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SUMMARY

The problem under consideration in this work was twocfold; first,
to establish the nature of the halo-hydroxo complexes of platinum {(IV)
existing in aqueous solution and second, to determine the spectral absorp-
tion curves of these complexes.

The compounds actually studied were chlorohydroxoland bromohydroxo

platinates represented by the general formula Ptxé_n(OH) ; where X 1is

n
thloride or bromide and n wvaries from zero to six.

The chief tool 0f the investlgation was the mole ratioc method,
which relates changes in some molar property, in this case, spectral ab-
sorption, with the changing steichiometry of the solution. If a series
of solutions i1s made up, each containing the same meolar concentration of
central ion but with varving ratios of ligand ions to c¢entral ion, and
if the spectrum of each of these solutions i1s measured, then the presence
of a steble complex will be shown by a change of slope in an absorbancy
versus mole-ratic plot at some wavelength. If no such change of slope
occurs at any wavelength, the complex of that mole ratio does not, in
all likelihcod,exist as a stable entity.

The spectra displayed by the hale platinates are of the charge
transfer type which are characterized by very large values of the molar
extinction coefficient. Consequently, the solutions tested were ex-
tremely dilute, 109 to 10=° M in all platinates. The ligand to central

ion mole ratio was varied from zerc to six in half-unit steps. The
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solutions were acidified with perchloric acid so that the hydrogen ion
concentration would remain essentially constant. Pure NaEPt(OH)6 was
used as the primary platinum salt in compounding the soluticns, while
pure NaCl and NaBr were used as ligand scurces. The solutions were
equilibrated at 50°C, in a constant temperature bath before making
spectral measurementis. The latter were made with g Beckman DK recording
spectrophotometer in the wavelength region from 200 my te 350 mu, since
this is the region where the halo platinates absorb.

The equilibrated solutions of the chloroplatinates were 2.92 x
107% M in platinate and 2.40 M in perchloric acid. The solutions
were diluted tenfold for the purpose of spectral measurement. It was
established that the eguilibria actually measured were those which cob-
tained in the solutions befcre the dilution. The mole ratio plots of
these solutions demonstrated that PtCIT, PtCl, (OH)7 and PtCl (OH)=,
are stable species in aqueous sclution.

The presence of isosbestic peints in the spectra of solutions with
Cl/Pt ratios above four, demonstrated the presence of only two species
in these solutions. One of these species was known from the spectra to
be PtClg . The contribution of this species was subtracted, by a
graphical method, from the overall spectrum leaving the spectrum of the
other specles. The evidence of the mole ratio plots coupled with the
virtual constancy of the equilibrium constant for the equilibrium be-
tween PtClg and PtCl4(OH)§ makes certain the assignment of this

spectrum tc the latter species.
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Solid PtCl4 was prepared and the spectrum of its aqueous solu-
tion was recorded. Compariscn of this spectrum with the spectra of
PtClg and PtClQ(OH)g demonstrated that the dissolution reaction was

net simply the formation of PtCl4(OH) Although this reaction could

5"
not be fully elucidated, it was shown that it resulted in a solution in
which half the platinum was in the form of PtCli .

Solutions of bromo-platinates were made, each 2.92 x 1073M in
platinate and 2,40M in perchloric acid. The B:/Pt ratic was varied
from zero to six in half unit steps. These sclutions were equilibrated
at 30°C,, and then diluted one hundred fold for the purpose of recording
the spectra. The solutions with a Br/Pt ratio greater than four gave
spectra with iscsbestic points, which indicated the presence of cnly two
species in these solutions. Cempariscn of these spectra with the spec-
trum- of pure PtBrg made it plain that one of the species was PtBr: .
Subtraction of the ceontribution of PtBr:, by a graphical method, from
the overall spectra enabled the reconstruction of the spectrum of the
second species. The mecle ratio plets showed that this second species

must be either PtBré(OH) oT PtBrg(OH)z . Trial equilibria of each

2
of these species with PtBrg yielded constant equilibrium constants
only with PtBr4(OH)§ . Consequently the reconstructed spectrum was
assigned to PtBr4(OH)§ .

The hydrolysis of a solution of PtBrg was followed by record-

ing the change of the spectrum with time. The successive spectrz of the

hydrelyzing solution displayed isosbestic points and also indicated the
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presence of PtBrg . Subtraction of the contribution of this species

led to the obtention of the spectrum of PtBré(OH) . Concentrations

2
of the two species were obtained from the spectra and comparison of
these with the times of hydrolysis showed that the kinetics of the reac-
tion were first order reversible with k + k' equal tc 0.107 min~t,

Solid PtBr4 was- dissolved in water and 1ts spectrum recorded.
The change in the spectrum with time indicated that the dissolution

resulted in the formation of PtBr:, containing exactly half of the total

platinum, followed by the hydrolysis of this PtBr: to PtBré(OH)

o *
The kinetics were shown to be apparent first order with k equal to
0.0166 min-*t. Comparison of k with k + k' shows that the hydrolysis
was acid catalyzed.

A study of the hydrolysis of PtBr: ¢onfirmed that it was light
catalyzed and that the eguilibria obtained were independent of the reac-
tion mechanism,

The bromoplatinate solutions with Br/Pt 1less than 3.5 contained
precipitates of platinic acid. A study of the spectra and stoichiometry
of these solutions demonstrated that PtBr(OH)? is not a stable species.
Analysis of the mother liquors made possible the estimation of the solu-
bility product constant of platinic acid as 7.3 x 1074,

The following equilibrium constants were estimated by comparing

variocus equilibria.

(A) PL(OH)T + 2H'+2Br™ 2 PtBry(OH)y + 2H,0 K, = 9.3 x 107

(B) Pt(OH)Z + 4t +4Br- 2 PtBr, (OH)Z + 4H,0 Ky = 2.2 x 1014
= + - = — i7

(C) Pt(OH)7 + 6H+6Br™ 2 PtBry + 6 HO Ko = 1.8 x 10
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The measurement of the concentration and pH of a solution of
sodium platinate enabled the estimation of the hydrolytic constant of
sodium platinate as 1.6 x 10°8 and the estimation of the second ioniza-

tion constant of platinic acid as 6.2 x 1077,



CHAPTER I
INTRODUCT ION

This work was undertaken for the purpose of applying absorption
spectrophotometry teo the study of the hzlo-hydroxo complexes of platinum
\IV) existing in agqueous solution. The problems involved were two:
first, to establish the nature of the species existing in solution and,
second, to assign spectra to the various species. The chlorohydroxo
complexes of platinum (IV) were originally selected as the subjects of
the investigation because all the memkers ¢f the series PtCle_n(OH): ;
where n varles from zero to six, had been prepared and isolated either
as the free acids or their salts (1). It was initially hoped that the
spectrum of each member could be established, and that some useful cor-
relation between spectrum and structure could be established.

Because of difficulties encountered in synthesizing ihe c¢hloro
complexes by the published methods, the bromo complexes were soon sub-
stituted for the chloro complexes as objects of study. This substitu-
tion also had the advantage that the abscrption of the bromo complexes
was nearer the visible region cof the spectrum. Only after the bromo
complexes had been studied were the chloro complexes re-examined,

The history of work bearing on the first problem mentioned
above is locng. Since the days of Werner, the study of the complexes
of platinum has commanded the interests of many chemists. That this

interest has bkeen chiefly in synthesis rather than analysis is attested



to not only by the almost awesome variety of such complexes but alsoc by
the extreme paucity of infermation concerning their physical attributes.
Obviously, before Werner proposed his theory of secondary valences,
there could be no systematic study of complexes in any event. $till,
more than a half century later, surprisingly little work has been done
cencerning the solution chemistry of such well knewn compounds as the
halo~-platinates.

It is to be expected that complexes with Pt(IV) as a central
atom would be kinetically inert, because of the large loss of crystal
field stabilization energy which would be entailed in forming the
transition state (2). This expectaticn is borne out by various studies
of exchange and substitution reactions of Pt{IV) complexes (3). It
should be particularly noted that hydroxide ion is not e good substi-
tution reagent for platinum (IV) octahedral complexes (4), because of
a slow reacticn rate. Despite this kinetic¢ inertness, it has leong been
known that changes take place in the aqueous sclutions of hale-plati-.
nates, which culminate in the production of precipitates of platinic
acid, H2Pt(OH)6 (5,6). The change is due to the slow substitution
of halide ligands by hydroxy groups, to a degree dependent on the
relative amounts of platinum complex and free halide in the solution.
Furthermore, the substitution has always been presumed to be step-wise
so that various members of the series PiX ]§OH): may be present in a
given solution (3). This premise of step-wise substitution is based
on the aforementioned fact that, when X is Cl, all members of the

series have been prepared. In the classical work of Miclati (1) all



the members of the series except PtCl_(OH)7 were prepared. A brief
summary (in English) of his work is given by Emeleus and Anderson (7).
Very recently, salts containing the PtCls(OH)z ign have been reported
(8).

A. Miolati (9} concluded, from conductivity measurements and
characterization of precipitated salts, that solutions of PtCl4 con-
tained the anion PtClQ(OH)g . Britton and Dodd {10) repeated this study
and found that the constitution of an agqueocus solution of PtCl4 could
be formally represented as PtC1{OH)_. Heymann (11) investigated the
effect of carbon on the hydrelysis of PtCl4 and found that all the
platinum and three-eighths of the chlorides were adsorbed by the carben.

Boll and Job (5,6) studied the photochemical hydrolyses of
0.0001 N solutions of H,PtCl, HthCls(OH), H2PtCl4(OH02, and
H PtC1,(OH), , using conductivity measurements, and concluded that
the same product was formed in all cases, viz., HEPt(OH)6 « H Pt Cl(OH)E.
Later Boll (12), using the same electrometric method, examined the
hydrolysis of PtCl4. He found an initial rapid reaction which he
attributed to formation of H,PtCl,(OH),. This was followed by a
second hydrolysis reaction, which proceeded very slowly in darkness,
but which could be increased in rate by at least a factor of 100 by
use ¢f ultraviolet radiation.

Archibald and Gale (13,14) studied the hydrolyses of K,PtCl,
and K, PtBr, and foghd that both reactions were accelerated by light.
Their work will be discussed at greater length in Chapters IV and V

of this thesis.



Some observations on the hydrolysis and ligand exchange reactions
of PtClZ are included in a recenit study of the complexes of several of
the platinum group metals (15).

Schmidt and Herr (16), in the course of studying the rate of the
isotopic exchange between Br™ and the hexabromo complexes of the plati-
num metals, made some observations regarding the hydrolysis of the
PtBrz ion, They found that the hexabromc complex ¢f platinum is much
more susceptible to 1light catalyzed hydrolysis than are the analogous
rhenium, osmium and iridium complexes. They surmised that the hydroly-
sis might proceed through the formation of a -PtBr5 free radical,

In all of these studies, even when photochemical effects were
important, only substitution reactions were observed.

Many workers have measured the spectra of either PtCl: s PtBrz s
or both. Among these are Samuel and Despande (17), Kirkland and Yoe
(18) and Jorgensen {19). Good agreement as to maxima positicns and ex-
tinction coefficients exists between their results and those cobtained
in the present investigaticn.

