, = K, or K, respectively
‘ and if Ky = K4u B4 - [K1]2K4||

The most concentrated solution that was used fnr modeling the solution
equilibrium was the 1.0 x 10°M in DS. Although thev 1.0 x 10 M solutions
unctoubtedly have higher concentrations of (5), (28), (29) and‘ \(30‘); the extreme
shifting of the visible band indicates significant formation of multi-nuclear species
larger than the tetra-nuclear (29). There is also a lack of band resolution at
saturated levels. CV experiments done at this high é concentration don't reveal
individual bands with changing solution ratios. All the bands overlap into one
* band at all solution ratios when the total concentration is 1.0 x 102M. This
leaves the determinatinn of the full equilibrium at concentrations where
precipitation of the solid DS occurs to‘ be speculative. Sufficient amounts of the
tetra-nuclear species are present at solution concentrations of 1.0 x 10°M yet |

there appears to be only small quantities of higher association.

Double Salt Solutibn Preparations No additional salt was used for

constant ionic strength for the equilibrium studies. This was initially done
because of the low concentrations used in these studies constant ionic strength
can be assumed. It was also feared that any added salt would only disrupt ion-

ion interactions of interest. All the interactions studied were initially thought to
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occur due to significant electrostatic interactions. This ended up to not be

entirely the cause of the interactions between (20) and (8). After the

.experiments were run the 1.0 x 10°*M DS was observed with.a 100X excess of
AlLSO, and KNO,. The visible absorption bands for the multinuclear complexes
showed only emall changes in the visible absorptien bands. There ere shifts in

the equilibrium due to the addition of an excess salt but the chan.ges are not

drastic to where the interactions are suppressed. Figure 36 shows an overlay of -

a 1 x 10°M DS solution without the addition of excess salt and one in .1M - -
AlLSO,. The soIUtion pH is 5.5. Thermal expansion Was not corrected for
because it resulted in <1% difference in the equilibrium constants. Refinement
of all the equilibrium constants sirr.iultaneously, excluding K, Was done usi-ng the
. .1 .0 x 10°*M solutions. K,was always held cb’nst‘a_nt during the refinements
because it was defermined with good accuracy using the low concentration

solutions.

Solving of the Equilibrium Constants Visual inspection of the absorption
spectrum of the DS solutions clearly reveals that the associated species present

in solution also absorb at some of the same wavelengths that their parent

complexes do in addition to the new visible bands. Figure 37 is an overlay of the

separate (20) and (8) solutions along with the spectrum of (20) and (8) mixed
together. Conversely it is apparent that there are w,avelengthvs the associated

species do not have absorbtivities like their parent complexes do.
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The disappearance of bands and the addition of new bands in the UV region

allow for estimations of the molar absorbt|v1ty constants at varlous wavelengths
for the newly formed metal-metal complexes. This is‘valuable for the computer
calculations of the equilibrium constants.

The most recognizable wavelength where no absorption occurs from the
associated species is near the band at 255nm. Both of the parent platinum
complexes have large absorptivities at this wavelength. When the two parent
platinum complexes are mixed in equal molar amounts the absorbance at 255nn1
drops significantly. This makes it possible to assume an absorptivity of 0 at
255nm for the new species in the solution. However, other higher energy bands
do not decrease nearly as much'as the 255nm band when the two platinum
Eomplexes are mixed. This indicates there is overlapping bands in the UV
between the parent complexes and the new associated ‘species‘. ‘The bands
where visual inspection reveals some or all of the associated species have
significant absorbtivities are at 209, 216, 233 and 242nm.

Further evidence for oligomer absorptivity in the UV region arieee from the
near existence of isosbestic points or the complete lack of isosbestic points. The
parent cyanide (8) has a absorption at 216nm and 280nm andv the isocyanide
abserbs at 209nm and 273nm. These are two examples of where (20) and (8)
have overlapping absorption bands. A continuous variations experiment would
result in an-isosbestic point in either of these regions of the spectrum if there

were only two species absorbing in these regions.
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The higher energy region between 209n.m and 216nm contains no evidence of

an isosbestic point whereas the region between 273 and 280nm does show a
partial isosbestic point. It is not a perfect isosbestic point but it is very close.

The absorption between 273nm and 280nm due to a third species is very small.