The spectra of these complexes, and presumably of the halc-
hydrcoxo complexes, consist of two types of bands: low intensity bands
in the visible region, and high intensity bands in the ultraviolet
region. These latter bands of very strong absorption are generally
called "electron transfer” or "charge transfer" bands. The extinction
coefficients are, typically, of the order of 1,000 to 10,000 which is
considerably oreater than the values of 0.1 to 100 which are asscciated

with the d-d transitions of the visible spectra., This high intensity



is due not conly te the lack of hindering selection rules but also to
the large change in polarity between the ground state and the excited
state. Since the spectra measured in this research are chiefly of
mixtures in which a low intensity band of one complex is cobscured by
the high intensity band of another,’attention will be restricted to the
"electron-transfer" spectra.

Although a knowledge of the thecry of electron-transfer spectra
is not necessary to the resolution of the problems investigated in
this work, it will not be amiss to briefly mention a few of the chief
expositions of this subject. There is a good, but somewhat dated,
review by Rabinowitch (20). Mulliken and Rieke {21) have treated the
phenomenon gquantum mechanically. Platzman and Frank (22) have proposed
an electron well mechanism for the charge transfer. A review of Orgel
(23) covers the following subjects: charge-transfer spectra in the
crystalline and the gaseous states, the spectra of simple and complex
jons in solution, and the photochemical reactions involving charge-
transfer. Ballhausen (24) has discussed the problem of the intensities
of the bands. Jorgensen (19, 25) has interpreted the spectra of the
hexa-halide complexes of Group VIII metals (including PtCl:, PtBrg,
and Ptlg) in terms of grcup theory and made band assignments accord-
ingly.

As the term indicates, the characteristic feature of an electron-
transfer spectrum is that the abscrption of light leads to the transfer
of an electron from one part of the system to another. 1In the particular

case of concern, an electron is transferred from the halide ligand to



the platinum. In Jorgensen's analysis (25) the electron transfer
band of lowest energy is assumed to be due to the transfer of a
n-electron from the ligand to a hole in the 5d shell of platinum.

In general the direction and ease of electron transfer can ke re-
lated to the relative oxidizability of metal Ion and ligand. Plati-
num (IV) is oxidizing in character and the halide ion is reducing.
It would be expected that the wavelength of the absorption should
vary with the ease with which the ligand is oxidized, 1.e., the ab-
sorpticn bands should move tc longer wavelengths as the ligand becomes
more easily oxlidized. This is found to be the case; e.g., the first
strong absorption peaks of PtX? are 202 mu, 315 mu, and 494 y,
when X is chloride, bromide and iodide, respectively (25).

Such a transfer is obvicusly the root of a photochemical oxi-
dation-reduction reaction and, indeed, some charge-transfer absorptions
are actually followed by the production of free radicals which can be
detected by their subsequent reactions. The surprising fact is that
many substances which exhibit strong abscrption bands of the electron-
transfer type in the ultraviolet region, show no net oxidation-reduction
reaction. Adamson and Sporer {26) have shown that, in many cases, the
region of light absorption makes little difference in the type of reac-—
tion which occurs in the system but that the type, redox or substitution,
depends primarily on the oxidizability of the ligands. They proposed &
mechanism to explain these facts which has,as a first step, a homolytic
separation of ligand from complex in accord with the electron transfer

nature of the absorpticn.



M{(III)A X + hv ~ M(ID)A~X + A

If A, representing the excess energy of the system, is small, then

the reverse reaction will occur. In this case the transferred electron
returns fo its original position in the system sco that no net chemical
reacticon occurs. If A 1is large, however, there will be sufficient
separation of complex and ligand for interpesition cf a solvent molecule

or other reactive groups.
M{II —X + H - MII)A —H O—
( )A 0 (I ) X

The nature of the net reaction is determined by the fate of M(II)AH,0-X.
If the return of the elecircn to the ligand 1s energetically favorable
for this configuration and can occur with high frequency, then
M(III)ASHEO and X will be the products; i.e., aguation will be the
net process. Similarly anation will ke the net process if an anion plays
the role of water in the mechanism, On the other hand, ccntinued separa-
tion of the homolytic products may occur, leading to & net oxidation-
reduction reaction.

Fortunately one of the systems studied by Adamson and Sporer was
the photochemical exchange of Br  and PtBr?. They found the quantum
vield to be about 5C0 for the exchange, while the yield was less than
0.l for oxidation-reduction.

Although, in the cases of the hydrolyses of PtCl: and PtBr:,
no net redex reactions take place, Rich and Taube (27) have found evi-

dence that PtCl? is generated, by the action ¢f light on PtCl:, in



sufficient amounts to catalyze the exchange between PtClg and Cl7,
This sensitivity to light is peculiar to the exchange reactioni light
does, indeed increase the rate ¢f hydrolysis of PtClg but the guantum
yiela 1s very small. The fact that the reaction rate is influenced by
light raises the guestion as to whether the final equilibrium point 1is
likewise affected. The investigations of Archibald and Gale demon-
strated that the equilibrium point is the same whether the hydrolyses
proceed via the photochemical path or by a thermal mechanism in the
dark. The nondependence of equilibrium on path has also been shown by
Schlesinger and Palmateer (28) for the substitution by chloride of
bromide in PtBr: « These workers studied the relative stabilities of
PtCl:, PtBr:, and PtI: toward substitution by other halide ions and
found the order of increasing stability to be PtCl:, PtBr:, and PtI: .
The principal tool used in the present work to extyact informa-
tion from these spectra as to the nature of the platinum complexes was
the mole ratic method. This method was devised by Yoe and Jones (29)
and, experimentally, consists of measuring the absorkances of solutions
in which the concentration of one element of a complex is held con-
stant while the concentration of the other element is varied. For
instance, in the case of the system PtXﬁ_n(OH)E , the concentration
of platinum would be held constant while the concéntration cf halide
would be varied, so that the ratio of halide to platinum would itself
be varied in a regular fashion. This varying ratio is then plotted
against the changing absorbancy of the sclution which, ideally i.e.,

for very strong complexes, would yield a curve made up of straight



line segments and showing a change of slope at the peints where the
mole ratlo corresponds to a complex actually present iﬁ\solution.
Conversely, the absence of a certain change of slope, in the mole ratic
plot, over the entire spectrum is strong evidence that the complex of
the corresponding mole ratio does not exist under the experimental con-
ditions. The similarity and difference between this approach and the
method cof continuous varlations are obvious. Several advantages are
cffered by the mole ratic method. Since the amount of one reactant is
held constant, the preparation of solutions issimplified. Fewer solu-
tions are needed to estasblish the existence or nonexistence of a sus-
pected complex with the mole ratio method than with the method of con-
tinuous variations. For complexes of high mole ratios, such as 4:l,
5t1, or 6:1, =zan error of two per cent in the preparation of solutions
or in the estimate of the position of the maximum of a continucus
variations plot is sufficient to produce a unit change in the observed
mole ratio whereas to produce a unit change utilizing the mole ratio
method would require an error of from six to ten per cent. Since the
present work leans heavily on the validity of the mole ratio method,

it is necessary to establish this validity as gquantitatively as pos-
sible. Such a foundation has been presented by Meyer and Ayres (30)
and a digest of their work is appended to this thesis. Since Meyer

and Ayres have been rather stringent in their assignment of tolerances,
however, the mole ratioc method can be used to determine the stoichiometry
of complexes in many cases which do not conform closely to the criteria

set forth in their paper.
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Since deviations from Beer's law may give rise to false indi-
cations of complexes when measurements are made in spectral regions
where the abscrptivities are changing rapidly with wavelength, it be-
hooves the investigator to proceed cautiously in deducing the presence
of complexes from mole ratio plots. In evaluating these it is helpful
to know the shape of the various spectral curves throughout the spectral
region measured. This knowledge also facilitates the selection of
wavelengths which are likely te be preductive of information mole ratio
plotse Good examples of the application of mole ratic methods can be
found in the work of Meyer and Ayres {31) on the platinum (II) -tin (II)
chloride system and that of Sundaram and Sandell (32) on the chloro
complexes of palladium (II).

Although the mole ratio method establishes the nature of the com-
plexes in solution, which 1s the first objective of the present work, it
does little toward the attainment of the second objective, viz. the
assignment of spectra to individual species. This latter objective has
been achieved in part, by obtaining the spectrum of one species and
using the comparison of this spectrum with the composite spectra of
complex mixtures to enable the decomposition of these composite spectra
inte their component parts. Examples of this method are found in
Neumann's {33) study of antimony (V) species in hydrochloric acid solu-
tions, and in Neumann and Cook's (34) study of molybdenum {VI) in
hydrochleric acid.

Obtaining the spectrum of a single ionic species is usually

difficult, especially, as with the species discussed in the present
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work, when the species reacts rapidly with cther entities to give a
mixture of products. The desired end can sometimes be gained by meas-
uring the spectrum in a solvent where such reacticns cannot take place,
e.d., in dioxane to avoid hydrolysis. This method presupposes some way
of synthesizing a pure solid compound of the desired species. Where
this is not feasible, other stratagems must be devised., Since the nature
of the latter depend on the specific problem being studied, they will
not be discussed in a general fashion in this introduction but will be

taken up in the chapters explaining the experimental work.



CHAPTER II

APPARATUS AND REAGENTS

Apparatus

The spectrophotometer used in this work was a Beckman double-
beam ratio-recording instrument designated by the manufacturer as Mcdel
DK-1. Although the instrument is equipped with various light sources
and detectors to enable it to cover the spectral range from 185 my to
3500 mu, only those components suitable for the 185 mp to 360 my region
will be described here since the experimental spectra were confined to
this region. The light scurce is a hydrogen discharge lamp. Light
from this source is chopped at 480 cycles per second and reflected into
the monochromator where it is twice dispersed by a thirty degree quartz
prism. Monochromatic light from the prism is focused by a simple lens
onte a mirror, rotating at 15 cycles per second, which alternately
directs the light thrcugh the sample cell and reference cell. These
cells are made of fused silica and have a one centimeter 1light path.
Light transmitted by either the sample or the reference impinges on a
single detector which is, in this case, a photomultiplier tube, which
converts it te an a-c veltage. This signal is amplified and transferred
to the demodulators. A commutator, synchronized with the rotating mir-
rors, alternately selects the signal from the sample and reference and
sends it to the respective demecdulators. The sample demodulator recti-

fies the sample signal to a d~c voltage which drives the recorder pen.
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The reference demodulator rectifies the reference signal to a d-¢ volt-
age which establishes a constant 100 per cent reference voltage for the
recorder. This constant 100 per cent reference voltage is maintained
by a slit servc mechanism. The recorder is a continuous, linear strip-
chart unit capable of covering the absorbancy range from zero to two.
The wavelength scale is capable of variation and, in this work, was
usually adjusted so that six inches of strip-chart corresponded to 100
ML »

The water bath used for this work was the E. H. Sargent constant
temperature bath which can maintain a temperature constant within C.C1°C,
The temperature is regulated by a mercury switch sensitive to 0,005°C,

Three heaters are provided, one intermittent and two continuocus.

Reagents

The platinum used was reclaimed from the platinum iridium alloy
which is usually used for laboratory ware., The platinum was separated
from the iridium by contrelled hydrolytic precipitation of the latter
metal as the dioxide, This separaticn, which also serves to remove pal-
ladium and rhedium, if present, was carried out as fcllows:

About one gram of the alloy was dissolved in agua regia and the
resulting soluticn was evaporated several times with concentrated hydro-
chloric acid to decompecse nitroso compounds. The solution was then
diluted to approximately 250 mls and heated to boliling. To the hot
solution was added 20 mls of a ten per cent solution of sodium bromate,

The solution was then neutralized with a ten per cent solution of
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sodium bicarbonate using bromcresol purple as an indicater. Ten more
mls of the bromate solution was added and the solution was belled for
five minutes. Sodium bicarbonate was again added to the endpoint of
xylenol blue. Ten more mls of the bromate reagent was added and the
solution was again boiled for 15 minutes. The mixture was then cooled
and filtered through a sintered glass funnel using suction. The fil-
trate contained the platinum. This filtrate was twice evaporated to
dryness with concentrated hydrochloric acid to destroy bromate. The
platinum was then precipitated with hydrogen sulfide. The metal was
filtered off and dissolved in agua regia. The platinum was then repre-
cipitated from this soclution with formic acid as described in the sec-
tion dealing with analyses. The precipitated sponge was filtered on
paper, washed with 1:50 hydrochloric acid and ignited in a porcelain
crucible to gray platinum sponge (35).

Sodium chloride, technical grade, was purified by dissolution in
water followed by precipitation brought about by saturating the solutien
with gaseous hydrogen chloride. This operation was repeated and the
sodium chloride thus produced was dried over a Bunsen flame and stored
in a glass stoppered bottle.

Reagent grade hydrobromic acid was distilled from red phesphorus
before use to free it from traces of free bromine. All other chemicals
were commercial materials of reagent grade, and were used without further

purification.



CHAPTER III

METHODS OF SYNTHESIS AND ANALYSIS

antheses

The following syntheses were performed during the course of this
worke.

Sodium platinate, Nath(OH)B, was made as follows. A solution
of HgPtCl6 was made by dissolving abcut 0.5 g of metallic platinum in
aqua regia., Nitrogen compounds were eliminated by several evapcrations
with concentrated hydrochleric acid. A large excess of sodium hydroxide
was added to this sclution which was then boiled for two hours. At
first a red color developed in the solution. Then a black precipitate
was formed to be followed by a green precipitate. The mother liquor
at this point was light vellow. The solution was filtered and the resi-
due was washed with water. The green precipitate dissclved in the wash
water., The black precipitate is probably PtOz. The filtrate was
boiled to half its original volume at which point a yellow precipitate
was obtained. These crystals were filtered and washed in turn with
absolute ethanol and ether until the washings were barely basic to
Alkacid test paper. The bright yellow crystals were azlr dried and
stored in a desiccator. The formula was established bkoth by dehydra-
tion and by platinum assay (36). The error involved in dehydration is
rather large but constant indicating that dehydration is not completed

as easily as 1s generally believed.
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Sample Contained Calculated Weight Loss Calculated
Weight Platinum for NaBPt(OH) on Loss for
Dehydration Nagpt(om6
0.0540 g 0.0330 g 0,0307 g
0.0068 0.0327 0.0323
0.0391 g 0.0050 g 0.0061 g
0.0367 0.0046 0.0058

Platinum tetrachloride, PtCl,, was prepared as follows. About
0.5 g of platinum metal was dissclved in aqua regia. Nitrcgen com-
pounds were expelled by repeated evaporation with concentrated hydro-
chloric acid. The solution was then evaporated almost to dryness to cb-
tain dark red crystals. These crystals were not analyzed but they prob-
ably consist of HEPtCl6 with six molecules of water of crystallization
(37). These crystals were heated in a stream of dry chlorine for three
hours at 275°C to convert them to platinum tetrachloride (38). The com-

position of the PtCl4 was established by platinum and chloride assays.

Sample Pt C1 Pt Cl
Weight Found Found Calculated Calculated
0.1362 g 0.0779 g 0.0285 g C.0788 g 0.0574 g

Platinum tetrabromide, PtBr,, was prepared in a manner analogous
to that used to prepare PtCl4. About 0.5 g of Nagpt(OH)6 was dis-
solved in concentrated hydrobromic acid and the resulting solution was
evaporated to dryness to give reddish black crystals of bromcoplatinic

acid. These crystals were not analyzed but were probably HgPtBrﬁ-gHSO
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(329). These crystals were heated at 100°C for two hours in an atmos-
sphere of bromine. The resulting dark brown mass probakly consisted

of PtBr4 with adsorbed kromine. This product was heated in vacue at
BO°C for three hours io eliminate the excess bromine. The final product
was dark red, amorphous and very hygroscopic. Its compcsition was es-

tablished as PtBr4 by platinum and bromide assays.

Sample Pt Br Pt Cl
Weight Found Found Calculated Calculated
0.1412 g 0.0527 g 0.0888 g 0.C534 g C.0878 g

Attempts were made tc prepare the compounds HEPt(OH)e, H_PtCl_OH,
and H2Pt014(OH)2 by the methcds described by Miolati (9). Unfortunately,
except in the case of platinic acid, insufficient quantities were obtained
to establish the compositions. Furthermore, spectral data indicate that
the fcrmulations of the partially chleorinated compounds must be held in
doubt. The platinic acid, H2Pt(DH)6, was prepared by neutralizing a
solution of NaEPt(OH)6 with acetic acid using methyl orange as an in-
dicator. A fine white precipitate develeoped which formed a buff colored
powder after drying cver concentrated sulfuric acid. The composition was

checked by platinum assay.

Sample Pt Pt Calculated
Weight Found for H2Pt(OH)6

0.0464 g 0.0297 g 0.0303 g
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An attempt was made to prepare HEPtClé(OH)E by boiling a sus-
pension of A92Pt616 in water. According to Miclati (9) the following

reaction should take place:
Ag,PtCl, + 2H,0 - 2AgCl + H,PtC1,(CH), .

The AgBPtCl6 wes obtained from the reaction of AgNO4 with HZPtCls.
The mother liguor from the boiled AggPtCl6 was separated from the pre-
cipitate and its spectrum recorded but no peaks were shown abcve 200 mu.
It seems unlikely that any such highly chlecrinated species as PtClé(OH)z
could survive such strongly hydrolyzing conditions.

However, dehydration and dehydrohalcgenation of HyPtCl, . 6H,0
in vacuo over mwolten potassium hydroxide yielded an amorphous brown
material which, when dissolved in ether, ne longer displayed the char-
acteristic spectrum of PtClZ, but, instead, had its main absorption
peak at 225 mu. Unfortunately, insufficlent materlal was available for
analysis so that the true compcsition was not known. This was the method
used by Miclati (9) to prepare HPtC1OH .

These methods for the synthesis of HPtCl1 .OH and H2PtCl4(OH)2
were also applied in an effort to produce the analagous brcmo compounds
using HgPtBr, » 9H,0 as a starting material. Here again the sclution
cbtained by boiling AggPtBr6 and reputed to contain PtBré(OH)g showed
no absorption peaks above 200 mp. The attempted dehydration and dehydro-
halogenation of HgPtBr, « 9H,0 in vacuo over molten potassium hydroxide
failed, A spectrum of the resulting material dissolved in alcohol showed

only the presence of hexabromoplatinic acid.



19

Analytical Methods

During the c¢ourse of the work, 1t was necessary to analyze both
s5¢lids and solutions for the purpose of determining compositions and cen-
centrations. Some of the solutions were so dilute as to require spectral
methods of analysis while, in the case of solids and more concentrated
solutions, conventicnal gravimetric and velumetric methods sufficed. In
this latter case platinum was determined gravimetrically as the metal
but the mode of reduction depended upon whether or not it was necessary
to determine the halide content of the same sample. If a halide assay
were not necessary the reduction was performed conventionally with formic
acid in a hydrochloric acid solution buffered at a pH of four with
sodium acetate (4C). If the halide had to be determined in the same
sample the feollowing procedure was used. The sample, elther solid or
solution, was treated with a large excess of solid sodium carbonate in
a nickel crucible., The mass was dried, if necessary, and then fused
over a Fisher bhurner. This process converted the platinum halide to a
mixture of platinum metal and sodium halide (41). The platinum was
separated by filtration throuoh a sintered glass crucible, washed with
hot water, dried and weighed, The filtrate was acidified with nitric
acid and assayed for halide. If the halide was bromide, Vclhardt's
method of adding excess silver nitrate and titrating the excess with
standard potassium thiocyanate with ferric alum indicator was used (42).
A variation of Mohr's method, titration with standard silver nitrate
using eosin as an absorption indicator, was used to determine chloride
ions (42}, since the use of Volhardt's methcd would have entailed an

b

additional filtration (44).
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Very dilute soluticns of platinum complexes, 1079 to 1075 melar,
were analyzed by converting all the platinum to the hexa-halcogenated
species and measuring the absorbancy of the solution at an appropriate
wavelength. The conversion was brought about by adding a large excess
of sodium chloride or sodium bromide to the solution after acidifying, if
necessary, with perchloric acid. In the case of PtClg, the absorbancy
was measured at 262 my at which wavelength the molar abscrbancy coeffi-
clent is 24950. 1In the case of PtBrg, the absorbancy was measured at
315 mp and the molar absorbancy coefficient is 18150, These values for
the molar absorbancy coefficients were obtained by measuring the absorb-
ancies of PtClg and PtBrg solutions at known concentrations at the
given wavelengths. The concentration of platinum could then be calculated

from the formula:

- A
¢ = Le
where C 1is the molar concentration of platinum,

A 1s the absorkancy of the sclution,
£ 1is the molar absorbancy coefficlent, and

L is the length of light path.



CHAPTER IV

OBSERVATIONS ON THE CHLORO-HYDROXO COMPLEXES

OF PLATINUM {IV)

Mole Ratio Treatment of Chloro-Hydroxo Complexes

As mentioned in Chapter I, the chloro-hydroxo complexes of
platinum (IV} were originally chosen for the study of the relations
between spectra and composition but were soon abandoned in favor of
the bromo-hydroxo complexes. After the bromo system had been studied,
some work was done on the chloro system. This work will be described
in this chapter, rather than in chronological sequence, since fewer com-
plexities were encountered with the chloro system and, hence, the opera-
tions involved can be more easily explained.

The major purpose was to apply the mole ratio method to the
chloride-platinate-water system to determine what members of the series,
PtCle_n(OH):, where n varies from zero to six, enjoyed a stable exist-
ence. Briefly this method consists in measuring the spectral absorban-
cies of a series of selutions in which the concentration of the ceniral
ion of the complex is held constant while the ratio of ligand concen-
tration to central ion concentration is varied in a regular manner. The
absorbancies measured at each wavelength are then plotted against the
ligand/central ion ratios. If the solutions are at equilibrium, the plot
will be a curve made up of straight line segments. The value of the
ligand/central ion ratio at which two segments meet, represents the

stoichiometry of a stable complex (29).
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The necessary solutions were made up in the folleowing manner.
A weighed amount of sodium platinate, prepared as described in Chapter
ITI, was dissolved in twenty mls of concentrated perchloric acid, which
had been analyzed and found to be precisely 12.00 M. This solution was
diluted to abkout 40 mls with distilled water and allowed to cool. The
calculated amount of & standard solutlon cf sodium chloride was then
added to adjust the chloride/platinum ratic to the desired value. Fi-
nally the scluticn was made up to 100 mls with distilled water. Each
solution contained 2.92 x 10°% g-atoms of platinum. The chloride/
platinum ratio was varied frem zero to six in half-unit steps. Each
solution was 2,40 M in HClO4 . This high acid level served two pur-
poses; first, to confine the extent of hydrolysis within a convenient
range and, seccnd, to simplify equilibrium calculaticns by keeping
hydrogen ion concentration essentially constant. The prepared solu-
tions were placed in a water bath held at a temperature of 50 z 0.1°C.
This higher temperature was found advantageous because cf speedier
attainment of equilibrium. The equilibrated solutions were tcc con-
cenirated to permit direct measurement of spectra using one cm cells,
Consequently, aliquets were taken and diluted tenfold with water for
spectral measurement, The dilution was made immediately before meas-
urement which was carried out using the Beckman DK spectrophctometer.,
Every eight to twelve hours a freshly diluted sample was prepared and
measured. When consecutive spectra showed identical abscrbancies
throughout the range from 205 mu to 400 mu, it was assumed that equi-

librium had been established. Equilibrium was usuzlly established

within 48 hours of placing the samples in the bath.