Determination of K, K, for association gﬁf the two monomers (20) and (8)

was determined first at low concentrations. K, was determined from a solution -
concentration range from 6.0 x 10° to 2.0 x 10°M. At these concentrations it
could be assumed that the only association in sol_utjon is that of the dinuclear
species. Concentrations greater than 3.0 x 10°M in DS beginl to give significant
concentrations of the ‘highék muiti-nuélear species as seen in the visible region of
the spectrum at 363nm. A plot of C/A"2 versus A'” gives a slope equal to &,
This relationship is derived from the equilibrium expression in scheme Il. - -
Substitution of Bee‘rs law into the equilibrium constant expression.gives equétion

10.
K=Ae (C-AR (10)

Figure 10 is furthertranéfo_rmed into equation 11, which is in linear form.

CIA% = A*fg + 1/ KF g (11)
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Isci and Mason used this method for solving the equilibrium constant for the

dinuclear species of the DS in acetonitrile solution (55). This equation is only
valid if the dinuclear species does not have overlaipi)ing bands with other
species. The 1.0 x 10° M solution is éssumed to contain _>Q5% proportion of the
dinuclear species comparéd wii'h any other multi-riuclear Species. Th‘e solution
concentrations of 6.0 x 10 to 2.0 x 10°M used in the détermination of K,
contained nearly no 363nm band similar to that seen in figure 35. Calculations’
of K, at all concentrations gave equilibri‘uin constants within 5%.

The acetonitrile solutions of thé DS near the solubility limit are similar in
spectra to the dilute solutions of the DS in water. In acetonitrile at the solubility
limit there is a small band beginniﬁg to ‘appear near 400nm. This second band is
also due to a higher oligomer fdrming. However it is never present in significant
amounts. Thé 400nm band is just beginning to be apparent at the solubility limit
in the écetonitriie solutions. Tiie equilibrium constants are included in table 10
with the other multinuclear equilibrium constants determined in the following

section.

Determination of K,. K; and K,  Solving of thé formation constants was
done using the hyperquad suite of programs devek.)ped by Gans et. al (48).
Using the equilibrium models that were defeimined from the CV éxperimerits for
the hyperquad program resulted in refiﬁement for the stepwise eduiiibrium

constants. The hyperquad program calculates the overall formation constants
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B's, but simple algebra is all that is needed to determine the stepwise constants

from the overall formation constants. Where

Bi =K,
B.= K1K2
Bs = KiKs

The overall formation constant B,, is given by three different stepwise

formation pathways that all lead to the tetra-nucelar species (29).

Bs= KiK K,
By = KiKsK,,
By = [K1]2K4"

B,is the overall formation constant through the cationic 2,1 trimer. B, is
the overall formation through the anionic 1,2 tri-nuclear species and B,.is the
constant through dimerization of the dimer. It will always be true for tﬁis
equilibriurh model that B, = B, = By Bos B; and 3, were réfined with the
hyperquad program s'imulftaneously. B, and thus K1 were determined in low
concentration solutions. Figure 38 shows a pictorial‘ representation of the
equilibrium in water for (5) at 1.0 x 10°M.

The low concentration data evaluated graphically with eq. 11 was useful
to determine if the eq_uilibrium program wés fitting the absorbtion data
satisféctorily. ‘K;_determined graphically and with the hyperquad sui;ce of
progréhs were within 5% of one another. The K, determinatipn by hyperquad

was the one used in further refinements of the higher constants.
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Further testing of the validity of the computer generated equilibrium

constant was done by incorporating data from solutions where the
concentrations are higherthan 3.0 x 10°M. These solutions result in spectra
with significant absorption ét 363nm due to (28). The resulting unsuccessful
refinement indicated the program was able to determine that onlya1,1 di-
nuclear model was no longer sufficient. Incorporating the 2,1 model into the
refinement along with the 1,1 model then resulted in successful refinement.
These solutibns also contain 1,2 species but at the lower concentrations the
combination of the smaller molar absorptivity and the smaller eduilibrium
conétant for the 1,2 species makes its bresence nearly negligible to the
refinemeﬁt.

B, was determined from a solution with about a 10 ’fold increase in
concentration of the sblutions that wér'e used to determine K,. The solution. thét
was used in the CV ekperiments was also used for the determination of B.,.
These solutions were 1.0 x10*M in total platinum complex concentration. It was
attempted to solve for B, and B, simultaneously however the program would not
refine within an acceptable error for the ;. Attempting to solve for both B, and B,

was done because both the 2,1 and 1,2 species are assumed to be present in

| significant amounts at this concentration level. After excluding the B, model for

the 1:2 formation the program would then successfully solve for the B,. This was
not entirely surprising because of the possible smaller value of K, (thus smaller

B5) and the smaller ¢ of the 1,2 tbri‘mer. These two properties of the 1:2 complex
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would cause its resulting spectral contribution to have littie significance in the

refinement of B,at 1.0 x 10*M. The error values were considered Iargé for these
refinements. The standard deviations were 30% of the value oi‘ the formation
constants. The errors associated with these formation constants are large but
the refinements givé good estimates for the values of B,and B;. Formation of the
tetra-nuclear 2:2 species was also Contributing to the error when only the
dinuclear and tri-nuclear models are included in the refinement but the 2:2
concentration was low enough that when it was included the formation constant
errors did not get any bétter. Solution concéntrations were then increased so the
1,2 and 2,2 formation would be significant in the equilibrium calculations.