23

The fact that diluticon was necessary before spectral measurement
poses a question as to just what equilibrium the measurement represents.
If the soluticn upon diluticn underwent further hydrolysis at an appre-
ciazble rate, then the measured spectrum would reflect cenditions in a
solution at room temperature, and having a lower acidity and a smaller
concentration of platinum. On the other hand,if the rate of further
hydrolysis were slow, then the change taking place between the time of
dilution and the time c¢f measurement would be negligible and the spectrum
would represent the conditions in a solution at 509, having a higher
acidity and a higher concentration of platinum. The time necessary to
dilute a sample to the proper concentration and record its spectrum cn
the DK spectrophotometer was between six and seven minutes. As a test,
an aliquot of an eguilibrated solution was diluted, after which succes-
sive samples from this diluted solution were measured one minute after
dilution, ten minutes after dilution and twenty minutes after dilution.
This test was repeated on several solutions with differing Cl/Pt ratios.
In each case the three spectra were identical within the limits of ex-
perimental error, The results demonstrate that further hydrolysis in
the time between dilution and measurement is indeed negligible and,
thus, the spectra obtained represent the conditions in solutlons at
higher temperature, higher acidity and higher platinum concentration.
This conclusion can be reached only if the possiblility of a very fast
hydrolysis reaction is denied. Admission of such a possibility would,
however, not only confute the known kinetic inertness of platinum {IV)

complexes (45) but would demand that a small concentration change
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(tenfold) should produce a velocity change which would be large (1000
fold) and in a direction opposite to what would be expected from the
law of mass acticen.

In view of the fact that the hydrolysis of platinum salts is
affected by light (13), it was also necessary to determine whether vary-
ing light conditions would change the position of equilibrium irn the
halo-platirate selution being considered. To check this point, two se-
ries of solutions with varying chloride/platinum ratios were made up.
One series was prepared, equilibrated and diluted in ordinary light.
The other series was prepared, equilibrated and diluted in red light.
Corresponding solutions from each series showed no significant differ-
ence in absorption after equilibrium had been reached, although the
solutions which were kept in red light came to equilibrium more slowly.

The spectra shown in Figures 1, 2, and 3 are the spectra which
were obtained from the tenfold diluted samples of the solutions with
varying Cl/Pt ratios, equilibrated at 50°C. The peak at 262 my is
prominent for those solutions having a Cl/Pt ratic greater than five.
As the relative chloride concentration drops this peak becomes less and
less conspicuous, while at the same time, absorption in the region
about 217 mp becomes more and more important. These two wavelengths,
together with 233 mp and 250 my were selected for mole ratio plots.
These plots are shown in Figure 4, It seems fairly definite from these
curves that the species with a Cl1/Pt ratio of four exists. There is a
good indicatlon that complexes having Cl/Pt ratios of one and two also

exist.
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It will be noted that the spectra of those sclutions where
Cl/Pt > 4.5 show isosbestic points at 214 my and 245 mp. The pres-
ence of these points shows a strong prokability that there are only
two ionic species in these particular solutions which contribute to
the absorpticn at these wavelengths. It is possible, but less probable,
that there are more than twc absorbing species. The strong absorbance
at 262 my indicates that one of these absorbing species is PtClT (18).
The spectral abscrption of any of these sclutions is described

at any wavelength, X, by the formula:

By = Ciggy T Gy
where Ak = absorbance at wavelength X,
C, = molar concentratiocn of PtCl; ;
02 = molar concentration of other species,
£,5 = extinction coefficient of PtCly at wavelength A,
Eon = extinction coefficient of other species.

Of these quantities, Ak is known from the spectrum of the solution and
€,y can be obtained by measuring the spectrum of pure NaaPtCl6 in
solutions containing high concentrations of chloride ions. Since the
sum, Cl + Ce’ is equal to the known total concentration of platinum
species, then, to obtain a knowledge of the spectrum of the second spe-
cles, i.e., to determine Eo9, it i1s conly necessary to determine a

value for either C or C

1 ot One way to estimate C1 is to assume

thet, at some wavelength, all of the absorbance can be attributed o
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PtCl:. Knowing C. and g,, it is a simple but tedious matter to
calculate the absorbance which is due to PtCly at every wavelength

in each spectrum by use of the relationship:

where the meaning of the symbols is as given in Chapter III, Having
determined in this manner the contribution of PtClg to each spectrum,
subtraction of it leaves the spectrum of the other zbscrbing species.

A large part of the tedium in this process can be aveided by using a
graphical method to obtain the abscrbancy values of the second species.
The following explanation of this procedure will be considerably more
lucid if Figure 1 and Figure 5 are consulted during the reading. Essen-
tially, the total absorbance is plotted versus the fraction of Pt in
the form of PtClg for each solution at any desired wavelength. The
result, if Beer's law is obeyed by both compounds, is a straight line
which can be extrapclated to determine the absorbancy at which the frac-
tion of Pt in the form of PtCl? is zero, l.e., the absorbancy the
solution would have if all the Pt were in the form of the other ab-
sorbing species., The first step in plotting is to determine the frac-
tion of Pt in the form of PtCl: for each solution. This can be

done approximately by selecting a wavelength at which it can reasonably
be assumed that only PtClz absorbs. In this example, 262 mp was se-
lected as this wavelengths The value of the extinction coefficient of
PtCl: at this wavelength is known (18} and, hence, it is a simple matter

to calculate the absorbancy at 262 mp of a solution of PtCl: with the
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same tctal platinum concentration as the solutions being considered,
which is 2,92 x 107° M, (This is the concentration of the tenfold
diluted sample, not of the equilibrated sclution.} Thils absorbancy
value is found to be 0.73 which is pletted against the value of 1.0,
since all the Pt is in the form of PtClg. This point and the origin,
which represents the fact that only PtCl: absorbs at 262 my, determine
a straight line, The total absorbancy values at 262 my of the solutions
being tested are then placed on this line. Perpendiculars‘through these
points extended to the x-axis will then give the fraction of Pt in the
form of PtCl: present in each solution., These perpendiculars are shown
in Figure 5, labelled with the C1/Pt ratios of the solutions which they
represent, The total absorbancy values at any other wavelength are taken
from Figure 1 and placed on the proper perpendicular, A line is then
drawn through these points and extended to the y-axis. This absorbancy
value, where the fraction of Pt in the form of PtCl? is zero, would
be the absorbancy, at this wavelength, of a solution of the other ab-
sorbing species if zll the Pt were in this form, i.e., at a concentra-
tion of 2.92 x 107° M. Figure 5 shows such a plet for determining the
value of the absorbancy at 235 my, which iIs thus determined tc be 0.58.
This line and other lines for determining abscrbancies were chosen
visually. In regions where the absorbance is not changing rapidly with
wavelength, the uncertainty involved in this visual judgment 1s probably
less than the experimental error inherent in reccrding gnd reading the

absorbance, In areas where the absorbance is changing rapidly, the error
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is greater, but nct so great as to make the general features of the
reconstructed spectrum unreliable.

In the present case, the wavelength which was first selected
as one where only PtCl: would absorb, was 290 my, since it was thought
reasonable that the other species would have its absorbance maximum
shifted to lower wavelengths, and 290 my was the highest wavelength at
which absorbancy differences between the various spectra were suffi-
ciently large to make plotting reasonably definite. The spectrum of
the second species reconstructed on this basis showed negative values
in the neighborhood of 262 my with a minimum at that wavelength. This
suggested that the assumption about the relative absorptions at 290 my
was a poor one and that 262 mu was a better choice as a wavelength at
which the absorbancy could be attributed entirely to PtCly .

However, if all the absorbance at 262 my be attributed to PtClz,
then the calculated concentration of this ion will be toc large to fit
the known stoichiometry of the soluticn with a Cl/Pt ratic of 4.5.

The calculated fraction of Pt in the form of PtClz would be 0,35

but the stoichiometry of this solution sets the maximum possible value
for this fraction as 0.25. Therefore, some of the absorptiecn at 262 mu
must be ascribed to the second species. In order to take this into
account, the reference line in Figure 5 must be modified. This was done
by assuming that the maximum possible value for [PtClg], in the solu-
tiocn with Cl/Pt of 4.5, was, indeed, the true value. This 1s equiva-

lent to assigning a value of 325 to €, at 262 mu. Using this new

2

reference line {the dotted line in Figure 5), the graphical process
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described above was used to obtain the spectrum of the second species
depicted in Figure é. The reconstructed spectrum shows a large peak
at 220 my and the suggestion of a shoulder in the neighborhood of 235 my.
For comparison's sake, the spectrum of a soluticn of HyPtCl,OH, of un-
known concentration in ether is alsc given. The HPtCl1,0H was prepared
by the method of Miclati {46) but, since the prepared salt was not
analyzed, this formula cannot be definitely ascribed. Although the two
spectra are similar in the limited range avallable for ccmparison, it
would seem better to assign the reconstructed spectrum to PtCl4(OH):
rather than to PtCl5OH: because the existence of the former, but not
of the latter, is evidenced in the mole ratic plots. It would be en-
lightening 1f the spectrum of PtCl4(OH)§ in a nonhydrolytic medium
could be compared with the reconstructed spectrum. Unfortunately at-
tempts to prepare such a solution by the method of Miolati failed.

The spectra of Figure 1 and the mole ratio plet of Figure 4 sug-
gest that the solutions with CL/Pt > 4.5 centain only PtCl: and

PtCl4(OH) in equilibrium with each cther as expressed in the equaticn:

2

PtCly + 2H 0 2 PtCl (CH)T + ont + 2 c1-
2 4 2

and the following equilibrium expression ought to be obeyed:

[ptc1, (OH)5] [KFI2Lc17)R
o 7 [PtClg]

Water is cmitted since its c¢encentration is essentially constant. The

Ht concentration is also large, hence virtually constant, but is
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retained so that later compariscns may be made with the results of
other workers, In the table below are the values for the concentra-
tions necessary to calculate K4. These values were obtained from
known total Pt, Cl and acid concentrations and from the spectra of
the solutions assuming that the extinction coefficients of PtClZ and

PtC1,(CH)7 at 262 mp are, respectively, 24,900 and 325.

C1/Pt [PtClgj [PtCl4(OH) ] (c1-] (ut] K,
x 1C0% x 10¢ x 10% x 108
1.73 1.19 2,38 2.4 22,4
5.5 1.46 1.46 1.46 2.4 12,3
5 1.14 1.78 1.04 2.4 9.74

4.5 0.73 2.19 C 2.4 -

The drift in values of K4 is net unexpected. The values are
ultimately dependent on the estimation of € for PtClé(OH)z . Greater
consistency in K4 could have been obtained by cheoice of a larger value
of €, but would suggest a greater accuracy in the method than is justi-

fiedo The mole ratio plot is the evidence that PtCl4(OH) is the prin-

o |t

cipal hydreclysis preduct, not the constancy cf Ké.

The only other guantitative data in the literature that can be
compared with this work are those of E. H. Archibald (13) and those of
Blasius, Preetz, and Schmitt (15). Archibald made 2 kinetic study of
the hydrolysis of K2Pt016 in water, following the reaction by titri-

metric determination of the acid generated., The ultimate equilibrium
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concentrations of acid in various runs were determined but he made no

use of these data in speculation akout the composition of the equiL
librium mixtures. Blasius, Preetz, and Schmitt (15) made a kinetic

study of the exchange of radiocactive chlorine between PtCly and Cl17

In HCI scolutions. A net hydrolysis reaction occurred coincident with
the exchange, and the distribution of radioactive chlorine at equilibrium
was Used to calculate the extent of hydrolysis. They did not use their
data quantitatively beyond the point of calculating the per cent of
hydrolysis in each experiment.

Although it is pessible that at equilibrium these solutions are
more complicated in composition, 1t is informative tc assume that there
is only one cther platinum-containing species besides PtClg, and to
calculate an equilibrium constant based on this assumption. In the fol-
lowing tabulation these constants are given, along with the pertinent

K

experimental conditions. The constants K and K3 correspend

57 T4’
respectively to the assumption that PtCl OHT, PtClé(OH)z or

PtClS(OH) is the second species. A dash in the table implies that

3
more HCl is formed (in the case of Archibald's experiments) or more
Cl™ released from PtCl: (in the case of the exchange experiments)
than can result from the complete hydrolysis cof PtClg to the assumed
product.

These results also point to PtCl4(OH)§ as the principal

hydrolysis preduct. The value of K4 is also similar to that obtained

in the spectral experiments. In none of these experiments Is the value
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Archibald

Initial Equilibrium

Conc. Conca.

4 8 12

KBP‘tCl6 HC1 K5 x 10 K4 x 10 K3 x 1C
0.00125 M C.00374 M - - -
0.00250 M 0.00459 M - 0.484 0.0147
0.0050C M 0.00690 M - 0.905 C.0%19
C.01000 M 0.00%829 M 11.3 0.645 0,293

Blasius, Preetz, and Schmitt

Initial Initial

Conc. Conc.
HPtCl, HC1 Ky x 10* K _x 10° K, x 102
0.0024 0.011 - 15.2 11.4
0.0024 0.047 0.830 8,78 129
0.0037 0.052 0.753 10.2 178
0,0024 0.083 1.69 44,3 2560

of K4 established with any great accuracy, but it appears that K4
does not have a marked temperature dependence.

Since the spectra of the solutions with Cl1/Pt < 4 do not dis-
play isosbestic points, at least three species must contribute to the
absorbance of these solutions. If the assumptions be made that the ex-

tinction coefficients of PtClY and PtCl, (OH) at 262 mu, are

o

24,900 and 325, respectively, and that these two specles are the only

ones which absorb at 245 mu, it is possible to reconstruct a series of
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specira by subiracting the contributicns of each of these species from
the spectra of the solutions with C1/Pt from three to four inclusive.
Figure 3 displays a continuing increase in absorbance between 240 my

and 300 my for the solutions with C1/Pt < 2.5, a fact which demon-
strates that the assumptions made above are certainly not true for these
solutions and are, probably, only approximately true for the solutions
with Cl1/Pt ratiocs from three to four. The specira resulting from this
double deccmpesition do not show any well defined peaks or shoulders which
suggesis that whatever other species are present have thelr abscrption

maxima at wavelengths below 200 my.

The Solution Behavior of PtCl4

As was noted in the introduction, many investigators have studied
the nature of PtCl4 solutions. Mioclati (9) concluded that PtCL,
hydrolyzes to give tetrachloro-dihydroxy platinic acid, basing his con-
clusicn on conductometric titration with alkali and analysis of precip-
itates obtained from PtCl4 solutions by addition of silver ion, Brit-
ton and Dodd (10} questioned this and propesed that upon first dissolving,

PtCl4 hydrolyzes as follows:

PtCl, + 2H,0 - Pt(OH)2012 + 2HC1

and that, during 24 hours, the hydrolysis proceeds further to give
Pt(OH)BCl.
Heymann's (11) study of the effect of carbon on the hydrolysis

would also indicate that the hydrolysis proceeded to Pt(OH)ECl and



Pt(OH)EClB. The work described below was undertaken with an eye toward
resolving the issue, with the added hope that, if Miolati were correct,
the spectrum of PtCl4(OH)§ would be obtained, thus checking the results
of the preceding section.

Solid P‘tCl4 was prepared using the method described in Chapter
III. The dried compound was analyzed for platinum and chloride contents
by the methods given in Chapter III, and the formulation PtCl4 was
thereby demonstrated. A portion of the compound was dissolved in water
and the spectrum of the resulting solution was immediately recorded on
the Beckman DK spectrograph. Additional spectra of the same soluticn
recorded ten and twenty minutes after the dissolution of PtCl4 were
identical with the original spectrum within the limits of experimental
error, a fact which indicates that the species in solution are rather
resistant to further hydrelysis. This spectrum of the soluticn of
PtCl4 is shown in Figure 7 which also shows the spectrum of a 2.92 x
107 molar solution with a Cl/Pt ratio of four and the reconstructed
spectrum of PtCl4(OH)§ for the sake of comparison., The concentration
of the PtCl  solution was found to be 3.02 x 107 M by spectro-
analysis. It appears clear that the reacticn cannot be simply the
formation of PtClé(OH):. The very definite shoulder at 262 my in-
dicates strengly the presence of PtCl: in the solution. If this be
so then the PtClZ must be formed in the process of dissolution of the

solid PtCl4. A possible reaction consistent with this is:

ot = ALt
2PtCl, + 4H,0 - PtCly + PtClg(OH)4 + 4HT .,
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If all the absorbance of the dissolved PtCl ~ at 262 mu 1is attributed
to PtClZ, then the concentration of the latter is 1.53 x 1075 N,
almost exactly half of the total platinum concentration which is 3,02 x
107° M.

It is interesting to note that any postulated reaction that leads”
to retenticn of all the chlorines in Pt species, regardless of how the
chlorines are distributed, leads to two HY and one doubly negative Pt
species per PtCl4 dissolved. Hence, any experiments that measure the
acidity or that measure the conductivity will not be definitive.

In accord with the postulation of two platinum species in these
solutions is the interesting observation of Reed (47) that when a drop
of any aqueous solution of PtCl4 is placed on filter paper a double ring
is formed., He attributed this tc the presence of two different hydrates
with different rates of diffusion.

Falqui (48) has determined that the structure of solid PtCl4 is
that of a cube containing in each corner a Pt014 tetrahedron with three
of the chlorine atoms resting on three edges of the cube and the fcurth
chlorine atcm directed toward the cube's center. It is not readily
apparent how such a structure would break up on dissoluticn to yield

PtClE . Whatever the dissolution reaction is, it appears to end with

essentially half of the platinum in the form of PtClg .



CHAPTER V

OBSERVATIONS CN THE BROMO-HYDROXO COMPLEXES OF PLATINUM

Mole Ratio Treatment of Bromg-Hydroxo Complexes

As has been mentioned, this investigation of the bromo-hydroxo
complexes, in particular, was undertaken because of difficulties en-
countered in attempts to synthesize various chloro-hydrcxo compounds
and because the expected longer wavelength absorption of the bromo cem-
plexes would facilitate spectral study. Unfortunately, all the members
of the series PtBrn(OH):_n have not been isolated. Only those where
n=0, 4 and 6 are known in the solid state (49). Therefore, the ob-
vious approach of dissclving pure solid compounds in ncnhydrolyzing
solvents and measuring their characteristic spectra could not be fol-
lowed. However, the mole ratio method could be and was applied to the
system. Therefore, a series of solutions of varying bromine to plati-
num ratlios was prepared. The platinum concentrations and acidity were
held constant throughecut the series. The solutions were made up in the
following manner. A weighed amount of sodium platinate, prepared as
described in Chapter III, was dissolved in twenty mls of 12,00 M per-
chleoric acide This was diluted to about 40 mls with distilled water
and, after cooling, the calculated amcunt of a standard solution of
sodium bromide was added to adjust the bromide/platinum ratio to the
desired value. The solution was made up to a volume of 100 mls and

allowed to equilibrate in a water bath held at a temperature of 50°C.



The temperature was constant within 0.1°C. The total concentration of
all platinum species in each solution was 2.92 x 10°3 M, while the
Br/Pt ratio varied from zero to six in intervals of 0.5, All of the
solutions were 2,40 M in HClD4. These solutions were too concentrated
to permit direct measurement of their spectra. Consequently, aliquots
were taken and diluted one hundredfold with distilled water for this
purpose. The dilution was made immediately before measuring to mini-
mize hydrelysis and the measurement itself was carried out using the
Beckman DK spectrophotometer so as to record the spectrum as swiftly
as possible after dilution. The spectrum of each solution was meas-
ured every eight to twelve hours using a freshly diluted sample until
two consecutive spectra showed ldentical absorbancies throughout the
range from 205 my tc 400 mp. At this stage it was assumed that equi-
librium had been established. Equilibrium was usually established within
48 hours after placing the solutions in the bath,

The same guestion arises here as in the case of the chloro-hydroxo
complexes, that is, whether the spectra represent the eguilibria which
obtain in the solutlons before or after the dilution. In the case cf the
bromo complexes, the rate of hydreclysis 1s greater than for the chlero
complexes. Even with this greater speed, however, the time of measure-
ment is sufficiently short that the spectra reflect the conditions cb-
taining in the soluticns before dilution.

After 48 hours, a yellow orange precipitate appeared in the
solutions of low bromide-platinum ratios, specifically in those in which

the Br/Pt ratio was less than three. Some of the precipitate was
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taken for analysis. The material was first dried over CaCla, a proc-
ess which caused a color change from orange to light brown. The dried
material was then analyzed by sintering a weighed amount with sodium
carbonate, thereby decompesing it to metallic platinum. The sintered
mass was leached with water and filtered. The filtrate gave no precip-
itate with silver nitrate demonstirating the absence of bromide., The
residue of platinum was dried and weighed and found t¢ be very clese to
the thecretical platinum content of Hzpt(OH)S. The only other probakle
compound which might have precipitated is sodium platinate but this com-
pound is comparatively quite soluble and its platinum content dees not

correspond to the assay of the material.

Sample Pt Pt Calculated Pt Calculated
Weight Found for HgPt(OH)e for Nath(OH)G
0.0458 g 0.0293 g 0.0299 g 0.0255 g

Obviously these scluticns, with precipitates, could not be in-
cluded with the solutions with higher Br/Pt ratios in the mole ratio
plots because of their varying contents of disscolved platinum. These
were treated separately as will be explained further in this chapter.
The spectra of the sclutiecns with Br/Pt of three or above are shown
in Figure 8 and Figure 9, The spectrum of PtBrz, at a concentration
of 2.92 x 10~° M, is included in Figure 8 for the sake of comparison.

It is obvious that PtBr: is an important species in the solutions with

high Br/Pt ratios. The spectrum of PtBr: was obtained as fcllows.
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Two different samples of NaEPt(OH)B, one welghing 0.0922 grams and the
other 0.0999 grams, were taken. One sample was dissolved in 80 mls of
5M NgBr and 20 mls of concentrated HClO4. The other sample was dis-
solved in 20 mls of SM NaBr, 60 mls of H,0 and 20 mls of concentrated
HClO4. Both samples were equilibrated at 90°C. Aliquots of 10 mls
were taken from each solution, diluted to 100 mls, and the spectra of
the diluted solutions were measured on the DK spectrophotometer. The
iwo spectra were identical within the limits of experimental error in-
dicating that these solutions contain only one absorbing species,
namely PtBr?. The spectrum shows a large peak at 315 mp with & def-
inite shoulder at 360my, an absorbance minimum at 267 my and a very
large peak at 225 my.