-Going to concentrations of 1.0 x 10*M results in sufficient concentratioris
of 1,2 and 2,2 formation for their presencé to be significant in the refinement. |
This reSLiltéd in needing to solve the equilibrium ioroblem by refining B,, B; and B,
all at the same time. Like most computer modeling programs good estimations
of the answers are needed. The rejected model of the 1,2 and the values refineq
for the 2,1 at 1.0 x 10*M gave a reasonable approximation of the equilibrium
values for the tri-nuclear species. This resulted in succéssful refinement for all
_ three B values. The equilibrium constants were first obtained at 22°C then the
succeeding equilibrium constants were determined at 17°C, 12°C and 7°C

Table 10 shows the multi-nuclear species present in solution at high
concentrations and their corresponding overall fomiation constants at 22°C,

17°C, 12°C and 7°C. - Also included is the ¢'s at the corresponding A, in the
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visible region of the spectrum for each associated species. The muiti-nuclear

species shown in table 11 represent whose formation is described by the given

overall formation constant ,. The overall log of the formation constants is

accurate to within +. 5. The accuracy is further described in a later section.

Table11. Overall formation constants of the association of the DS |
[P{CNC,H;)J[Pt(CN),] in water refined using the hyperquad suite of programs

Oligomer | logp 22°C | logB 17°C | logp 12°C logp 7°C €max
B, 1.1 | 47 4.8 4.9 51 [ 150005,
B, 2,1 7.7 7.9 8.0 8.2 57000455,
Bs 1.2 7.6 738 7.9 8.2 21000455,
B, 22 12.8 13.1 13.4 13.7 3500050

Table 12 shows the absorptivities at all wavelengths that were supplied to the

hyperquad suite of programs for refinement. In addition to all the multinuclear

species in the solution the absorptivities are given for the parent complexes (8)

and (20) in table 13.

Table 12. Molar absorptivities for the four multi-nuclear formed from the

dissolutionof the DS [P{{CNC,H;),J[Pt(CN),] in Water.
Wavelength(nm) i1 21 1.2 22 -

207 22430 22280 10270 6867
216 21180 21210 36560 2340
231 10510 13770 11680 15450
242 5943 6982 2438 9331
255 3899 0 9600 0

319 14880 0 5307 0

350 2500 46790 20960 6600
363 439 56640 19670 17490
420 0 0 0 34750
440 0 0 0 28000
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The molar absorptivities‘of the multinuclear species are accurate to

+5000 Lmol'cm™ except for the 319nfn band is accurate to +1000 Lmol'cm™ and
the molar absorptivities of (8) and (20) aré accurate to within £500 Lmol”'cm™,
The absorptivities of the parent complexes were all held constant throughout the
refinement since these are known. The absorptivities shown for the multi-
nuclear specives are averageé from the refinemeﬁfs at the different temperatures.
The refinements of the solutions at different temperatures resulted in
absorptivities that agrééd well with ea'ch‘ other. Large variances in absorptivities
at thé same waveléngths with different temperatures would indicate the
equilibrium model is not correct or the data obtained is unsatisfactory. The
biggest differencés in absorptivity between the different temrseratures occurred at
the long wavelength region of the spectrum. As.the temperature is lowered the
subsequent refinement gave higher values for £ at 420nm. This is the result of
higher associated sr;ecies than the tetra-nuclear species beginning, to become
rﬁore prevalent in solution with decreasing temperatures. The large a‘ at 420nm
for the cooler temperatures is the result of the refinement contributing the higher
associated species such as penta and hexa-nuclear species to the 2,2 cdmplex
since it is the model supplied. to the computer and is in the region where the
further associated species will absorb. Although absorbtivities are solvent
dependent they are not temperature depehdent anq should remain constant in
our refinemehts if our models are correct. The reﬁr;ed s;s of the visible bandé

resulting from the multi-nuclear species never varied by more than 20%.
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Table 13. Molar absorptivities for the Pt(CNC_H,),

# and the Pt(CN),? in Water.

Wavelength (nm) Pt(CNC.H;),= Pt(CN),*

207 20400 ' 6500
216 7100 20000
231 4300 700

242 8400 2000
255 7300 11100
273 2400 - 700

280 1300 I 1600

The mélar absorptivitieé for the273 nm and 280nm bands are included in
table 13 because in some of thé spectra shown these bands are apparent. F;r
the equilibrium constant célcuiations these wavelengths were not used because
- the absorbance valuc_es were small compared to the other bands from(8)and
(20). The magnitude of the change in thé absorbance values for these two
wévelengths is very small compared wifh the other bands in the UV region with a |
change in solution ratio. Since the error in the calculations is inherenfcly larger
with incréasing wavelengths supplied to the hyperquad suite of programs the
bands at 273nm and 280nm were the most practical to leave out of the
calculations (48).

Table 14 shows the stepwise equilibrium constants that Weré calculated
from the overall formation cohstants. The stepwise formation constants were all
determined from the overall formvation constants that were refined using the

hyperquad suite of programs. All formation constants are accurate to within a

power of ten less than their value.
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Table 14. The stepwise equilibrium constants at 7°C, 12°C, 17°C and 22°C.

7°C 12°C 17°C 22°C
K 1.1E5 8.5E 4 6.8E 4 5.1E4
K, 1.6E 3 1.3E 3 1.2E 3 9.5E 2
K, 1.3E 3 , 1.1E 3 ~ 97E2 | 8.1E 2
K, 3.1E5 255 |+ 17E5 1.3E5
Ky 3.7E 5 3.0E 5 ‘ 20E5 | ~ 1.5E5
Ky 4.3E3 ‘ 3.9E 3 2.9E 3 24E 3

Accuracy of the Equilibrium Constants The confidence of the equilibrium

values refined by the program was furthered with the results of the equilibrium
constant calculations at 1.0 x 10°M. The initial B, value refined at 1.0 x 10;‘M
_ and only the 1,1 and 2,1 models included in.the refinement is larger than the B, |
value when the other models are included at the higher concentrations. This is
evidence that the calculations for B, are effected by the 1,2 species but at 1.0 x
10*M DS the contribution of the 1,2 species to the total absorbance is not
significant enough for the program to recognize its effect 6n the équilibrium.
When only the 1,1 and 2,1 model is refined it results fn a higher ¢ for the 2,1 then
when all four models are refined. The program is taking into account the |
presence of some 1:2 by increasing the absorptivity constant for the 2,1
compared to the value refined when all four models are used.

Changing the known value for B, also results in worse statistical indicators
for this model. The program rejects equilibrium models if the standard deviation
of the B value exceeds a predetermined value. The operator can change the

limit of acceptability for the model. The error limit was generally set at .20. This
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means the model will be rejected if the standard deviation of the B value is 20%

of the calculated value of the formation consfant. Once the model was accepted
at the 20% error level it was attempted to see if the values for the formation
constants could be fit at error levels as low as 15% and 10%. The 15% level -
was always achieved with the standard deviatioﬁ of the 1,1, 2,1 and 2,2 models.
The standard deviation of the‘ 1,2 model was never less tha‘n 20% of its
calculated value.

Incorporating additional equilibrium models into the program was done for
further testing the validity of the equilibrium constants as well as the models
chosen at concentrations of 1.0 x 10*M. In addition to the four models the |
" refinement Was done with additional models indicating penta-nuclear and hexa-
nuclear formation. These models are labeled 2:3, 3:2 and 3:3 for the anionic and
cationic penta-nuclear speciés and the 3:3 m‘odel indicates the hexa-nuclear
species. When these models are included in the calculation in addition to the
four correct models the hyperquad program will not refine the additional models.

The computer program in turn discards the additional moc.jels and refines the
initial four correct equilibrium models. The equilibrium models were also tested
for their validity by changing the correct models to other legitimate models. This
resulted in unsatisfactory r'-éfine,ment of all equilibrium models éhosen. For
example the penta-nuclear and the hexa-nuclear. models were again chosen in

place of the tri-nuclear and tetra-nuclear species.
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The smaller contribution to the overall stability constant of the 1,2 species

was apparent after refinement was achieved for this model. When the 1,2 model
is left out of the equilibrium cal’culations containing all B, the hypérquad program
will still give a refinement for the other three models. However, all statistical
indicators are not as good as when the 1,2 model is included in the refinemen.t.
This can be evaluated using the refined values. The actual molar absorbtivity of
the 1,2 species is 36% of the value of the molar absofptivity for the 2;1 species.
The absorption maximum of the 1,2 species occurs at 350nm, which overlaps
with the 1,1 and 2,1 bands at 319nm and 363nm. The bands at the two latter
Wavelengths easily obscure the additionél absorbance that results from the 1,2
complex, which results in the 1,2 band not having nearly the influence on the

spectrum as the 1,1 and 2,1 species.