Figure 10 shows a mole ratio plot of absorbancies at several
selected wavelengths versus Br/Pt ratio. The plot indicates that

: enjoys a considerable degree of stability

the species PtBr4(OH)
in soluticn while PtBrS(OH): does not. Since Iscsbestic points are
not present in all the curves, it would seem that at least one other
species than PtBr: and PtBr4(DH)§ must be present in those solu-
tions where Br/Pt £ 4.5.

Those solutions where Br/Pt > 5 do show isosbestic points
at 285 mp and 240 mp and it is reasonable to suppose that their spectra
are composites of the spectrum of PtBrz and the spectrum of PtBr4(OH):,
since the latter species is stable according to the mole ratio plots,

By subtracting the known spectrum of PtBr: from these compos-

ite spectra, it should, then, be possible to obtain the spectrum of the
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putative PtBr4(OH)§ - The method is completely analogous to that used
in the case of the chloro-hydroxo complexes, which was described in
Chapter IV. First the cencentration of PtBr: in each sclution was
calculated on the assumption that this ion was the only absorber at =
wavelength of 315 mp. These concentrations were used in the graphical
method to reconstruct the spectrum of PtBré(OH)g . This spectrum showed
negative absorption values in the vicinity of 225 mp. Consequently,
reconstruction was repeated using this wavelength as one at which only
PtBrZ absorbs. However, the concentration of PtBri which was cal~-
culated for the solution where Br/Pt is 4.5, is forbidden by the known
stoichiometry of this solution. The calculated concentrations of

0.97 x 1073 M for PtBr§ and 1.9% x 10" M for PtBr,(OH)7 would
require a 13.52 x 102 M concentration of bromide to satisfy the lig-
and requirements, while the actual bromide concentration of this solu-
tion is only 13.14 x 1073 M, Therefore, 1t became necessary to select

some other means for estimating the concentrations of PtBr: in the

solutions. This was done by assuming that the concentration of PtBr6

in the sclution where Br/Pt equals 4.5, is equal to the maximum con-
centration permitted by the stoichiometry, i.e., one fourth of the total
platinum concentration. This assumption established a new line for the
graphical method, as shown in Figure 11 for the wavelength of 225 mu.
Use of the graphical method with this new base line enakles the recon-
struction of the spectrum of PtBr4(OH): shown in Figure 12. The
spectrum, which can be tentatively attributed to PtBré(OH)z shows a

maximum at 245 my.
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It should, then, be possible to use the data to calculate an

equilibrium constant for the eguilibrium:

PtBry + 2H,0  PtBr,(OH)3 + 2H + 2Br~

which 1s described by the expression:

[PtBr, (OH)Z] [Br-J2[Ht]®

[PtBrgj

33

Since, in the case of the solutions used to establish the mple ratio

plots, the concentration of water is essentially constant, it has been

incorporated with Ke.

The data necessary for calculating Ke are

tabulated below. The values of [Pt Br?] were cktained by comparing

the absorbancles at 225 my with Figure 11, which relates absorbance with

composition. Valueés of [PtBré(OH) ] were obtained by difference and

values of [Br~] by calculation from the values of the concentrations

of the platinum species and the known amounts of total bromide in vari-

ous solutionse.

Br/Pt [PtBry] [PtBr,(OH)F] [Br~] [H+] K
x 103 x 10% x 103 x 107
6 2.51 C.41 0.82 2.40 6.3
5.5 1.84 1.08 0.70 2,40 16.6
5 1.25 1.67 0.42 2,40 13.6
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These constants are, of course, those which define the extent of hydrol-
ysis at 30°C. The agreement among the values is reasonably good and in-
dicates that the postulated equilibrium and the assignment of the spectrum

in Figure 12 to PtBré(OH): are correct.

Hydrclysis of the Hexabromoplatinate Ion

As has been peointed out, sclutions of bromeoplatinate, when diluted
fer the purpose of recording spectra, were quite prone to hydrolyze. Er-
rors arising from this hydrolysis could be held small by recording the
spectra as swiftly as possible., This hydrolysis, in itself, however, was
productive of further data concerning the spectrum of PtBr4(OH): .

A solution containing platinum and bromide in one to six ratio was
made up and allowed to equilibrate as usual. This solution had a total
platinum concentration of 2.92 x 103 M and a perchleoric acid concentra-
tion of 2.40 M. A one ml aligueot was then diluted to 100 mls and the
spectrum of the resulting sclution was reccrded at various time intervals
until the rate of hydrolysis slowed to such an extent that any change in
the spectrum fell within the experimental error invelved in recording it.
The series of spectra thus obtained is shown in Figure 13.* The most
noteworthy feature of the spectra is the appearance of three well-defined
isosbestic points at 214 mu, 242 mp and 284 my which correspond closely
to the isosbestic points discovered in the spectra of solutions of vary-

ing cencentrations of bromide icn where the Br/Pt ratio is 4.3 or

*¥A very similar experiment and series of spectra are reported by
G. Schmidt and W. Herr (16). In their experiment K,PtBr, was dissclved
in 0.5 M Hy80,, and the absorpticn spectrum measured from 250 my to 500
mye. The spectra were merely reported, and no conclusions were drawn.
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greater. As befcre, it can be concluded that these sclutions contain
PtBrg and one other species which is probably PtBr4(OH): . Therefore,
a comparison of these spectra of a solution undergoing hydrolysis with
the spectrum ¢f a sclution having PtBrg as the only absorbing species,
makes possible the receonstruction of the spectrum of the other absorbing
species present in the hydrolyzing solution. This was done using the
methods already described and the resulting reconstructed spectrum is
shown in Figure 14, Figure 14 alsc shows the spectrum obtained from the
solutions having a Br/Pt ratio of 4.5 or more. Comparison shows some
differences. The peak is shifted to longer wavelengths and the absork-
ance is less for the spectrum obtained from the hydrolyzing PtBrg.
This difference probabkly demonstrates a small contribution to the absork-
ance by a third species in the solutions used for the mole ratio method.
However, there is sufficient agreement between the spectra that it can
reasonably be assumed that Figure 14 represents the spectrum of
PtBr4(OH)§ » keeping in mind the evidence of the mole ratio plots.
The evidence thus suggests that hydrolysis of PtBrz proceeds to an
equilibrium with PtBr4(OH)§ under these conditions.

Archibald and Gale (14) examined the hydrolysis of K, PtBr,
at 20°9C by dissolving the salt in water and following the reaction by
titrating the acid formed. In their experiments the initial PtBrz
concentration varied from 5.0 x 1074 M to 1.00 x 107 M. In the absence
of light observable hydrolysis did not occur until after several days.
When the solutions were irradiated with a 300 watt lamp they obtained

curves like that depicted below when solution acidity was plotted versus
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time. In general the maxima occurred at 400-500 minutes., A maximum is
observed only in a light catalyzed rezction., Scmewhat similar observa-
tions were made in the course of the present work. Figure 19 shows the
absorbancies of five solutions of H2Pt8r6 plotted versus time, All
the solutions were initially 5.43 x 107° M in PtBr: and 2.5 x 1072 M
in NaBr. Curve number four illustrates the hydrolysis of a solutien
prepared and kept in red light. The typical minimum is not shown. All
the other solutions were light catalyzed. The rates vary considerably,
perhaps due to variations in temperature and light since the solutiecns
were prepared on different days.

The solution whose hydrolysis is represented by the spectra of
Figure 13 does not, however, show a maximum in the extent of hydrolysis
but proceeds steadily tec the equilibrium value. This particular solu-
tion was exposed to erdinary light throughout the hydrolysis, sc that
the lack of a maximum must be ascribed to some cther cause. That which
immediately comes to mind is acid catalysis during some stage of the
hydrolysis, since this solution was 0.024 M in HClOé, while the solu-
ticns of Archibald and Gale, as well as the solutions of Figure 15,

contained no acid except that generated by the reaction.



ABSORBANCE

0.5

0.4

0.3

0.2

0.1

29

LEGEND
-5
[Total Pt] =534 X 10 M

-3
INaBr] = 2,15 X 10 M

Solution 4 prepared and kept
in red light

Solution 1 exposed fifteen
minutes to mercury ar¢

] | | | |
0 5 10 15 20 25

TIME I[N HOURS

Figure 15. Absorbance Variation of PtBrZ with Time at 312 mu.



6C

Archibald and Gale explained their curves by postulating the
following series of reaction:

(1) PtBry + H0 7 PtBr OH + HBr

(2) PtBr,OH" + H,0 > PtBr,(CH)7 + H3r

(3) 2PtBr,(OH)Z + 3HBr > PtBr OH™ + PtBry + 3H,0

where (2) is considered responsible for the maximum at C. In the light
cf the present work there is no evidence for the presence of PtR%K}ﬂz.
Further evidence on this point can be obtained by treating their equilib-
ria data in the same way as was done earlier for the chloro system. The
only data from the present work which would ke fairly comparakle would

be that inferred from the completely hydrolyzed solution of PtBr:,

which has reached equilibrium at room temperature. By use of the equi-
librium absorbance at 225 my from Figure 13, and the composition-absorb-

ance curve of Figure 11, values of K K, and Kg can be calculated.

5? 4

The results of this comparison are as follows:

Archibald and Gale (14)

Initial K_.PtBry HBr Ceoncentration K x K x K. x
2 ® at Equilibrium S 4 8
Concentration 9 T 108 1012 1018
10 x 1074 M 1.10 x 1074 M - 1.8 1.0
25 x 1074 M 1.60 x 107%¢ M 2.5 1.5 1.7
50 x 1074 M 1.88 x 107¢ M 1.8 2.3 4,7
100 x 1074 M 2.61 x 10°% M 2.4 6.8 30

From Spectral Data 2.3 5.3 20
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On the basis of the trends in the values of the K's, PtBrB(OH)g

can be eliminated from consideration as the hydrolysis product, but no
choice is possible between PtBr5(OH): and PtBr4(OH): . Since the

mole ratio plct gives evidence of PtBr4(OH): but not of PtBr5(OH):,
the former is believed to be the product. The reconstructed spectrum

of Figure 14 is thus attributed to PtBr4(OH)§. The differences in the
two spectra of Figure 4 may be within the experimental error of the meth-
ods used for reconstruction, or may result from the fact that PtBr4(OH)§
has two iscmeric forms, which may be present in varying fractions in the
two experiments.

Cne unexplained difficulty remains, Comparing the value of Ke
at 50°C with K4, it 1s seen that Ke has a value of about 1 x 107
at Bo°C (in 2.40 M HClO4)as compared to a value of about 5 x 10712 at
room temperature (in C.C24 M HC104). This seems to be an unusually
large difference, even though both temperature and activity differences
exist, especially since the chloro system shows only a small difference
for corresponding conditions.

A kinetic expression can ke derived for the hydrolysis descriked
by the spectra of Figure 13, by comparing the time elapsed with the con-
centrations of PtBrz and PtBr (OH)7, the latter two data being cal-
culated from the speciral absorption at 315 mp and the known total plat-
inum concentration. Trials of various possibilitles showed that only by
treating the hydrelysis as a first order, reversible reazction could con-

stancy of the velocity congtants be obtained. The values obtained are

as follows:
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Time After Dilution k + k'/2.303
7 minutes 0.0452 minutes™t
12 0.0467
19 0.0459
25 0.0453
34 0.0499

k and k’ are, respectively, the velocity constants for the
forward and reverse reactions. That the reverse reaction appears first
order, rather than third crder as would be expected frem the molecular-
ity, indicates that the contribution of k'’ to {k + k') must be small.