Thermodynamic Studies of the Oligomers

Thermodynamic data was determined for the multi-nuclear species from the
formation constants at 22°C, 17°C, 12°C and 7°C. There is a considerable
quantitative shift to (29) for the solutions at 1.0 x 10°M when they are cooled
from 22°C to 7°C. Casuél observation of the spectrum will convince one of the
Iafge shifts to higher associated metal-metal spécies upoh cpdling of the
solution. The spectrum at 22°C indicates (29) is not a dominating influénce in the

spectrum because the band has not been shifted out to a A, at 420nm. Figure




L1l

152
39 shows the visible absorbance bands at the four temperatures. For each of

the spectra shown (8) and (20) are ina1:1 ratio. | The maximum for (29) at
420nm is not apparent at 22°C and a concentration of 1.0 x 10°M in total
platinum concentration. The lowest energy absorption maximum at 22°C ié not
lower in energy than 40dnm. As. the 1.0 x 10°*M solution is cooled to 7°C the
 lower energy band shifts out to an obvious rﬁaximum at 420nm. With this
shifting to 420nm there is a significant negative deviation from éeers' law in the
absorbance band at 319nm. This indicates a significant shift in the equilibrium
from (5) to (29). There is also an increase in consumption of the monomers with
a decrease in the solution temperature. |

The thermodyanamic parameter AH° was determined from Van't Hoff
plots. From equation 12

dinK/d(1/T) = -AH°/R (12)

thé AH? can be determined for the metal-metal association from the plot of -InK
versus T with the resulting slope equal to AHY/R. As expected the AH® is
negative for the associations due to bond formation. The favorable AH's for
multi-nuclear formation generally are moré predominate than the unfayorable AS
considerations for associating ions. The Iérge negative enthalpies of formation

‘ results in polymerization's being thermodynamically favorable because of bond

formation.




S5)
0008G)
VW)

ID D (&

QM M GM 5M M QM
R' ( ~(*

#0675, %) Y%H"$HY %++%/$ 1 $% %, (#) +$% L.



154
Gibbs fee energy (AG®) was determined from the equilibrium constants in

equation 13.

-AG® = RTInK (13)

As expected from the equilibrium constants the reactions proceed
spontaneously. AG values were checked at each temperature that K was
determined and it produced very similar numbers.

The magnitude of AS was small for all the reactions done here but there
are significant differences between the values. The AS was calculated by

rearranging the Gibbs-Helmhotz equation resulting in equation 14
AS = -(AG - AH/T) (14)
The three thermodynamic parameters AH, AG and AS for all the different

equilibrium expressions are tabulated in table 15.

Table 15. Thermodynamic Parameters for the Stepwise Formation Constants -
for the Association of the DS [Pt(CNC,H;),J[Pt(CN),] in water.

Stepwise | Model AH° kJ/mol AG® kJ/mol AS° J/molK
Constant

K, 1,1 -35 -27 -30

K, | 2,1 -22 -17 - 18

K, 1,2 -21 - -16 -15

K, 2,2 -40 -29 -36

Ky 2,2 -41 -28 -44

Ka 2,2 -27 -20 ‘ -26
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The thermodynamic parameters listed in table 15 are those determined

from the overall formation constants that gave the best statistical indicators in the

refinement.

Bonding Interpretation of the Thermodynamic Studies The

significénce of the thermodynamic data is seen in the less negative values of AH,,

AG, and AS for the formation of (28) and ’(30‘) cbmpared to (5) énd (29); With
further éssociafion of (28) and (30) the values become more negative again like
the values for the formation of'.(5). The initial conclusion that can be made from
fhe AH is‘that (28) and (30) are not as stable in solutidn as (5) and (29). The
entropy values revéal the greater drive for formation of (28) and (30) because of
the more positive values they have compared to (5) and (28). The more pos.‘it’ive
KAS for (28) and (30) was not expected because it was.assumed that the charged
odd numbered species would order solvent to a greater degree than the neutral
-‘even numbered épecies. Further rationalization was: needed to explain the

values obtained for the thermodynamic parameters.

The thermodynamic values calculated and the evidence that the addition |

of excess ions to the DS solutions reveals interesting information about the

associated complexes.! It has generally been the idea that the ‘io"n,ic interactions
of the DS complexes were chiefly responsible fir the metal-metal intera@fions. It.
was initially believed that the addition of excess salts would suppress the metal-

metal association and thus the bands at 319nm and 363nm would diminish in the




























































































































































































