The spectra of hydrolyzing PtBrg, obtained by Schmidt and Herr
{16) can be used to estimate a value for k + k’/2.303 for a solution of
PtBr: which is 0.5 M in H,S50, . This value turns cut to be 0.06 min~?t

which is close to the values obtained during this investigation.

The Solution Behavior of Platinum Tetrabromide

Solid platinum tetrabromide was prepared by the method described
in Chapter III. The prepared compound was assayed for platinum and
bromine to establish its composition. The compound was stored in a
desiccator over concentrated sulfuric acid because ¢f iIts extreme hygro-
scopicity.

An unknown amount of PtBr4 was added to 100 mls of water. The
compound dissclved guickly and its spectrum was measured immediately on

the Beckman DK spectrophotometer.
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Successive spectra of the same solution were recorded at short
intervals. The spectra thus obtained displayed large peaks at 315 my
and 225 mu as well as isosbestic points at 212 myu, 248 mp and 277 mu.

The isosbestic points were not well defined as compared with those shown
by the successive spectra of hydrclyzing PtBrz and might better be
described as isosbestic regicns. These spectra are shown in Figure 16,

After the spectra were recorded, & portion of the scluticn was
analyzed for total platinum concentration by adding it to a solution con-
taining a large excess of bromide ions and perchlorate ilons and measuring
the absorption of the solution at 315 mu. By this means the total plat-
inum concentration in the solution was found to be 7.5 x 107° M,

The peaks at 225 mu and 315 mu are almost certain proof that one
of the species present in the solution of PtBr4 is PtBr:. Furthermore,
its appearance in the solution 1s immediate upon the dissolution of
PtBr,. The correspondence of the isosbestic polnts in these spectra
with the points found in the spectra of solutions with varying Br/Pt
ratios also demonstrates the presence of PtBr4(OH)g . If PtBrg and
PtBr4(OH)§ are assumed to be the only absorbing species at 315 my,
then, it can be calculated from the absorbance shown by the initial
spectrum of the dissolved PtBr4 that exactly half of the platinum
is initially in the form of PtBr:. The succeeding spectra record the

hydrolysis of this PtBrl to PtBr4(OH) . Therefore, PtBr,, upon

2o |}

dissolution, breaks up into PtBrg and some other ion. It is reason-
able to assume that the structure established by M. Falqui (48), for

PtCl4, also holds true for PtBry. As in the case of PtCl4, it is
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not readily discernible how this structure would break up to vield PtBr:,
but whatever the dissolution reaction is, it leads to the appearance of
half the platinum in the form of PtBr:. In any event, it appears that
the spectra obtained by disseolving PtBr4 in water can be explained by
postulating a primary decomposition into PtBrg, and some other unknown
species, followed by hydrolysis of the PtBrg to form PtBr4(OH):.

Any differences, such as the shift of isosbestic points, then, be-
tween the spectra of hydrolyzing P‘tBr4 and the spectra of hydrolyzing
PtBrg must be due to the presence of a third species in the former case
and/or the presence of HClO4 in the latter cases There are other differ-
ences between the two casess With PtBr,, the rate of hydrolysis is much
slower and the kinetics do not indicate reversibility as they do in the
case of PtBr:. Both hydrolyses are first order. The table gives the rate
constants for the hydrolysis of PtBr4. The average value of k is 0.0166

min™. For comparison, k +-kﬂ the overall rate of reaction for the hy-

Time k/2.303
3 minutes 0.0073 minutes™?!
9 0.0067
24 0.0081
42 0.0075
62 0.0062

drolysis of PtBrZ is 0.1070 min~!. Since the hydrolysis of ptBr§ is undoubt-

edly the rate-determining step after the initial dissolution of PtBr4,the
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difference in rates is almest certainly due to the difference in acidi-
ties. The evidence is strong, therefore, that the hydrolysis of PtBrg
is acid catalyzed. 1t should be noted that solutions of PtBr, in

0.24 M HClO4 do not display isosbestic points.

Solutions of Bromo-Hydroxo Platinates in Equilibrium

with Splid Platinic Acid

It will be recalled that, in the experiment designed to obtain
spectra of bromoplatinate solutions with varying mole ratios of bromide
to platinum, precipitates of ngt(OH)6 developed in those sclutions
where the bromide to platinum ratic was equal to or less than 2.5. The
mother liquors were assayed for total platinum content by adding to them
a large excess of bromide ions and measuring the spectra of the solutiens

thus obtained. The figures obtained in this manner are given below:

Exp. Original Bromine in Platinum in

No. Br/Pt Mother Liquor Mother Liquor
1 0 0 0,127 x 1073
2 0.5 1.46 x 10™2 0.910 x 1073
3 1 2.92 x 1078 1.515 x 1072
4 1.5 4,38 x 1073 2.081 x 10-3
5 2 5,84 x 1073 2.400 x 1072
6 2.5 7.30 x 1079 2.900 x 1072

Since a precipitate of Hth(OH)6 was in contact with each of

the mother liquors, the concentration of Pt(OH): in the mother liquors



67

is known to be constant and egual to 0,127 x 1072 M, The concentration
of platinum species containing bromine can then be obtalned by subtract-
ing this value from the values for the total platinum content cof the
varicus mother liguors. The concentrations of brominated platinum spe-

¢ies thus obktained are:

Exp. B A Rati
No. Total Brominated :EB}K
Bromine Platinum

2 1.46 x 1073 0.783 x 10°° 1.84
3 2,92 x 10°8 1.388 x 1073 2,10
4 4,38 x 1079 1.954 x 1079 2,24
5 5.84 x 1073 2.273 x 1073 2.57
6 7,30 x 1073 2,773 x 10-2 2,64

Since the total bromine contains some free bromide, the ratic
B/A provides an upper limit to the average number of bromides bound per

platinum. The data suggest that PtBrz(OH)z is an important species

in these solutions, and that PtBr{OH)S must also ke present in Experi-

S|

ment 2,

Further ingight into the compesition of these solutions can be
obtained by making some assumptions which can be tested experimentally.
First, assume that PtBra(OH): and PtBr(OH); are the only brominated

species involved. The equilibria are:

Pt(OH)= % H* + Br~ 2 PtBr(OH)g + H0

e |
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and

Pt(OH)™ + 2Ht + Br~ 2 PtBr,(OH)T + 2H,0

with equilibrium constants

[PtBr(CH)Z]
K =
. [Pt(oH)7] [Br-]
¢ - [PtBr,(OH)7]
2 [Pt(oH)7] [Br~]3
Let CO = concentration of total platinum
and LO = concentration of total bromide.
Thus C, = [Pt(OH)gj + [PtBr(OH)gj + [PtBrg(OH)z]
and L = [Br7] + [ptBr(oH)3] +2[Pt(oH) Br] .

For convenience define:

F, = L -G, +[Pt(oH)g]
FE = 2C, - L, - 2[pt(0H):]
P = K, [Pt(OH}:] - 1.

From the equilibrium constants and defined quantities, algebraic manip-

ulation gives

F 1 K [Pt(OH)Z]
= = + -2 ° F

-— _'ﬁ—-— .
P P 2

Tl
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Cos Lg» Fy, and F, are known for each experiment and are tabulated
below:

Exp- Co L, F, F, F/F,
No. x 103 x 108 x 103 x 103

1 0.127

2 0.910 1.46 0.677 C.166 6.39
3 1.515 2.92 1,532 -0.144 -10.63
4 2,081 4.38 2.426 -0.472 - 5.13
5 2,400 5.84 3.567 -1.294 - 2.76
6 2.900 7.30 4,527 -1.754 - 2.54

Negative values cof P2 are physically meaningful, merely implying that
[Br-1 > [PtBr(CH)T] .

A plot of F / F, versus F, provides a test of the assump-

2
tions. This plot is shown in Figure 17. Since the plct does not yield
a straight line, the assumptions cannot be valid for all the solutions.
If the assumptions have any validity it will be in the experi-
ments in which LD is the smallest. If the assumptions apply to Ex-
periments 2 and 3, the straight 1ine through the corresponding points

¢can be used to yield the following conclusions: Since a line through

the first two points of the plot has a Y-intercept of -1,

P = K1[Pt(OH)§] -1 = =1,

This shows that Kl[Pt(OH)zj is much smaller than +1, and that

[PtBr(OH):] must be small. If the first two points are assumed true,
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Figure 17. Test Plot for Low Br/Pt Equilibria,.
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then, from the slope, it is found that:

Kg[?t(OH)gj
P
Therefore, if P =-1,
K, = 5.35 x 108,

Noting that [PtBr(OH)T] is small, and that the mole ratio
plots for both the chloro- and bromo-systems show no evidence of

PtX4(OH)3, it will next be assumed that only PtBr,(OH)] and

4

PtBré(OH)Z are species of consequence, besides Pt(OH}:, in Experi-

I

ments 3 - 6. The following expressions for their concentrations can be

derived:

1

[ptBr,(0M)7) = 3{4c, - L - alPt(oW)3] + [Br-1}

1]

[ptBr, (0W)Z] = 2{L_ - 2c_ + 2[pt(om)Z] - [Bx-1} .

These expressions, together with the expression:

[PtBr,(OH)=]
K, = 4 = 5,35 x 108
[pt(oH)g] [Br~]1?

can be used to obtain the following values for [PtBrE(OH)z], [PtBréKHﬂﬁg,
and [Br—]. Ké is defined by the expression:
[PtBra(OH)Z]

K' = .
[PtBr,(0H)7] [Br~1?
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Exp. [Br~] [PtBr,(OH)] [PtBr,(OH)Z] Ke
No. x 10° x 10° x 10° x 1078
2 0.115 0.894 -0.22] -0.187
3 0.143 1.388 0.00005 0.00018
4 0.159 1.798 0,157 0.035
5 0.159 1,705 0.568 0.132
6 0.171 1.981 0,791 0.137

The lack of constancy in K; demonstrates that the assumption that
PtBrg(OH)z and PtBr4(OH)§ are the only brominated species is invalid
although it may be a good approximation for Experiments 5 and 6.

A similar treatment based on the assumption that PtBr,(OH)}
and PtBrs(OH)g are the only brominated species leads te equilibrium
constants which are noct constant and must be rejected.

It can be concluded that no equilibrium, inveclving only two bro-
minated platinum species, can satisfactorily describe all the solutions.
Figure 18 shows the spectra of these solutions normalized to a totzl
platinum concentration of 2.92 x 10-2 M, while Figure 19 shows the
spectra of these same solutions normalized tc a brominated platinum
concentration of 2.92 x 1072 M, It would appear from these spectra
that the solution of Experiment 2 is quite different from the others.

It is to be noted that the analyses for total Pt and total Br of
this solution demand that some less brominated species than PtBr2(OH)Z
must be present. It is likely that the solutions of Experiments D and 6

can be adequately represented by an equilibrium among the three species,
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Pt(OH):, PtBrg(OH): and PtBr4(0H)g ; but the solutions of Experiments
3 and 4 are more complex and it is possible that PtBrg(CH)3 may be
significant. However, there is no simple way to test this hypothesis.

The value of K , 5.35 x 108, which was calculated from the

straight line of Figure 17, is that which is defined by the expressicn:

[PtBr,(OH) ]
K, = .
° [et(om)3] (BT

Since the acid concentration of all the solutions was 2.40 M, +then the

equilibrium constant, K for the following equation c¢an be calculated:

A’

= + - > =
(A) Pt(OH)6 + 24T + 2Br- 2 PtBr2(0H)4 + 2H,0
[PtBr,{OH) ] 5.35(108)
K, = - = = 9.3 x 107 .
[Pt(oH)7] [HF]?[Br-]2 5.76

KA and the values of Ké for Experiments 5 and 6, as defined in page

71, can then be used to calculate a value of KB for this equation:
(B) Pt(OH); + 4H' + 4Br~ 2 PtBr,(OH)5 + 4H,0

[PtBr, (OH)Z] K, K’
4 2
K, = - A e . 2.2 x 10%4,

P Iee(owT] [wMer]s [HYD2

KB and the values of Ke, as defined on page 93, can be used to cal-

culate a value of KC for the equation:



(C)

Pt(OH)Z + 6Kt + 6B~ 2 PtBry + 6H,0

[PtBr6] Kg

[Pt(OH):] [Ht])e[Br-]® Ke[H+]2

1.8 x 10%7,
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CHAPTER VI
MISCELLANEOUS OBSERVATIONS

During the course of this work some few miscellanegus data were
gathered which, while not particularly germane to the primary project,
are of sufficient interest to warrant recording.

Some of the sodium platinate, Nazpt(OH)6 prepared as described
in Chapter II, was dissolved in water and the pH of the resulting solu-
tion was measured., A solution which was 4.34 x 1073 M in Na,Pt(OH),
had a pH of 9,92, If it be assumed that the second dissociation con-
stant of HBPt(OH}G is much smaller than the first, then the former is
equal to 6.25 x 10-7 and the hydrolytic constant of Na2Pt(OH)6 is
equal to 1.61 x 1078,

In the work with solutions of low Br/Pt ratios, it was demon-
strated that the mother liquors in contact with solid H2Pt(OH)6 were
0.127 x 1073 M 4n Pt(OH)g. Since these same mother liquors were
2.4 M in I—IClO4 it follows that the solubility product constant of
platinic acid is about 7.3 x 107%,

In an attempt to find a nonaqueous solvent for sclid HzptBas- 5H20
the following facts were chserved. Alcchol, ether and dioxane recduce the
Pt(IV}) to Pt(II) and, eventually, to Pt (O}, The compound is insol-
uble in carbon disulfide, carbon tetrachloride, nitromethane and dimethyl

formamide. Concentrated sulfuric acid and glacial acetic acid react with

H2PtBr6 to give yellow insoluble compounds.



CHAPTER VII
CONCLUS IONS

The hydrolysis reactions of the chlore- and bromo-platinates are
light catalyzed. 1In each case the composition of the sclution at equi-
librium is the same whether equilibrium is obtained photochemically or
by way of a thermal mechanism in the dark. The hydrolysis of hexabromo-
platinate to tetrabromoplatinate is catalyzed by acid, in addition to
the catalysis by light. At an acid concentration of 2.40 M the kinetics
of hydrolysis show a first-order behavior without appreciable complica=-
ticn by the reverse reaction. The apparent first-order rate constant

1

for the hydrolysis is 0.017 min™-.

Application of the mole ratic methed to both the chloro- and

bromo- systems indicates that the anions of the types Ptxg, PtX4(OH)2,

and PtX,(CH)] are stable in agueous solution. The solubility studies
show that PtBr(OH)g is not a species of conseguence in sclutions with
lew Br/Pt ratios. Such solutions probably contain PtBré(OH): s

PtBr,(CH)7 , Pt(OH)T, and, perhaps, PtBrg(OH}7.

7 =,

It has been possible to reconstruct the spectra of PtClé(OH)g

and PtBr4(OH) . The former is shown in Figure 6; the latter in Fig-

0|

ure 14,
Solid PtCl4 reacts with water in such a way that half of the
platinum iIs found in the form of PtClzu PtBr4 reacts in a completely

analogous fashicn.
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At constant hydrogen ion concentration, the equilibrium constant

for the reaction:

= — _— + -
PtCle + 2H,0 PtCl4(OH)2 + ZH" + 2C1

. . -7 . . .
is approximately 1.5 x 10 qt 50°C, and with platinate concentrations
of 107% M.

At constant hydrogen ion ancentratior., the equilibrium constant for

the reaction:

PtBr: + 2H O 2 PtBr (CH)= + 2H" + 2Br-
2 4 2

is approximately 2 X 1077 at 50°C, and with platinate concentrations
of 107® M, It is approximstely 1 x 1078 at 20°C, and with platinate
concentrations of 107° M,

Equilibrium constants have been estimated for the folleowing

reactions:
(a) Pt(OH): + o2Ht + 2B~ 2 PtBr,(OH)] + 2H,0
(B) Pt(OH)” + 4F + 4Br” 2 PtBr, (OH)Z + 4 HO
(G) P(oH)T + 6ut + 630 2 PLBIT + 6 H,O
K, = 9.3 x 107
Ky = 2.2 x 10%4
K. = 1.8 x 107



80

The solubility product constant of platinic acid is approximately
7.3 x 107%. The second dissociation constant for the acid is about 6.3 x
1077,

The hydrolytic constant of NaBPt(OH)6 is about 1.6 x 1078,



CHAPTER VIII
RECOMMENDAT IONS

The fellewing work should be undertaken to further the knowledge
of the chemistry of halo-platinates:

A kinetic study of the hydrolysis of PtBrz should make possible
sgme cenclusions as to the nature of the mechanism involved,

An extension ¢of the mole ratio method to fluoro-and iodc-platinates
would be of inferest. The former case might require work in the vacuum
ultra-viclet and would certzinly require some experimental ingenuity to
circumvent the difficulties of working with flucride solutions. Work
with the icdo-platinates would, of course, involve the problem of auto-
oxidation and reduction.

A re-investigation cof solutions with low bromide to platinum
ratios should be made by selecting working concentrations such that the
precipitation of platinic acid will be avoided.

The spectra of PtC14 and PtBr4 should ke examined in non-
agueous solvents.

The data found in the course of this work shculd be used to in-
vestigate the nature of halo-platinate species extracted from aqueous

solutions into organic solvents,

The solubility product constant of platinic acid should be

guantitatively determined.



Since, in general, the nature of dissolution reactions has re-
ceived little attention, it would be worthwhile tc investigate this

phenomenon by use of metals which form kinetically inert complexes.
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APPENDIX

The following mathematical treatment and the conclusions drawn
therefrom are a digest of the work of A. S. Meyer, Jr., and G. H. Ayres
(30).

Consider the general case where R reacts with § +to form N
consecutive complexes. Let the ith complex be designated by SRn

i
and its concentration by [SR  ,J. For the reaction:
i

SR, 2 S +n.R
1

the dissociation constant, k, , is:
i

[s] [r]"i
k = — .,
"1 (SR, ]
1

The values, Ngs Ny Ny represent a sequence of increasing integers

corresponding to the stoichiometry of the complexes formed. For a com=-

plex of the type SPRB’ n; = 8/p. Let the first member of the series

*1t should be remarked that, although Meyer and Ayres write the
general equation in this form, the reactions are generzlly of the type:

SR, * 01,0 2 S(Hgo)ni + R .

In the case of the present work the equation would be:
SRn, + niHg0 2 S(OH)§i + n;R + HY,

The H,_,O0 molecules can be ignored since the concentration of water is
essentlially constant. However, the experiments must be performed at
constant hydrogen ion concentration to make the treatment valid for the
work reported in this thesis.
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of complexes, SRnO be represented simply by S. The dissociation con-
stant for this complex is set equal to che. If the absorbances at a
given wavelength are measured for a series of solutions whose total molar
concentration of S is M, and of R 1s vyM, and the absorbance val-
ues are plotted against vy, the shape of the curve will be determined

by the stoichiomeiry and dissociation constants of the complexes formed and
by the concentration, M, of these solutions.

For an ideal system, the influence of dissociation can be ne-
glected and, when the value of vy corresponds to the mole ratic for the
formation of one of the complexes San, {where n; < nN) the concen-
tration of this complex will be equal to M and the absorbance A will
be equal to Mbanj, where b 1is the optical path length and a., 1is

nj

the abscrptivity of the complex. Similarly, when vy = Nitys A= Mbanj+1

For intermediate values of y the absorbance is given by the equation:

a - a
Mgy "y
A(Y%1< <n = Mb[an_ + {y - nj) ] '
= ¥Vafie, J Pj+2 705 n Sy &n

For the complex of highest mole ratic, SR, , the absorbance will be
N

given byi

A(y) = Mbla, + a.{y - ng)] .
YZHN nN R N anN

The entire curve may be represented by summing over j to yield:



8%

J
J] + Mb[anN+ ap(y-n 01 .

y21

Therefore, for this ideal case, A(y) 1is a centinuous curve made up of
straight line segments. Changes of slope may be observed at any mole
ratio of one of the complexes formed., A change of slope will be found at

y = nj unless:

a, - a a - a
nj Nity
Slope 1 = = = &Slope 2.

n. — nNs n. - n,
j Jjt+z JjF1 J

While this may be true for some wavelengths, it is unlikely to be
true over a wide wavelength regicn. Therefcre, the absence of change of
slope over the entire measursble spectrum is strong evidence that a com-
plex of such ratio does not exist.

If the complex is much dissoclated, the mole ratio plet shows no
sharp break, but only a gradual change c¢f slope approaching asymptotically
& constant abscorbance at high mcle ratios. The technique may then be
modified by making measurements on several sclutions wheose mole ratios
lie between that of the complex under ceonsideration and the preceding
and following complexes. The dissociation will be lowered iIn these
ranges by buffer action. If an appropriate relationship is obtained
between the concentration and the dissociation constants, the system
will approach ideality in these regions, and the stecichiometry of the
complex may be obtained by extending the straight-line portions of the

curve until they intersect. The absolute value of the relative error
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introduced will be equal to (A ideal - A dissociated)/ A ideal which
will be shortened to AA/A. By making the approximaticn that only the
principal component and adjacent complexes contribute to the absorption,

it can be calculated that:

M/A = F - £

where fj is the fraction of M in the form of the jJCh cemplex and
F 1s the fraction of M dissociated. When the value of the absorp-
tivity of San is greater than that of either of the adjacent com-
plexes, the error of measurement cannot exceed the fraction disscciated.
By expressing the above equation in terms of the slopes of the inter-
secting segments and assuming [RJ equal to zero, the following expres-
sion can be arrived at:

P(nj+1 - nj) (nj - nj_l) Slope 1 - Slope 2

AN = .

_ a
(nj+1 nj-l) n,

This indicates that, for cases where the change of slope is small, ex-
tensive dissoclation may be tolerated but, since such cases represent
wavelengths for which slight evidence for the existence of a complex will
be observed, they are ¢f little interest.

For the case where one or both of the adjacent complexes absorbs

more than the intermediate complex, it is assumed that F equals the

experimental error. Since the latter is of the order of one per cent
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when using a Beckman spectrophotometer, then a maximum dissociation of
one per cent can be taken as a limiting value. By using this value and
by assuming that only four complexes contribute to the absorbance, the

mathematical relationship between [R] and the dissociation constants can

be manipulated to yield the following:

k k

n, ns
—dtl 55 00 ——
k K

n; M5t1

The above value represents the minimum ratio between the successive
step-wise dissociation constants which will allow the extrapolation

method to be applied.
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